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ABSTRACT

The results of a study on extended-burnup, light-water reactor (LWR)
spent fuel are described in this report. The study was performed by Pacific
Northwest Laboratory for the U.S. Department of Energy (DOE). The purpose of
the study was to collect and evaluate information on the status of in-reactor
performance and integrity of extended-burnup LWR fuel and initiate the
investigation of the effects of extending fuel burnup on the subsequent han-
dling, interim storage, and other operations (e.g., rod conselidation and
shipping) associated with the back end of the fuel cycle. The results of
this study will aid DOE and the nuclear industry in assessing the effects on
waste management of extending the useful in-reactor life of nuclear fuel.

Of the approximately 51,000 spent LWR fuel assemblies currently in
storage in domestic facilities, it is estimated (based on DOE’s CY-1986 data)
that there are -11,000 assemblies with burnups of 230,000 MHd/HTIHM.(a) of
the ~11,000 assemblies, ~200{P) have burnups of >40,000 MWd/MTIHM, and of the
~200 assemblies, 9 have burnups of >50,000 MWd/MTIHM.

The experience base with extended-burnup fuel is now substantial and
projections for future use of extended-burnup fuel in domestic LWRs are
positive. The basic performance and integrity of the fuel in the reactor has
not been compromised by extending the burnup, and the potential limitations
for further extending the burnup are not severe. However, a potential con-
cern for extended-burnup fuel in the reactor is waterside corrosion of the
fuel cladding. Anticipated changes in the characteristics of the LWR fuel
assemblies as a result of extended burnup are not expected to jeopardize the
spent fuel during storage in water. It was concluded in an earlier DOE-
sponsored study(c) that both boiling water reactor (BWR) and pressurized
water reactor (PWR) fuel assemblies with burnups up to 45 GWd/MTIHM should
present no problems {i.e., that are related to the strength of their main
structural components) for handling in spent fuel storage pools or during

(a) Megawatt-days per metric ton of initial heavy metal (MWd/MTIHM).
{b) More recent data indicate that this number is now ~500.
(¢) Conducted in 1986 by S. M. Stoller Corporation.



handling associated with the back end of the fuel c¢ycle. The results of the
current study by Pacific Northwest Laboratory indicate that PWR fuel assem-

blies with peak assembly burnups to 50 GWd/MTIHM should present no problems
for handling in pools, etc.
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EXECUTIVE SUMMARY

In 1984, the U.S. Department of Energy (DOE) programs involving
extended-burnup fuel were reviewed by the General Accounting Office
(GAO).(I’Z) At that time, GAO stated that extended-burnup fuel needs to
be factored into waste management planning and repository design so that
quantities of spent fuel that DOE will need to store and the associated
facility and service requirements will not be overestimated. Since that
time, information on a number of fuel assemblies that have attained higher
burnups has become or is becoming available. In response to GAO’s recom-
mendation, and to aid DOE and industry in fully assessing the effects on
waste management of extending the useful in-reactor life of light-water
reactor (LWR} fuel, a study was performed under the Commercial Spent Fuel
Management (CSFM) Program, which is sponsored by DOE and managed by the
Pacific Northwest Laboratory (PNL). The objectives of the study were to
1) collect and evaluate information on the status of the in-reactor perform-
ance and integrity of extended-burnup LWR fuel, 2) initiate the investigation
of the effects of extending burnup on the subsequent handling and storage of
the associated spent fuel, and 3) disseminate this information. Included in
this report are discussions of 1) the experience base with extended-burnup
fuel, including estimates of the numbers of intact and failed or damaged
extended-burnup fuel assemblies currently in storage and projections of
future use of extended-burnup fuel, 2) the performance, integrity, and poten-
tial Timitations of extended burnup fuel in the reactor, and 3) the effect of
extended-burnup fuel on subsequent handling, storage, and other operations
{e.g., rod consolidation and shipping) associated with the back end of the
fuel cycle.

It is estimated,(3) based on CY-1986 data supplied by utilities on
Form RW-859 to DOE’s Energy Information Administration (EIA), that the
following higher burnup fuel assemblies are among the ~51,000 fuel assemblies
(97% contain Zircaloy-clad fuel; 3% contain stainless steel-clad fuel) that
are currently in storage in domestic facilities:



No. of Fuel

Burnup. ‘) Mud/MTIHM Assemblies
30,000 to <35,000 8,532
35,000 to <40,000 2,494
40,000 to <45,000 190
45,000 to <50,000 5

50,000 to <55,000

Total 11,230

(a) Megawatt-days per metric ton of
initial heavy metal.

Included among the 11,230 fuel assemblies with burnups of 30,000 MWd/MTIHM or
higher are 191 defective (failed or damaged) assemblies, of which 149 have
burnups of 30,000 to 35,000 MWd/MTIHM, 38 have burnups of 35,000 to

40,000 MWd/MTIHM, and 4 have burnups of 40,000 to 45,000 Mwd/MTIHM. (3)

Implementation of burnup extension by utilities is proceeding in a step-
wise fashion.(4) In the most ambitious cases, the highest PWR discharge
batch burnups for fuel already ordered or loaded is 45,000 MWd/MTIHM. How-
ever, more moderate burnup extension is very widespread, with over 80% of the
LWRs in the United States extending burnup by at least 10% over the tradi-
tional values of the 1970’s or having made decisions to do so in immediate
future cyc!es.(4’5)

Overall domestic fuel operating experience continues to be excellent:
current fuel rod reliabilities are typically >99.99%, which corresponds to
fuel rod failure rates of <0.01%.(3) The failure rate of fuel rods is not
anticipated to increase as burnup is extended.(s’?) To date, no evidence of
a degradation in fuel performance or safety has been detected in extended-
burnup fuel operating experience with experimental and test fuel assemblies
up to the burnup levels currently approved by the U.S. Nuclear Regulatory
Commission (NRC).(B) NRC generic approvals are for batch-average burnups of
35 to 40 GWd/MTIHM and 40 to 45 GWd/MTIHM for BWRs and PWRs, respectively.
The results from DOE programs to increase fuel burnup indicate that no
significant unexpected phenomena or trends that would 1imit burnups to lower
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levels have been encountered in the burnup ranges studied with fuel of both
traditional and advanced designs.(4) Also, good design and licensing data,
which are of benefit to the nuclear industry, have been obtained on fuel that
has been irradiated to high burnup levels. The only known occurrence in the
United States of failure of fuel operating in the extended burnup range took
place in a core having many debris-induced failures of fuel of traditional

(4)

design.

For most of the fuel performance parameters, a good data base exists for
burnups up to 34 GWd/MTIHM and 47 GWd/MTIHM for BWR fuel and PWR fuel,
respectively--the exception is irradiation-induced growth of Zircaloy-clad
fuel rods and the associated fuel assemb]ies.(g)

Anticipated changes in the characteristics of the LWR fuel assemblies as
a result of extended burnup are not expected to jeopardize the spent fuel
during storage in water.(lo) NRC Regulatory Guide 1.25 {including the sup-
plemental NRC memorandum of December 20, 1982) does not provide sufficient
guidance in analyzing fuel handling accidents involving fuel with burnups
greater than 38,000 MHd/MTIHM.(ll) Handling and reconstitution(a) experience
with extended-burnup fuel deserves some attention to prepare for future rod
consolidation campaigns.(lz) The impact of spent, extended-burnup LWR fuel
assemblies on handling has been evaluated in an earlier study(g) and it was
concluded (based on available data) that both BWR and PWR fuel assemblies
with burnups up to 45 GWd/MTIHM should present no problems (i.e., that are
related to the strength of their main structural components) for handling in
spent fuel storage pools or during handiing associated with the back end of
the fuel cycle. The results of the current PNL study indicate that PWR fuel
assemblies with peak assembly burnups to 50 GWd/MTIHM should present no prob-
lems for handling at pools, etc. Designers of rod consolidation equipment
will have to provide sturdier equipment to accommodate the harder materials
(a result of irradiation) associated with extended-burnup fue].(s) The

{a) Reconstitution of an irradiated fuel assembly involves removal and
replacement of defective fuel rods to permit the assembly to be
returned to reactor service,



irradiated materials {e.g., the nonfuel-bearing components) have been more
difficult to cut than the unirradiated materials.(13-1%)

The useful in-reactor life of nuclear fuel for LWRs has been extended
over the past decade with positive results. The experience base with
extended-burnup fuel is now substantial and projections for future use are
positive. The basic performance and integrity of the fuel in the reactor has
not been compromised by extending the burnup, and the potential limitations
for further extending the burnup are not severe. However, a potential con-
cern for extended-burnup fuel in the reactor is waterside corrosion of the
fuel cladding. )
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1.0 INTRODUCTION

The General Accounting Office (GAO) reviewed the U.S. Department of
Energy (DOE) programs and indicated in 1984 that extended-burnup fuel needs
to be factored into waste management planning and repository design.(l’z) At
that time, GAQ stated that this should be done so that quantities of spent
fuel that DOE will need to store and the associated facility and service
requirements will not be overestimated. Since that time, information on a
number of fuel assemblies that have attained higher burnups has been pub-
1ished and additional information will gradually become available. In
response to GAO's recommendation, and to aid DOE and industry in fully
assessing the effects on waste management of extending the useful life of
light-water reactor (LWR) fuel, a study was performed under the Commercial
Spent Fuel Management (CSFM) Program, which is sponsored by DOE’s Office of
Civilian Radioactive Waste Management (OCRWM) and managed by the Pacific
Northwest Laboratory (PNL). The objectives of the study were to 1) collect
and evaluate informatijon on the status of the in-reactor performance and
integrity of extended-burnup LWR fuel, 2) initiate the investigation of the
effects of extending burnup on the subsequent handling and storage of the
associated spent fuel, and 3) disseminate this information. Included in this
report are discussions of 1) the experience base with extended-burnup fuel,
including estimates of the numbers of intact and failed or damaged extended-
burnup fuel assemblies currently in storage and projections of future use of
extended-burnup fuel, 2) the performance, integrity, and potential limita-
tions of extended-burnup fuel in the reactor, and 3) the effect of extended-
burnup fuel on subsequent handling, storage, and other operations (e,g., rod
consolidation and shipping) associated with the back end of the fuel cycle.
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2.0 CONCLUSIONS AND RECOMMENDATIONS

The useful in-reactor life of nuclear fuel for LWRs has been extended
over the past decade with positive results. The experience base with
extended-burnup fuel is now substantial and projections for future use are
positive. The basic performance and integrity of the fuel in the reactor has
not been compromised by extending the burnup, and the potential Timitations
for further extending the burnup are not severe. However, a potential con-
cern for extended-burnup fuel in the reactor is waterside corrosion--according
to Lang,(4) this is probably the phenomenon that will prove ultimately limit-
ing for present cladding metallurgy, for high enough burnup extension, high
enough coolant temperature, and/or insufficiently careful water-chemistry
control,

Results of examinations suggest that higher fuel burnups are not likely
to impose cladding integrity problems during storage in water.(lo) Even if
extended burnup results in some fuel failures, pool storage technology has a
demonstrated capability to cope with them.

Some domestic piant licensees have requested approval to increase their
discharge batch average burnup levels above 50,000 MWd/MTIHM; environmen-
tally, this higher burnup would have no significant impact over that of
current normal burnup.(ls)

The following sections present specific conclusions and recommendations
noted during this study.

2.1 CONCLUSIONS
These are principal conclusions that can be drawn from the study on
which this report is based.

2.1.1 Experie Base with ended-Burn

Conclusions related to the U.S. inventory of intact and defective
(failed or damaged} fuel in storage and to the projected use of extended-
burnup fuel are discussed in the three subsections below.
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2.1.1.1 Fuel in Storage

It is estimated, ) based on DOE/EIA’s CY-1986 Form RW-859 data from
utilities, that the following higher burnup fuel assemblies are among the
~51,000 fuel assemblies {97% contain Zircaloy-clad fuel; 3% contain stainless
steet-clad fuel) that are currently in storage in domestic facilities:

(a) No. of fue]
Burnup. Mud/MTIHM Assemblies
30,000 to <35,000 8,532
35,000 to <40,000 2,494
40,000 to <45,000 190¢P)
45,000 to <50,000 5
50,000 to <55,000 9

Total 11,230

(a) Megawatt-days per metric ton of initial
heavy metal.

(b) More recent data indicate that ~500 fuel
assemblies have burnups 240,000 MWd/MT1HM.

2.1.1.2 Defective Fuel in Storage

Among the ~51,000 fuel assemblies currently in storage, it is esti-
mated(3) that there are this many defective (failed or damaged) assemblies:

No. of Defective

Burnup, MWd/MTIHM Fuel Assemblies
30,000 to 35,000 149
35,000 to 40,000 38
40,000 to 45,000 _ 4
Total 191

A utility’s fuel was examined recently by three methods: visual inspec-
tion, ultrasonic testing, and eddy current testing. The results indicate
that if only one or two of those methods had been used, one or more leakers

and/or incipient failures could have been inadvertently over]ooked.(l7)
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2.1.1.3 Projected Use of Extended-Burnup Fuel

Conclusions concerning projections about the future use of extended-
burnup fuel in domestic LWRs are listed below:

e For 1990 and beyond, the driving force in the U.S. for developing
extended-burnup fuel designs will initially be to decrease the
requirements for at-reactor storage of spent fuel and for fuel con-
solidation; eventually, resolution of fuel cyclf $1osure may have
an effect on further development of such fuel, 8

e A 1987 paper(4) indicates that implementation of burnup extension
by utilities is proceeding in a step-wise fashion. In the most
ambitious cases, the highest PWR discharge batch burnups already
achieved have exceeded 40,000 MWd/MTIHM and the highest anticipated
burnups for fuel already ordered or loaded is 45,000 MWd/MTIHM,
More moderate burnup extension is very widespread: over 80% of the
LWRs in the United States have extended burnup by at least 10% over
the traditional values of the 1970’s or have made decisions to do
so in imm%ﬂig}e future cycles, and that trend is anticipated to
continue.\™> Burnup extggsions of about 35% have been shown to
be reasonably achievable.

e In the 1990s, it is anticipated that batch average burnups wiil be
about 45 GWd/MTIHM and about 60 GWd/MTIHM for boiling water reac-
tors (BWRs) a?T 9ressurized water reactors (PWRs),
respectively. 9

2.1.2 Performance, Integrity and Potential Limitations

Conclusions related to the performance, integrity and potential limita-
tions of extended-burnup fuel in the reactor are described in the two sub-
sections below.

2.1.2.1 Performance and_ Inteqrity

Conclusions regarding the in-reactor performance and integrity of
extended-burnup fuel are listed below:

e Average burnup levels have been increasing yearly, but 30 f?r, fuel
rod failure rates have not exhibited a similar trend.{20,2 The
failure rate of fuel rgda is not anticipated to increase for
extended-burnup fuel. (8,7)

e Of the degradation phenomena of concern with extended-burnup fuel,
waterside corrosion of the cladding at burnups over
55,000 HH?{Q}IHN remains the issue with no immediate design

solution. ggwsxgr, cladding alloy development programs are
in progress.(4’ B
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Overall domestic fuel operating experience continues to be excel-
lent: current fuel rod reljabilities are typically >99.99%, which
corresponds to fuel rod failure rates of <0.01%.

Results from DOE programs{4) to increase fuel burnup indjcate that
no significant unexpected phenomena or trends that would Timit
burnup to Jlower Tevels have been encountered in the burnup ranges
studied with fuel of both traditional and advanced designs. Also,
good design and licensing data, which are of benefit to the nuclear
industry, have been obtained on fuel that has been irradiated to
high burnup levels. The only known occurrence in the United States
of failure of fuel operating in the extended burnup range took
place in a core hale? many debris-induced failures of fuel of
traditional design.

In spite of further improvements and though fuel reliability has
improved substantially in recent years, the nuclear industry has
indicated that even higher reliability is of major importance
(because of the need to maintain the integrity of the first
barrier, the cladding, to release of radioactive products) and will
be nee??a in the future for a wide variety of operating condi-
tions.18) From the utZl;}ies’ perspectives, good fuel performance
is not easily attained.

The nuclear industry is presently faced with very few major prob-
lems with fuel and, as a result, our attention is often directed
toward less-frequent problems--and industry has found that low-
frequency fuel failures are ofte? g;fficult to locate and to
categorize by failure mechanism.\tl

The NRC has issued generic approvals for batch-average burnups of
35 to 40 GNd/?g}HM and 40 to. 50 GWd/MTIHM for BWRs and PWRs,
respectively. To date, no evidence of a degradation in fuel
performance or safety has been detected in extended burnup fuel
operating experience with experimental and test fuel assemblies up
to those burnup levels.

Advanced Nuclear Fuels Corporation’s data base for high-burnup
designs supports batch discharge burnups of ?8 ?Hd/MTIHM and
48 GWd/MTIHM in BWRs and PWRs, respectively. 5

Batch-average discharge burnups for Babcoc% % Wilcox Company (B&W)
PWR fuel are now approaching 38 GWd/MTIHM.(28} BaW fuel is con-
tinuing to move toward extended burnups at a rate of 1.3 GWd/MTIHM
per year. Two recent types of B&W fuel are designed for assembly
average burnups of 55 GWd/MTIHM.

Discharge exposures for Combustion Engineering, Inc., (C-E) PWR
fuel have been in the 35 to 45 GWd/MTIHM range; a data base for
design and operatio? 9f fuel to burnups in excess of 50 GWd/MTIHM
has been developed. 2
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General Electric Company (GE)} has not experienced any new or unique
fuel failure mechanism with BWR fuel that is relate? 5? burnup or
associated with a burnup-related failure threshold. 2 Fuel rod
reliabilities of 99.994% appear achievable wi%H gew GE designs for
BWR fuel for extended burnup to 38 GWd/MTIHM. {29

Successful irradiation of four Westinghouse Electric -Corporation
PWR fuel assemblies to a burnup of 55 GWd/MTIHM provided the tech-
nical basis for extending the Optimized Fuel Assembly (OFA%
demonstration irradiations through five operating cyc]es.( 0)

A recent(31) nondomestic paper indicates that as yet no technical
difficulties have occurred that would prevent raising the discharge
burnup to a peak pellet value of about 55 GWd/MTIHM.

Another recent nondomestic paper(32) indicates that the behavior of
high burnup fuel is generally good and satisfactory, but is largely
affected by fuel rod designs, fabrication parameters, and power
histories.

Nodular corrosion may increase as more BWRs operate in a load-
following mode and ?ngup is increased; Zircaloy corrosion is also
a concern for PWRs. Zircaloy cliadding corrosion has become
limiting in a few newer PWRs that have followed the trend to
increase ro? nger or coolant outlet temperature to improve plant
efficiency. 1

According to a recent GE paper,{(33) as a more statistically signif-
icant number of fuel assembly components attain "ultra-high
burnups™ and fluences, Zircaloy is 1iable to be pushed to its
operating limits.

Results indicate that the rate of closure {resulting from bowing of
fuel rods) between fuel rods decreased with increasing burnup and
that ?}Bgigh burnup there was no excessive closure between

rods.

A large variability in the data on fuel rod axijal grgT h is _
observed at burnups higher than about 20 GHd/MTIHM.( To date,
no effect o? E?d growth from operating in a load-following mode has
been found. {3

Results of power ramp {(transient) studies(34) in France indicate
that no fuel rods have failed at high burnups (29 to 59 GWd/MTIHM)
and high linear heat generation rates, despite very high cladding
strain caused by fuel expansion, high release of fission gas, and
oxide structure modifications.

For most fuel rods, the trend is for the cladding to continuously

decrease in diameter (due to creep) up to burnups of 30 to
50 GWd/MTIHM (depending on the fuel type); if rods reach high
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burnup (over 50 GWd/MTIHM) and operate at linear heat generation

rates around 30 kW/m up to a burnup of 70 GWd/MTIHM, then the fuel

rod diameter strongly increases (due to fu?l iwelling) and becomes
even larger than the initial rod diameter.{32) The residual duct-
ility and fracture resistance of Zircaloy cladding at high burnup

is adequate to endure this strain and avoid breaching of the cladding.

e Results from overpower (ramp) tests indicate a rather sharp
increase in failure threshold for PWR fTS% rods under certain
conditions, including very high burnup. ) However, several very
high-burnup PWR fuel rods survived ramp testing beyond the ]f§E} at
which failure would be anticipated, based on other findings.

s Extending fuel burnup has emphasized the need for well-charac-
terized fuel performance data. An important part of such data
invo]xsg)the release of fission gas during power transients late in
life.

e The importance of plant operating environment, in particular water
chemistry, on fuel performance has not been well established (e.q.,
tighter water—igsmistry specifications have not improved fuel
reliability).{

e Adequate performance of barrier fuel at high flgsgces is currently
anticipated but has not yet been demonstrated.

e The West Germans{(37) have a complete PWR fuel assembly, which con-
tains fuel rods with burnups of <43,000 MWd/MTIHM, involved in a
dry storage experiment; the analysis of the behavior of the fuel
rods in dry storage thus far indicates that the design of their
storage facilities {air environment not used) is limited only by
the spent fuel insertion temperature and not by the storage method.

e It is concluded in a 1985 report(38) and a 1985 paper(39) that
extending burnup even to 60,000 MWd/MTIHM results, in general, in
environmental consequences that are either less than or virtually
the same as those assumed in current regulations.

2.1.2.2 Potential Limitations

Conclusions pertaining to potential limitations for extended-burnup fuel
in the reactor are listed below:

e For most of the fuel performance parameters, there currently exists
a good data base for burnups up to 34 GWd/MTIHM and 47 GWd/MTIHM
for BWR fuel and PWR fuel, respectively--the exception is irradia-
tion-induced growth of the %asca1oy-c1ad fuel rods and the
associated fuel assemblies. During licensing, some fuel designs
were found to 1ac% ?ata on fuel rod and fuel assembly growth at
extended burnups.
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e Fuel rod and assembly bow is affected by differential Zircaloy
growth {a potential bur?HB limit); such growth can also cause
bowing of BWR channels. )

e Significant decreases in the ductility of highly irradiated
Zircaloy fuel }9 ding, in particular at low temperatures, have
been measured. It is not clear whether irradiation damage or
hydrogen pickup is the dominant gggtor associated with the observed
decrease in Zircaloy ducti]ity.(

e Bonding of the fuel to the Zircaloy cladding at high burnup
increases the fuel rod axial growth rate. As a result, the
cladding is forced to creep axia]1¥ ?t a rate that is controlled by
the swelling of the fuel pellets.{2/

e Pellet-cladding bonding and pellets with porous rims in high-burnup
fuel did ?g} have any impact on fission-gas release or pellet
swelling. (31)

e According to a recent German paper,(41) fission gas pressure can
become a Timiting item for 8x8 BWR fuel at higher burnups, partic-
ularly under the conservative conditions that have to be applied

" for licensing analysis.

¢ Waterside corrosion and cladding ductili%g are considered to be
potential problem areas for some plants. )

e The corrosion of Zirca}g{ end plugs is one fuel Tife-limiting
factor at high burnup. )

e Crud deposition is of concern when fuel rod dziETarge burnups are
extended to about 50,000 MWd/MTIHM or higher.

e Waterside corrosion of the cladding may become a life-limiting
feature of fuel rod design for these higher burnupf4 jn particular
when combined with daily load-following operation. {42

e Manufacturing quality is not always consistent and can lead to
unanticipated variations in fuel B?rformance even after improve-
ments are made in fuel designs. 1

e The ugi]ities are striving for fuel failure rates of less than one
in 10 rods (i.e., a re]iabzlgyy of >99.999%, which corresponds to
a failure rate of <0.001%).

2.1.3 Effects on Operations

Conclusions related to the effects of extended-burnup fuel on handling,
storage, and other operations (e.g., rod consolidation and shipping) are
described in the three subsections below:
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2.1.3.1 Handling

Conclusions concerning the effect of extended-burnup fuel on handling
operations subsequent to reactor service are listed below:

e Handling and reconstitution experience with extended-burnup fuel
deserves some attention (e.g., collect data on fuel rod and fuel
assembly gr?gyh) to prepare for future rod consolidation
campaigns.(

e It would help the nuclear industry if the NRC would update Reg-
ulatory Guide 1.25 so it provides additional guidance in analyzing
fuel handling accsz9ts involving fuel with burnups greater than
38,000 MWd/MTIHM.

e The impact of spent, extended-burnup kg? fuel assemblies on han-
dling was evaluated in a 1986 report: it was concluded (based
on available data} that both BHR and PWR fuel assemblies with
burnups up to 45 GWd/MTIHM should present no problems (i.e,. that
are related to the strength of their main structural components)
for handling in spent fuel storage pools or during handling
associated with the back end of the fuel cycle. The current PNL
study indicates that PWR fuel assemblies with peak assembly burnups
to 50 GWd/MTIHM should present no problems for handling at pools,
etc.

2.1.3.2 Storage

Conclusions regarding the effect of extended-burnup fuel on storage
operations subsequent to reactor service are listed below:

e Anticipated changes in the characteristics of the LWR fuel
assemblies as a result of extended burnup are not ?Ta?cted to
jeopardize the spent fuel during storage in water.

o The quantities of LWR spent fuel discharged decrease as the burnup
is 1ncrggsed which will free up storage space in at-reactor
poo]s

e Technical modifications or design changes to accommodate extended-
burnup fuel do not unduly stretch the current storage and con-
solidation ?ﬂggpment or designs and are economically
attractive.

e The main impact of extending fuel burnup on wet and dry storage and
rod consolidation is the reduction in the total requirements for
fuel stora?ﬁ gnd in the total quantity of fuel that must be con-
solidated. Other issues that are involved are the design
modifications necessary to accomm?ﬂ§¥e the higher initial enrich-
ment, heat Toad, and source term.
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e Use of burnup credit in spent fuel storage equipment for extended-
burnup fuel can result in the elimination of the use of poison
material. This would eliminate the concern 3B?ut degradation of
the poison material over time and exposure.(

e Regarding credit for burnup in spent fuel storage rack designs, it
should be noted that several experiments have been conducted with
nonirradiated fuel that included the major features of fuel racks;

however, no such experiments have been performed with irradiated
fuel.(44)

e There is an uncertainty that needs to be considered in PWR fuel
storage racks. Results of criticality studies on the storage
of PWR spent fuel reveal that for burnups above about
27,000 MWd/MTIHM, the more highly reactive ends of the fuel
assemblies result in a positive reactivit{ ggcrement, an effect
that is not observed in the reactor core.\4

e Efforts are underway to qualify fuel handling and s%gg?ge facil-
ities for fuel enrichments up to 5 wt% uranium-235.

o Crud deposits typicaily consist of individual agglomerated
particles ranging in size from 0.1 to 10 microns. Particulates in
that size range would become airborne if they are released during
dry fuel handling operations; hence, f?ﬁ}]ity designs must be able
to accommodate such airborne releases.

e Whole-core fuel cleaning may become im??EEant as more plants try to
reduce radiation levels in the future.

2.1.3.3 Other

Conclusions pertaining to the effect of extended-burnup fuel on other
operations (e.g., rod consolidation and shipping) subsequent to reactor
service are Tisted below:

o Designers of rod consolidation equipment will have to provide

sturdier equipment to accommodate the harder materials (they gye
more difficult to cut) associated with extended-burnup fuel.

o Extending fuel burnup is a benefit in the ¢riticality design of rod
consolidation s{i&?ms’ wet and dry spent fuel storage systems, and
shipping casks.

e The impact on rod consolidation operations of further degradation
of the mechanical and StrUCt?E§} properties of extended-burnup fuel
rods needs to be considered.

o Increased radiation and heat sources produced in the fuel and the
higher initial uranium-235 enrichment {affects criticality
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2.2

analyses) are the principal effects of extending fuel burnup on
spent fuel storage systems. The increased heat and gamma radiation
from such fuel can be accommodated by additional cooling E;me, but
EHE increased neutron radiation (principal emitters are 244Cm and

Cm) cannot be accommodated unless the balance of gamma and
neutron co?sgjbutions to the overall dose rate is properly selected
initially. Hence, extending fuel burnup can potentially
require some minor alterations in the designs of triggport casks,
storage systems, and fuel consolidation equipment.(

Currently available transportation casks can carry extended burnup
fuel at their design ?ggacity, unless they are limited because of
criticality concerns.

RECOMMENDATIONS

Discussed in the following three subsections are the recommendations,

based on the results and conclusions of this study, concerning a) the inven-
tory of spent intact and defective (failed or damaged) LWR fuel assemblies
that have attained extended burnup levels, b) the performance, integrity, and
potential limitations of extended-burnup fuel in reactors, and ¢) the effect
of extended-burnup fuel on handling, interim storage, and other operations
(e.g., rod consolidation and shipping).

2.2.1

Experience Base with Extended-Burnup Fuel

A recommendation concerning the U.S. inventory of LWR spent fuel in

storage is as follows:

2.2.2

Continue to assess the domestic inventory of spent fuel and iden-
tify (e.g., as under EPRI’s "lead fuel assembly concept") candidate
lead fuel assemb]iei 5? ajid in validating safe storage for bounding
storage conditions.\%

Performance, Integrity. and Potential Limitations

Recommendations regarding the performance, integrity, and potential

Timitations of extended-burnup fuel in reactors are listed below:

For waste management planning and repository design, monitor the
behavior of intact and defective (i.e., failed or damaged) higher
burnup spent fuel that is placed in wet and dry storage to gain
additional ?gjdence that fuel integrity is being appropriately
maintained. _

Identify the root causes of fuel failures when they occur. (18)



e Perform additional studies to improve the understanding of the
impact of the observed pe]]et—EaT porosity on the overail perform-
ance of extended-burnup fuel.( (At pellet-averaged burnups over
about 40 GWd/MTIHM, a porous rim formed at the pellet periphery;
high local fission gas release fractions were noted in that
region.)

e Monitor irradiation performance of extended-burnup fuel to predict
the actual conditions and burnup Tevels at which certain parameters
{e.g., Zircaloy growth, Zircaloy corrosion, internal rod pressure,
effect of radiation on Zircaloy propertl'ss2 9e11et-c1adding inter-
actions) are likely to become limiting.\?: 3

e Monitor important fuel behavior phenomena such as Zircaloy and
structurgl component corrosion to support further extension of fuel
burnup.( )

e Develop a cladding alloy material (Zircaloy and zirconium alloys)
that is highly resistant {? wggsrside corrosion under all BWR and
PWR operating conditions. 8,

e Perform irradiation and corrosion tests on advanced c]addi?g
designs to mitigate the concern about waterside corrosion. 2)

e Develop more test data to identify the separate contributions of
irradiation damage and B;?rogen pickup on the ductility of highly
irradiated Zirca10y-4.(

e Recognize the effect of accelerated corrosion when considering even
longer Syel cycles and very high burnups. [A recent Westinghouse
paper(3 states that accelerated corrosion was observed in the
last cycle (fifth) of exposure in the higher power regions of fuel
that attained a burnup of 52,000 MWd/MTIHM.}

e Develop fuel design options for obtaining burnups ot
40-45 GWd/MTIHM in BWRs and 55-60 GWd/MTIHM in PWRs({18)

2.2.3 Effect on Operations

Recommendations pertaining to the effect of extended-burnup fuel on
handling, storage, and other operations {(e.g., rod consolidation and
shipping) subsequent to reactor service are listed below:

e Undertake further crud characterization studies to provide support
for 0"90229 handling facility designs and future licensing
actions.{47) Emphasis should be placed on estimating fractional
crud releases from spent fuel for various handling and transporting

operations.
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e Develop an understanding of the effects of cleaning agents on
subsequent fuel performance in the reactor and on fuel behavior in
subsequent storage; there wi]l Bgobab1y be a need to reirradiate
some cleaned test assemblies. (! Irradiation of some cleaned

{decontaminated) Bf@ fue] components is planned under an EPRI-
sponsored program. 2



3.0 DISCUSSION

The domestic inventory of LWR spent fuel and the experience base with
extended-burnup fuel is discussed below in Sectien 3.1. The performance,
integrity, and potential limitations of extended-burnup fuel are described
below in Section 3.2. The effect of extended-burnup fuel on handling, stor-
age, and other operations {e.g., rod consolidation, shipping) is discussed
below in Section 3.3.

3.1 ERIENCE BAS TH EXTENDED- UP_FUEL

The fuel vendors that provide LWR fuel for domestic plants indicate that
as of the end of 1986, over 109,615 fuel assemblies were in or had completed
operation in U.S. and other commercial plants (see Table 3.1).(53) Those
assemblies contain over 12.2 million fuel rods. Estimates of the number of
extended-burnup fuel assemblies and the number of failed or damaged extended-
burnup fuel assemblies currently in domestic storage are provided below in
Sections 3.1.1 and 3.1.2, respectively. Projections of the future use of
extended-burnup fuel are described below in Sectijon 3.1.3.

3.1.1 Estimated Number of Extended-Burnup Fuel Assemblies Currentiy in
Storage

Based on information supplied by utilities to DOE’s Energy Information
Administration (EIA), 50,921 fuel assemblies(3) are currently in storage in
domestic facilities (Table 3.2). Of those 50,921 fuel assemblies, over 97%
contain Zircaloy-clad fuel rods and nearly 3% contain stainless steel-clad
fuel rods. Of the 50,921 fuel assemblies, 16.8% have burnups of 30,000 to
<35,000 MWd/MTIHM, (D) 4.9% have burnups of 35,000 to <40,000 MWD/MTIHM, 0.4%
have burnups of 40,000 to <45,000 MWd/MTIHM, 0.01% have burnups of 45,000 to
<50,000 MWd/MTIHM, and 0.02% have burnups of 50,000 to <55,000 MWd/MTIHM,

(a) The terms "fuel assembly" and "fuel bundle"” are used interchangeably in
the nuclear industry, although generally the former term is associated
with fuel for PWRs and the Tatter with fuel for BWRs. A BWR fuel
assembly consists of a fuel bundle and an open-ended channel that
encloses the bundle.

(b} Megawatt-days per metric ton of initial heavy metal (MWd/MTIHM).
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TABLE 3.1. Cumulative Number {(through December 31, 1986) of BWR and PWR Fuel Assemblies
and Fuel Rods th?E Hgg? Been lrradiated and Discharged and that Are Currently
Being Irradiated 8,

Number of Fuel Assemblies Number of Fuel Rods
Zircaloy- Zircaloy- Stainless Zircaloy- Zircaloy- Stainless
Clad Clad Steel-Clad Clad Clad Steel-Clad
Fuel Vendor BWR Fuel PWR Fuel PWR Fuel BWR Fuel PWR Fuel PWR Fuel
Advanced Nuclear Fuels h,732 4,927 365,119 1,024,819
Corporation (formerly
Exxon Nuclear Company,
Inc.)
Babcock & Wilcox 4,594 468 955,776 95,472
Company
Combustion Engineering, 5,971 1,174,944
Inc.
General Electric >66,800(2) »3,830,000¢2)
Westinghouse Electric 21,123 4,817,209
Corporation -
SUBTOTALS >72,532 36,615 468 >4,195,119 7,972,748 95,472

72,532 BWR Fuel Assemblies >4,195,119 BWR Fuel Rods
37,083 PWR Fuel Assembla?s(b) 8,068,220 PWR Fuel ?o?s(c)
109,615 Fuel Assemblies >12,263,339 Fuel Rods(®€

(a) As of January 1987,

(b) Of which 98.74% contain Zircaloy-clad fuel and 1.26% contain stainless-steel-clad fuel.
{c) Of which 98.82% have Zircaloy cladding and 1.18% have stainless steel cladding.

{d) Of which >99.52% contain Zircaloy-clad fuel and <0.48% contain stainless-steel-clad fuel.
{e) Of which ~99.22% have Zircaloy cladding and ~0.78% have stainless steel cladding.



TABLE 3.2. Burnup Ranges for Permanently Dis?h?rged BWR and PWR Spent
Fuel in Storage at Domestic Sites\?

e Zircaloy-Clad Fuel
No. of Fuel Assemblies MTIHM

Burnup, MwdMTIHM'®) TBWR  PWR  Total  _BWR__PWR_ Total
55,000 and higher 0 0 ¢ 0 0 0
50,000 and higher 0 9 9 0 4 4
45,000 and higher 0 14 14 0 6 6
40,000 and higher 5 199 204 1 82 83
35,000 and higher 12 2,577 2,589 2 1,070 1,073
30,000 and higher 1,723 8,817 10,540 311 3,776 4,088
25,000 and higher 10,486 14,010 24,496 1,917 5,963 7,879
0 and higher 30,350 19,057 49,407 5,553 8,158 13,691
e Stainless Steel-Clad Fye1 (¢»9)
No. of Fuel Assemblies MTIHM
Burnup, MWd/MTIHM BWR PWR Total BWR PWR Total
55,000 and higher 0 0 0 ! 0 !
50,000 and higher 0 0 0 0 0 0
45,000 and higher 0 0 0 0 0 0
40,000 and higher 0 0 0 0 0 0
35,000 and higher 0 109 109 0 45 45
30,000 and higher 0 690 690 0 276 276
25,000 and higher 0 1,009 1,009 ! 391 391
0 and higher 261 1,253 1,514 30 463 493
e Total Quantity of Fuel
No. of Fuel Assemblies MTIHM
Burnup, MWd/MTIHM BWR PWR Total BWR PWR Total

55,000 and higher 0 0 ! 0 0 !
50,000 and higher 0 9 9 0 4 4
45,000 and higher ! 14 14 0 6 6
40,000 and higher 5 199 204 1 82 83
35,000 and higher 12 2,686 2,698 2 1,115 1,117

30,000 and higher 1,723 9,507 11,230 311 4,083 4,364
25,000 and higher 10,48 15,019 25,505 1,917 6,354 8,271
0 and higher 30,611 20,310 50,921 5,563 8,621 14,184

{a) Source: CY-1986 Nuclear fuel Data Form RW-859 from DOE’s Energy
Information Administration.

(b} Megawatt-days per metric ton of initial heavy metal (MWd/MTIHM).

(c) Involves fuel from these reactors: Haddam Neck (also known as
Connecticut Yankee), Indian Point-1, La Crosse, and San Onofre.

La Crosse is a BWR; the others are PWRs.

{d) Approximately 40 fuel assemblies (11 MT) of stainless steel-clad fuel
remain at Yankee Rowe (PWR), but cannot be differentiated with the
data that are available. That fuel is included with the Zircaloy-clad
fuel above.
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U.S. experience with extended-burnup fuel rods is listed in Table 3.3, which
shows that over 63,300 LWR fuel rods have attained burnups of

40,000 MWd/MTIHM or higher. The BWR and PWR spent fuel assemblies with the
highest burnups that were permanently discharged during each year from 1971
through 1986 are listed in Tables 3.4 and 3.5, respectively. The weighted
average burnups of all BWR and PWR spent fuel assemblies that were per-
manently discharged during the period 1971 through 1986 are provided in
Table 3.6.

3.1.2 Estim umpber of Faj or Dama xtended-Bur Fuel A lies
Currently in Storage

The number of failed fuel assemblies and damaged fuel assemblies (i.e.,
ones that sustained mechanical or chemical damage but with fuel cladding that
is not breached) that are currently among the -51,000 fuel assemblies
(Tabte 3.2) in storage in the United States was estimated in a recent PNL

TABLE 3.3. U.S. Experience with Extended-Burnup Fuel Rods{ss)
o BWR_ Fuel
No. of (a)
Fuel Rods Burnup.. MWd/MTIHM
over 6,000 36,000P)
over 350 40,000 to 42,000¢¢)
e P el
No. of Fuel
Fuel Rods Burnup, MWd/MTIHM
over 374,198 36,000 and higher
62,992(d) 40,000 and higher
2,239(8) 48,000 and higher
1,256(F) 52,000 and higher

(a)}) Megawatt-days per metric ton of initial
heavy metal (MWd/MTIHM).

(b) Batch average.

(c) Rod average.

(d) Of the 374,198 rods.

{e) Of the 62,992 rods

(f) Of the 2,239 rods.
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TABLE 3.4. Permanently Discharged B?R Spent Fuel With the
Highest Average Burnup{3

Year of Month When Average Burnup, No. of Fuel

Discharge Discharged _ﬂyd/MTIHM(b) Assemblies Reactor
1968 June 1,874 1 Big Rock Point
1969 September 25,2B7 1 Dresden-1
1870 --No BWR discharge this year--

1971 September 24,902 7 Dresden-1

1972 March 21,763 2 Big Rock Point
1973 Dctober 28,138 1 Dresden-1

1974 August 27,698 1 Dresden-1

1975 September 25,259 17 Dresden-1

1976 March 24,425 1 Dresden-2

1977 April 25,207 4 Oyster Creek
1978 September 25,745 84 Oyster Creek
1979 February 30,637 2 Big Rock Point
1980 February 32,651 1 Monticello
1981 March 37,050 4 Monticello
1982 September 40,522 2 Monticello
1983 February 33,885 4 Oyster Creek
1984 April 43,249 2 Peach Bottom-2
1985 July 42,428 1 Peach Bottom-3
1986 November 30,760 92 Dresden-2

1987 September 37,000 2 Quad Cities-2

(a) Source: CY-1987 Nuclear Fuel Data Form RW-859 from DOE’s Energy
Information Administration. DOE/RL-88-34, October 1988.
{b) Megawatt-days per metric ton of initial heavy metal {MWd/MTIHM).

report, PNL-5882.(3) The defective (i.e., failed or damaged) fuel assemblies
were also categorized in that report. There are two important points to keep
in mind regarding the estimates of the number of defective fuel assemblies.
First, we are dealing with an incomplete data set. There are over 100 power
reactors licensed for commercial operation in the United States, but only
slightly over half have provided data to DOE’s EIA on the number of defective
fuel assemblies in storage. Secondly, evaluating data on defective fuel
reported by industry is difficult for several reasons: 1) the definition of
failed fuel can vary from outage to outage and from reload to reload for each
utility, 2) the definition of abnormal degradation is not uniform throughout
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[ABLE 3.5. Permanently Discharged PYR Spent Fuel With the
Highest Average Burnup(3

Year of Month When Average Burnup, No. of Fuel

Discharge Discharged _ﬂyd/MTIHM(b) Assemblies Reactor
1970 April 19,213 2 Haddam Neck(S)
1971 April 27,213 2 Haddam Neck
1972 June 32,809 5 Haddam Neck
1973 February 32,804 1 San Onofre-1
1974 May 30,482 2 Yankee Rowe
1975 May 32,833 48 Haddam Neck
1976 September 32,849 8 San Onofre-1
1977 October 36,713 | Haddam Neck
1978 November 40,200 1 Prairie Island-2
1979 November 40,007 1 Oconee-1
1980 January 44,438 1 Prairie Istand-2
1981 February 42,764 1 Prairie Island-2
1982 February 54,965 4 Zion-1
1983 June 50,598 1 Oconee-1
1984 March 42,087 4 Cook-2
1985 October 47,932 1 Point Beach-2
1986 October 53,000 1 Farley-1
1987 October 44,000 1 Salem-1

(a) Source: CY-1987 Nuclear Fuel Data Form RW-859 from DOE’s Energy

Information Administration. DOE/RL-88-34, October 1988.
(b) Megawatt-days per metric ton of initial heavy metal {MWd/MTIHM).
{c) Also known as Connecticut Yankee.

industry, 3) in many cases the number of fuel failures is inferred from
indirect evidence, 4) in some cases only directly observed failures are
counted, and 5) whether fuel is determined to be failed can depend on how
closely the fuel is inspected and on the capability of the inspection tech-
nique being used [it can also depend on when an inspection such as sipping
(leak testing) takes p]ace].(53'56)

The difficulty in interpreting data from ultrasonic testing of spent
fuel assemblies to detect leaking fuel rods under certain situations (especi-
ally with high-burnup fuel or fuel that has thick crud deposits) is discussed
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TABLE 3.6. Weighted Average Burn?g for Permanently
Discharged Spent Fuel )

Weighted Average Burnup, MHD(ﬂTIHﬂ(b)

D?gggagge BWR Fuel PNR Fuel
1971 5,777 23,016
1972 6,853 22,384
1973 12,557 23,679
1974 12,806 18,825
1975 17,433 18,123
1976 13,980 22,234
1977 16,842 25,273
1978 20,141 26,396
1979 22,506 27,056
1980 22,527 29,672
1981 24,112 30,241
1982 24,789 29,471
1983 27,108 30,063
1994 26,932 29,503
1985 23,620 31,758
1986 21,041 30,275
1987 21,393 30,793

(a) Source: CY-1987 Nuclear Fuel Data Form RW-859
from DOE’s Energy Information
Administration. DOE/RL-88-34, October 1988.
{b) Megawatt-days per metric ton of initial heavy
metal (MWd/MTIHM).

in a recent paper.(56) Visual inspection, ultrasonic testing, and eddy cur-
rent testing were all recently employed in examining fuel for a utility;
results of the work indicate that if only one or two of the inspection
methods had been used, it is entirely possible that one or more leakers
and/or incipient fajlures could have been over]ooked.(17) An ultrasonic
technique for inspecting BWR fuel bundles--without removing the channel--for
leaking fuel rods is being deve]oped.(57)
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It is estimated that among the 50,921 fuel assemblies currently in
storage, there are about 2300 defective (i.e., failed or damaged) fuel assem-
b]ies.(3) Of those defective fuel assemblies, the largest number of defec-
tive BWR fuel assemblies {(630) occurred in the 10,000 to 15,000 MWD/MTIHM
burnup range, and the largest number of defective PWR fuel assemblies (100)
occurred in the 35,000 to 30,000 MWd/MTIHM burnup range. In general, most of
the defective BWR fuel assemblies have lower burnups and tend to be older
than most of the defective PWR fuel assemblies. Of the ~2300 defective fuel
assemblies, over half the ones from BWRs have burnups in the 10,000 to 20,000
MWd/MTIHM range and occurred in the 1973-1975 period {the largest number,
493, occurred in 1974) and over half the ones from PWRs have burnups in the
20,000 to 35,000 MWd/MTIHM range and occurred in the 1979-1984 period {the
largest number, 78, occurred in 1983). As indicated in Table 3.7, among
those ~2300 defective fuel assemblies are 411 fuel assemblies (43% BWR, 57%
PWR) with burnups in the 25,000 to 45,000 MWd/MTIHM range.

3.1.3 Projectio Future Use tended-Burn

A paper by DOE(4) published in 1987 indicates that implementation of
burnup extension by utilities is proceeding in a step-wise fashion, with
the highest PWR discharge batch burnups already achieved exceeding

TABLE 3.7. Burnup Oistribution for Defectiﬂf U.S. Fuel ﬁﬁﬁfmblies
with Burnups of 25,000 MWd/MTIHM(2) or Higher
Range of Burnup, No. of BWR Fuel No. of PWR Fuel No. of BWR and PWR Fuel
MWd/MTIHM Assemblies Assemblies Assemblies
25,000 to 30,000 120 100 220
30,000 to 35,000 58 91 149
35,000 to 40,000 38 38
40,000 to 45,000 _ 4 )
178 233 311

(a) Megawatt-days per metric ton of initial heavy metal (Mwd/MTIHM).

(b) Source: CY-1987 utility data base information on fuel (i.e., CY-1987
Nuclear Fuel Data Form RW-859) supplied to DOE’s Energy Information
Administration. DOE/RL-88-34, September 1988.
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40,000 MWd/MTIHM and the highest anticipated burnups for fuel already ordered
or loaded being 45,000 MWd/MTIHM. As noted in the paper, these represent the
most ambitious cases. Batch average burnups of about 45 GWd/MTIHM and about
60 GW/MTIHM for BWRs and PWRs, respectively, are expected in the 1990s.(1%)
It takes five to six years to attain burnups of 50 to 60 GWd/MTIHM, respec-
tively, ina PHR.(g) Batch-average burnups at Babcock & Wilcox Company (B&W)
plants have been recently rising at the rate of 1.3 GWd/MTIHM per cycle.‘za)
More moderate extension of burnup is very widespread, with over 80% of the
LWRs in the United States extending burnup by at least 10% over the tradi-
tional values of the 1970s or having made the decision to do so in immediate
future cyc]es.(4’5) That trend is anticipated to continue; extensions of
about 35% have been shown to be reasonably achievab]e.(s) An estimate of the
quantities of spent fuel by age in 1990 and the associated discharge exposure
is shown in Table 3.8.

It is indicated in a 1988 papert!®) that for 1990 and beyond, the
initial driving force in the U.S. for developing higher-burnup fuel design
will be to reduce the requirements for on-site storage of spent fuel and for
fuel consolidation and that, eventually, resolution of fuel cycle closure may
have an effect. Fuels designed for high burnup help relieve the throughput
into the spent fuel storage pools and facilitate Tonger operating cycles, but
they most assuredly do not lower fuel cost significant]y.(sa)

3.2 PERFORMANCE, INTEGRITY, AND POTENTIAL LIMITATIONS OF EXTENDED-BURNUP
FUEL

Extensive research and development has been directed toward extending
fuel burnup while assuring fuel reliability and the programs are reaching
fruition. Burnups have been increased by almost 50% over the limits used
Tess than a decade ago.(sg) Fuel has shown excellent reliability and the
trend is expected to continue.(sg) Fuel reliability is one of the overall
performance indicators adopted by the Institute of Nuclear Power Operations
(INPO) for the industry-wide nuclear power plant performance jindicator
program that was initiated in 1981.(60)
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TABLE 3.8. Quantities of Spent Fuel by Age in 1990 and Discharge Exposure(a)

Age, Year{s)} When Fuel 0 to
Years Was Discharged 10,000
0-3 1987-1990 271
4-5 1985-1986 124
6-10 1980-1984 31
11-22 1968-1979 467

Totals 893

{a) Source:

{b) Megawatt-days per metric ton of initial heavy metal (MWd/MTIHM).

Discharge Exposure, MHd/MTIHM(b)
Total No.
Over 10,000 Over 20,000 Over 30,000 Over of Fuel
to 20,000 to 30,000 to 40,000 40,000 Assemblies

966 2,447 4,147 610 8,441
385 1,042 1,294 62 2,907
476 3,182 2,287 19 5,995
2,097 2,050 676 1 5,291
3,924 8,721 8,404 692 22,634

Number of Fuel Assemblies

CY-1986 utility data base information on fuel discharges through 1990 (i.e., CY-1986
Nuclear Fuel Data Form RW-859) supplied to DOE’s Energy Information Administration.



Typical initial goals for DOE’s aggressive development programs to
increase burnup (initiated in 1978) were to achieve discharge batch average
burnups of 45,000 MWd/MTIHM for BWRs and 50,000 MWd/MTIHM for PWRs. () The
corresponding peak rod average burnups were 50,000-55,000 MWd/MTIHM for BWRs
and 55,000-60,000 MWd/MTIHM for PWRs. A 1987 report(®l) indicates that a new
goal by the Electric Power Research Institute (EPRI} in the United States is
to achieve a fuel reliability of 99.99% by 1990 with a fuel burnup of 60,000
MWd/MTIHM by 1997. In general, the overall domestic fuel operating expe-
rience continues to be excellent: current fuel rod reliabilities are ty-
pically >99.99%, which corresponds to fuel rod failure rates of <0.01%.(3)
The performance and integrity of extended-burnup fuel at present are
described below in Section 3.2.1. The potential limitations of extended-
burnup fuel are discussed below in Section 3.2.2.

3.2.1 Performance and Integrity of Extended-Burnup Fuel

Good performance of LWR fuel irradiated to high burnup has been
reported in documentation by many authors, including those Tlisted in
Table 3.9. The technical issues requiring consideration and resolution
for extending fuel burnup have been enumerated earliier by a number of inves-
tigators.(4’8'10’16’18’27’30'33’40"42’50’52'64) Performance considerations
for LWR fuel assemblies for extended burnup are 1isted in Table 3.10.(63)
Table 3.11 shows the fuel parameters that are affected by extending burnup
and the approximate order of importance of those parameters.(g)

Average burnup levels have been increasing yearly, but fuel rod failure
rates have not exhibited a similar trend; information published in 1985 indi-
cates that extending burnup levels has not had an obvious detrimental effect
on fuel performance.(zo’ZI) The fully successful results from DOE programs
to increase fuel burnup are described in a 1987 paper.(4) The programs
invoived fuel of both traditional and advanced designs. It is noted in the
paper(4) that no significant unexpected phenomena or trends that would limit
burnup to lower levels have been encountered in the burnup ranges studied.
Also, good design and licensing data, which are of benefit to the nuclear
industry, have been obtained on fuel that has been irradiated to high burnup
levels.



TABLE 3.9. LWR Fuel Irradiated to Extended-Burnup Levels

Burnup, Mwd/MT1HM(2) _Reference
o Fuel Assembly or Fuel Rod Burnups:
>30,000 to 35,000 9,51,65-69
»35,000 to <40,000 8,16,19,22,25,31,51,70-74
540,000 to <45,000 7,8,16,18,25,27,28,30,31,33,37,51,
67,70,74-81
>45,000 to <50,000 4,9,16,18,22,25,26,41,50,62,67,70
73,74
>50,000 to <55,000 7,9,16,27,35,51,62,71,73,74,79,81,82
>55,000 to <60,000 9,16,27,34,50,62,68,74,81,83,84
>60,000 to <65,000 16
e Peak Pellet Burnups:
64,000 41,73
68,000 32
71,000 85
72,000 82
74,000 16
80,000 80

(a) Megawatt-days per metric ton of initial heavy metal.

Of fuel designed specifically for extended burnup, the only known occur-
rence in the United States of failure of such fuel operating in the extended
burnup range took place in a core having many debris-induced failures of
traditional fue].(4) During the past several years, about one-half of the
total number of PWR fuel rods damaged have been the result of externally
induced causes, including debris in the reactor coolant and baffle jet-
ting.(aﬁ) Westinghouse Electric Corporation is developing and testing a
debris filter for PWR fuel assemblies to trap particies that can lead to
fuel damage through fretting.(23) One debris-resistant fuel design by
Advanced Nuclear Fuels Corporation (ANF) involves a solid Zircaloy lower end
cap about 3 to 4 in. Tong to preclude penetration of the cladding by fretting
from debris frequently trapped in this region of the fuel assembly.(ZS)
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TABLE 3.10., Performance Coniag?rations for LWR Fuel Assemblies for

Ite

Pellet

Fission gas

Cladding

Fuel rod

Extended Burnup

_._Consideration

Design/Performance Impact

Swelling

Rod internal pressure

Corrosion/oxidation

Hydriding

Creep

Growth

Ductility

Flattening

Pellet swelling increases with burnup.
With cladding contact, this can result
in pellet-to-cladding bonding and
cladding tensile strain.

Fission-gas release increases with
increasing burnup. This is acceptable
provided that the internal rod pres-
sure criteria are not exceeded.

It increases in an accelerating manner
with an increase in burnup because of
adverse effect on cladding tempera-
ture.

It is of less concern than oxidation.
It reduces ductility.

At high burnups, cladding could be in
tensile creep as a result of fuel
swelling and higher fission-gas
pressure.

Cladding increases in Tength with
increasing burnup. Clearance is
required to prevent rod interference
with structural components.

Ductility decreases and yield stress
increases with increasing fast neutron
fluence. However, most property
changes occur very early during
irradiation, and the incremental
effect of higher burnups is not a
major concern,

Avoidance of rod flattening is a
licensing requirement. Adequate
prepressurization levels in fabri-
cation must be ensured.

(a) Departure from nucleate boiling (DNB).
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Item

TAB 10.

Consideration

(contd)

Design/Performance Impact

Fuel-rod bow

Fuel assem-
bly gquide
tubes

Grid cell

Impact DNB(a)

Corrosion (hydriding)

Growth

Wear

Stress relaxation

Hydriding

Growth

This has an impact mainly during the
second cycle of operation. For cur-
rent fuel designs, rod bow is much
reduced in frequency, magnitude, and
potential impact on DNB margins.

The fuel assembly Zircaloy guide tubes
operate at lower temperature and with
no heat flux compared to fuel rod
tubes. Consequently, corrosion (oxi-
dation) is not a major concern even
though it is two sided. However,
hydriding and subsequent loss of
ambient ductility are considerations,
because hydrogen uptake is occurring
through both surfaces.

Growth of the guide thimbles (overall
assembly growth) occurs during irradi-
ation but is quite small. Higher
burnups could cause increased deflec-
tion of the fuel assembly holddown
spring.

Wear of the guide thimble caused by
vibration of control-rod clusters
engaged in the fuel assembly has been
previously observed. This is not
burnup consideration per se.

The fuel rods are held in position by
the spacer grid spring forcges.
Increased relaxation of these forces
at high burnups may result in vibra-
tion of the fuel rods and fretting
wear in the cladding at the point of
relaxed spring contact.

For the Zircaloy springs, embrittie-
ment from hydrogen uptake is an
additional consideration for high
burnup fuel.

For the Zircaloy straps in the spacer
grids, growth will occur under
irradiation.
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TABLE 3.11. Parameters Affected by Extending Fuel Burnup(g)

Approximate
Order of
Parameter Importance
Parameters that are ¢ Zircaloy Growth A
more sensitive to e Zircaloy Corrosion

extended burnup Internal Pressure of Fuel Rods
Parameters that are e Effect of radiation on Zircaloy
Tess sensitive to properties

extended burnup Pellet-cladding interaction (PCI)
Spacer Spring Relaxation

Though fuel reliability has improved substantially in recent years, the
nuclear industry has indicated that even higher reliability is of major
importance and will be needed in the future for a wide variety of operating
conditions.(la) From the utilities’ perspective, good fuel performance is
not easily attained.(17) The utilities will be striving for fuel failure
rates of less than one in 105 rods (i.e., a reliability of >99.999%, which
corresponds to a failure rate of <0.001%). According to a recent paper,(la)
the pressure to continually improve fuel reliability will remain, in spite of
further improvements, because of the importance of maintaining the integrity
of the first barrier (the cladding) to the release of radioactive products to
the reactor coolant and eventually to the environment. The failure rate of
fuel rods is not anticipated to increase for extended-burnup fue].(6’7) To
date, no evidence of a degradation in fuel performance or safety has been
detected in extended burnup fuel operating experience with experimental and
test fuel assemblies up to the current NRC-approved burnup levels (i.e.,
generic approvals for batch-average burnups of 35 to 40 GWd/MTIHM for BWRs
and 40 to 45 GWd/MTIHM for PuRs). ‘%)

The fuel vendors that provide the LWR fuel for domestic nuclear power
plants have made substantial progress in extending fuel burnup. In a recent
paper,(zs) ANF states that their data base for high-burnup designs supports
batch discharge burnups of 40 GWd/MTIHM and 48 GWd/MTIHM in BWRs and PWRs,
respectively. Batch-average discharge burnups for B&W PWR fuel are now
approaching 38 GWd/MTIHM; two recent types of B&W fuel are designed for
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assembly average burnups of 55 GHd/MTIHH.(zs) Discharge exposures for Com-
bustion Engineering, Inc., (C-E) PWR fuel have been in the 35 to 45 GWd/MTIHM
range; a data base for design and operation of fuel to burnups in excess of
50 GWd/MTIHM has been developed.(?”) 1In a recent paper(?®) by General
Electric Company (GE), it is stated that they have not experienced any new or
unique fuel failure mechanism that is related to burnup or associated with a
burnup related failure threshold. New GE designs for extending burnup to

38 GWd/MTIHM in BWR fuel involve longer residence times in the reactor; fuel
rod reliabilities of 99.994% appear achievab1e.(zg) An advanced 9x9 array
fuel design for 8WRs is capable of higher burnup than 8x8 fuel because of the
lower linear heat generation rate; a peak assembly discharge burnup of

45,000 MWd/MTIHM appears quite feasible.(®”) Successful irradiation of

four Westinghouse Electric Corporation PWR fuel assemblies to a burnup of

55 GWd/MTIHM provided the technical basis for extending the Optimized Fuel
Assembly {OFA) demonstration irradiations through five operating cyc]es.(ao)
Well-characterized performance data from experimental and lead test assem-
blies that have recently attained high burnup (i.e., up to 60 GWd/MTIHM), as
well as more reliable data at intermediate burnup levels, have been incor-
porated into vendor fuel performance codes.(a)

A recent paper(32) from Belgium indicates that the behavior of high
burnup fuel is generally good and satisfactory but jargely affected by the
fuel rod design, the fabrication parameters, and the power history.

At present the nuclear industry in the U.S. is faced with very few major
problems with fuel and, as a result, our attention is often directed toward
less-frequent fuel failure/damage problems--and the industry has found that
low-frequency fuel failures are often difficult to locate and identify by

failure mechanism.(la)

The trend for most fuel rods is for the cladding to creep down con-
tinuously up to burnups of 30 to 50 GWd/MTIHM (depending on the fuel type);
if rods reach high burnup {over 50 GWd/MTIHM) and operate at linear heat
generation rates around 30 kW/m up to a burnup of 70 GWd/MTIHM, then the
fuel rod diameter strongly increases (due to fuel swelling) and becomes even

larger than the initial rod diameter.(az)
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Results of power ramp (transient) studies(34) in France indicate that no
failure of fuel rods occurs at high burnups (29 to 59 GWd/MTIHM) and high
linear heat generation rates despite very high cladding strain (as high as
~0.19%) caused by fuel expansion, high release of fission gas, and oxide
structure modifications.

It is indicated in a recent GE paper(s?) that two of the major causes of
failure of BWR fuel rods--pellet-cladding interaction (PCI) and crud-induced-
localized-corrosion (CILC)--have been eliminated in fuel that is currently
being produced.(lg) Barrier cladding was invented by GE as a material solu-
tion to the PCI failure problem; acceptance and performance of GE barrier has
(28) The zirconium liner has the ability to deform under
stress even at quite high burnup without propagating the damage to the outer
c1adding.(65) Adequate performance of barrier fuel at high fluences is
currently anticipated but has not yet been demonstrated.{33) Variability in
the resistance of Zircaloy cladding to nodular corrosion in BWRs is a major
contributing factor to fuel failure due to CILC.(BB)

been excellent.

It is stated in a recent Westinghouse Electric Corporation paper(51)
that continued monitoring of important fuel behavior phenomena will be needed
to support further extension of fuel burnup. Phenomena of concern include
Zircaloy and structural component corrosion in PWRs.

Results of examinations of PWR fuel irradiated to rod-averaged burnups
up to 56 GWd/MTIHM reveal that an interaction layer (i.e., pellet-to-cladding
bonding) has formed at the pellet-cladding interface at extended burnups.(aa)
The increased fuel rod growth observed in some fuel rods at extended burnup
is attributed to the interaction caused by the bond layers and subsequent
swelling of the fue].(83) It was also found that the retained ductility of
the cladding was low at room temperature.(83)

It is indicated in a B&W paper(zs) that reducing the fuel rod internal
pressure is the most immediate measure to increase burnup capability. The
need for well-characterized fuel performance data has been emphasized as a
result of work to develop extended-burnup fuel; an important part of such
data involves the release of fission gas during power transients late in
1ife.(36) A recent paper(sa) contains information on studies of six PWR fuel
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rods {average burnups ranged from 34,900 to 55,100 MWd/MTIHM) that exhibited
unusual behavior in the release of fission gas and in fuel-cladding mech-
anical interaction.

Additional studies would lead to a better understanding of the impact of
the observéd pellet-rim porosity (at pellet-averaged burnups over about
40 GWd/MTIHM, a porous rim formed at the pellet periphery) on the overall
performance of extended-burnup fue].(so) High Tocal fission-gas release
fractions {averaged about 40%) were noted in the porous rim region. The
porous rim is the result of the higher local fission product inventory due to
the increase in plutonium concentration near the pellet surface and the
associated higher fission rate.

It is indjcated in a recent paper(la) that the importance of plant oper-
ating environment, in particular water chemistry, on fuel performance has not
been well established. Tighter water-chemistry specifications have not
improved fuel reliability.

The impact of hydrogen injection in BWRs on fuel performance is not cer-
tain; however, results from jnitial studies indicate that fuel performance is
expected to be acceptab]e.(la) Tests at Dresden-2 with fuel bundles that had
one and two cycles of exposure under hydrogen water chemistry conditions(2)
showed no significant differences in Zircaloy corrosion, hydriding, or fuel
rod crud deposits when compared to fuel bundles exposed to normal water
chemistry.(ag)

From studies on modifications of water chemistry in PWRs, the experi-
mental trends suggest a minimum of hydrogen concentration that should be
avoided.(go) Cladding integrity is the concern as the hydrogen is present to
minimize the concentration of oxidizing species generated by radiolysis.

Lengthening the fuel cycles has not had a measurable influence on fuel
performance.(la) To support the requirements of 24-month cycles, C-E is cur-
rently licensing average fuel assembly and maximum fuel rod burnup limits of
50 GNd/MTIHM and 60 GWd/MTIHM, respectively.(80)

(a) Hydrogen injection is employed to reduce the likelihood of stress
corrosion cracking of stainless steel components.
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Based on results from some studies of load following on fuel perform-
ance, current fuel designs may be capable of load following without adverse
effects on the performance, at least for current conditions.(la) Up to now
in Germany, no fuel damage has been observed that could be directly attri-
buted to load-following operations.(gl) In France, most plants operate under
load-following and frequency control conditions; no adverse effect on fuel
behavior has been observed.(gz) Load-following experience in the U.S. is
increasing but as yet is not widespread; that limited experience has not
revealed any evidence that fuel or nonfuel component performance has been
adversely affected.(93)

In the past, irradiated LWR fuel assemblies have been reconstituted
(i.e., defective fuel rods have been replaced and the assembly returned to
service) and it is expected that some extended-burnup fuel will also be
reconstituted. Excellent performance has been observed with 230 reconsti-
tuted assemblies (several rods have reached burnups up to 59 GHd/MTIHM).(94)

Two BWR fuel bundies that had been irradiated for three cycles in Quad
Cities-2 were decontaminated (one bundle with the CANDECON solvent and one
bundie with the LOMI solvent) in the Quad Cities spent fuel poo].(sz) Fuel
rod failures did not occur as a result of the treatment; incomplete removal
of fuel deposits was observed in the former case and apparently complete
(52) The bundles were shipped offsite for exam-
ination and when they were returned, grid spacer damage was detected on the
LOMI-treated bundle and on an untreated control bundie; the damage was
attributed to vibration during shipment.(sz) Some of the cleaned (decon-
taminated) fuel components are to be reirradiated.

removal in the latter case.

Technical interest in mixed-oxide (UOZ—PuOZ) cores will continue; how-
ever, use of mixed-oxide will remain uncertain for some time because of
political and economic uncertainties.(la) The integrity of mixed-oxide fue)
rods has always been found to be at least as good as that of UO2 fuel
rods.(gs) Mixed-oxide fuel has been successfully irradiated in PWRs to

burnups beyond 53 GWd/MTIM. (*1)
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3.2.2 Potential Limitations of Extended-Burnup Fuel

It is difficult to predict the actual conditions and burnup levels at
which certain parameters {e.g., Zircaloy growth, Zircaloy corrosion, internal
rod pressure, effect of radiation on Zircaloy properties, and pellet-cladding
interactions) are likely to become 1imiting; hence, the conditions and burnup
Tevels must be determined by monitoring of extended burnup fue].(g)

Fuel design options for obtaining burnups of 40-45 GWd/MTIHM in BWRs and
55-60 GWd/MTIHM in PWRs need to be deve]oped.(la) Improvements can still be
made in fuel designs; however, manufacturing quality is not always consistent
and as a result there can be unanticipated variations in fuel perform-
ance.(la) In the future, the nuclear industry needs to identify the root
causes of fuel failures when they occur.(la)

The potential limitations for extended burnup of BWR and PWR fuel in
domestic LWRs are shown in Tables 3.12 and 3.13, respectively. For most of
the performance parameters, there currently exists a good data base for
burnups up to 34 GWd/MTIHM and 47 GWd/MT1HM for BWR fuel and PWR fuel,
respectively--the exception is Zircaloy growth.(g)

Growth rates of Zircaloy are not yet well characterized at high
f]uences.(33) The rate of the fuel assembly length change seems to increase
at higher burnups.(41) In licensing fuel for extended burnup operation, it
was found that some fuel designs lacked data on fuel-rod and fuel-assembly
growth at extended burnups.(a) A1l fuel design calculations must be
rechecked as burnups increase; fuel rod elongation is one parameter that
typically needs to be adjusted to assure that the fuel assembly can accom-
modate the anticipated growth of the longest fuel rod.(33) Bonding of the
fuel to the Zircaloy cladding at high burnup enhances the fuel-rod axial
growth rate (the cladding is forced to creep axially at a rate that is con-
trolled by the swelling of the fuel pe11ets).(2?) A large variability in
the data on fuel-rod axial growth is observed at burnups higher than about
20 GNd/MTIHM.(31) To date, no effect on rod growth from load following oper-
ation has been found.(31) Examinations of PWR fuel irradiated to burnups up
to 54.GHd/MTIHM show that the fuel rod growth and Zircaloy oxide film thick-

ness were not limitations for extended-burnup operation.(gs)
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TABLE 3.12. Summ
Fuel

_Parameter

Zircaloy Growth

Zircaloy Corrosion

Internal Fuel Rod
Pressure

Pellet-Cladding
Interaction in
Ramp Tests

Zircaloy
Properties

?5¥ of Potential Limitations for Extended Burnup of BWR

Burnup Experience,
aid/MTIHM(2)

Fuel
Rod

45

45

24

42

Fuel
Assembly _Ba

34

Equivalent
tch(b)

Remarks (*)

28.5

34

(234)

34

{=34)

25

18

(234)

32
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Limit for General Electric
BWR/6 design.

No Timit at Eh;s Tevel. It
is estimated\¢) that a batch
average burnup of
4E]GHd/HTIHH may be achiev-
able.

Heat treated cladding is
expected to have higher
Timits.

Data on unprepressurized
fuel.

Yalue for General Electric
fuel (design} is higher. The
Timit is unknown.

Unprepressurized standard
fuel. Poor perforH?nce at
standard PCIOMRs. {

Unprepressurized and prepres-
surized ZIr barrier fuel.

Good performance has been
experienced.

(Design). Performance of
advanced BWR fuels expected
to be good. High burnup
achievabie with operating
restrictions if that becomes
necessary.

No limit at Eh's level. It
is estimated\¢! that higher
levels are achievable, but
are dependent on rate of
further ductility loss with
burnup.



TABLE 3.12. (contd)

Burnup Experience,

gud/MTIHM 3]
Fuel Fuel Equivalent

Parameter Rod  Assembly _Batch(P) Remarks )
Spring Retaxation 45 38 Inconel spring relaxation is
saturated and satisfactory.
32 No 1imit reached.
Nuclear Peaking(e) (234) {Designs) by vendors appear

satisfactory. Thermal limits
may have to be raised (use of
barrier fuel is required to
achieve this).

Source Term No generic limits at current

burnup levels, and none
expected at extended burnups.

Gigawatt-days per metric ton of initial heavy metal (GWd/MTIHM).

The values in parentheses and the word (Design) refer to the capabil-
ities of new or improved designs currently being offered by the vendors.
Because the actual values are proprietary, they are indicated as being 2
the current experience Tevels.

By S. M. Stoller Corp.

Operating procedures (PCIOMRs) that involve slow approaches to power,
Thermal margins.

Of the phenomena of concern with extended-burnup fuel, waterside cor-

rosion of the cladding at burnups over 55,000 MWd/MTIHM remains the one with
ne immediate design so]ution.(zz) Waterside corrosion of the cladding may
become a life-limiting feature of fuel rod design for these higher burnups,

in particular when combined with daily load-following operation.

(42) ,

recent Westinghouse paper(so) states that accelerated corrosion was observed
in the last cycle (fifth) of exposure in the higher power regiecns of fuel
that attained a burnup of 52,800 MWd/MTIHM--this underscores the importance
of recognizing this effect when considering even longer fuel cycles and very
high burnups.
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TABLE 3.13.

aramete

r
Zircaloy Growth:
15x15, W Cyt

14x14, c-g{d)
17x17, W

16x16, C-E

Zircaloy Corrosion

Internal Rod
Pressure

Pellet-Cladding
Interaction in
Ramp Tests

Zircaloy
Properties

Summary ?; Potential Limitations for Extended Burnup of
PWR Fuell9)
Burnup Experience,

gwd/MT 1M 2)
Fuel Fuel Equivalent

Rod Assembly Batch(b) Remarks(b)
55 47 One rod reached limit.

(>47) Estimated (Design) 1imit for
new designs.

C1) 52 45 Considered reasonable 1limit.

45 37 Current 1imit of experience.
Performance is a}isfactory;
it is estimated‘®’ to be as
good as that of W 15x15.

28 Limit reached prematurely.
(>38) (Design) is under development.

59 49 No 1imit at thjs level. [t
is estimated'®) that a batch
average burnup of 58 GWd/MTIHM
may be achievable without heat
treated cladding for plants
with standard temperature
coolant.

50 42 No 1imit at %hjs level. It
is estimated!®) that a batch
average burnup of 58 GWd/MTIHM
may be achievahle.

43 35 Generally good performance.
High burnup achievable with
operating restrictions, if
that becomes necessary.

55 47 No Timit at %hjs level. It
it estimated{®) that higher
levels are achievable but are
dependent on the rate of fur-
ther ductility Toss with
burnup.
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TABLE 3.13. (contd)

Burnup Experience,

ghd/MTIHM )
Fuel Fuel Equ1va}g?t b
Parameter Rod  Assembly _Batch Rgmarks( )
Spring Relaxation:
Inconel 55 47 ReTaxation saturated and
satisfactory.
Zircaloy 55 45 Satisfactory performance, but
almost no quantitative data.
Difficult to estimate addi-
tional potential.
Nuclear Peaking(f) 40 No limit reached.
(45) (Design) satisfactory.
Source Term No generic limits at current

burnup levels, and none
expected at extended burnup.

(a) Gigawatt-days per metric ton of initial heavy metal (GWd/MTIHM).

(b} The values in parentheses and the word (Design) refer to the capabil-
ities of new or improved designs currently being offered by the vendors.
Because the actual values are proprietary, they are indicated as being >
the current experience levels.

(c) Westinghouse Electric Corporation (M).

(d) Combustion Engineering, Inc. (C-E).

{e) By S. M. Stoiler Corp.

{(f) Thermal margins.

Industry needs to develop a cladding alloy material (Zircaloy and zir-
conium alloys) that is highly resistant to waterside corrosion under all BWR
and PWR operating conditions.(18)
as more BWRs load follow and extend burnup; Zircaloy corresion is also a con-
cern for PHRs.(la) It is stated in a recent GE paper(33) that it may well be
required to develop modified Zircaloys or zirconium alloys that are more
resistant to high-temperature, waterside corrosion to achieve targeted
burnups.(33) Waterside corrosion and cladding ductility are considered to be

Nodular corrosion may be more of a concern

potential problem areas for some p]ants.(a) The corrosion of Zircaloy end

plugs is also a fuel life-1imiting factor at high burnup.(sl) Zircaloy
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cladding corrosion has become 1imiting in a few newer PWRs that have followed
the trend to increase rod power or coolant outlet temperature to improve
plant efficiency.(la)

Development is in progress on advanced cladding materials but irradia-
tion exposure of the materials and subsequent evaluation will be required to
mitigate the concern about waterside corrosion.(zz) An advanced Zircaloy
cladding (ZIRLO) that contains nicbium offers a significant improvement in
corrosion resistance compared to Zircaloy-4 and is currently operating in
demonstration assemblies in a commercial PHR.(23’24) According to a German
paper,(41) use of Zr-2.5 Nb alloy is very promising as a means of overcoming
the burnup limitation due to corrosion in the case of Zircaloy. It is indi-
cated in a recent paper(41) that "Prime Candidate Alloy" (PCA), an improved
Zircaloy-4, is being commercially introduced to overcome the present tech-
nological limitation on burnup of PWR fuel rods due to waterside
corrosion.(41)

Significant decreases in the ductility of Zircaloy, in particular at low
temperatures, have been measured in a limited amount of mechanical property
testing of highly irradiated fuel cladding.?”) The investigators(®?} ingi-
cate that it is not clear whether irradiation damage or hydrogen pickup is
the dominant factor associated with the observed decrease in Zircaloy duct-
ility. More test data are needed to identify the separate contributions of
irradiation damage and hydrogen pickup on the ductility of highly irradiated
Zirca]oy—4.(27)

Accordingly to a recent GE paper,(33)

as a more statistically signifi-
cant number of fuel assembly components attain "ultra-high burnups" and

fluences, Zircaloy is 1iable to be pushed to its operating limits.

The phenomena observed in high-burnup fuel (i.e., pellet-cladding bond-
ing and peliets with porous rims) did not have any impact on fuel performance
(i.e., no enhancement in fission-gas release or of peliet swelling has been
noted) at the burnup Tevels studied.(al)

According to a recent German paper,(41) fission gas pressure can become
a Timiting item for 8x8 BWR fue! at higher burnups, particularly under the
conservative conditions that have to be applied for licensing analysis.
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Fuel rod and assembly bow is affected by differential Zircaloy growth,
which is a potential burnup 1imit; such growth can also cause bowing of BWR
channe1s.(40) Results indicate that the rate of closure {(due to bowing of
fuel rods) between fuel rods decreased with increasing burnup and that at
high burnup there was no excessive closure between rods.(la)

Results from overpower (ramp) tests indicate a rather sharp increase in
failure threshold for PWR fuel rods under certain conditions, including very
high burnup.(35) However, several very high-burnup PWR fuel rods survived
ramp testing beyond the level at which failure would be anticipated, based on
other findings.(35)

Crud deposition is of concern when fuel rod discharge burnups are
extended to about 50,000 MWd/MTIHM or higher.(42)

Whole-core fuel cleaning may become important as more piants try to
reduce radiation levels in the future.(la) The effects of cleaning agents on
subsequent fuel performance in the reactor {and also in subsequent storage)
will need to be understood; there will probably also be a need to reirradiate
some cleaned test assemb]ies.(la)

It is noted in a recent paper(31) on activities in Sweden and Finland
that as yet no technical difficulties have occurred that would prevent
raising the discharge burnup to a peak pellet value of about 55 GWd/MTIHM.

The West Germans(37) have a complete PWR fuel assembly, which contains
fuel rods with burnups of <43,000 MWd/MTIHM, involved in a dry storage exper-
iment; the analysis of the behavior of the fuel rods in dry storage thus far
indicates that the design of storage facilities is Timited only by the spent
fuel insertion temperature and not by the storage method. They do not use an
air environment in their storage system.

3.3 EFFECT OF EXTENDED-BURNUP FUEL ON HANDLING, STORAGE, AND OTHER
OPERATIONS

The effect of extended-burnup fuel on handling, interim storage, and
other operations {e.g., rod consolidation and shipping} subsequent to reactor
service is described in the three subsections below. There is one important
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general comment that applies to the irradiation, handling, interim storage,
rod consolidation, and shipping of extended-burnup LWR fuel. It is concluded
in a 1985 report(38) and a 1985 paper(39) that extending burnup even to
60,000 MWd/MTIHM results, in general, in environmental consequences that are
either less than or virtually the same as those assumed in current
regulations.

3.3.1 Handling

The impact of extended-burnup LWR spent fuel assemblies on handling was
evaluated in a recent report:(g) it was concluded (based on available data)
that both BWR and PWR fuel assemblies with burnups up to 45 GWd/MTIHM should
present no problems (i.e., that are related to the strength of their main
structural components) for handling in spent fuel storage pools or during
handling associated with the back end of the fuel cyclte. In a recent
(97) on spent fuel management, it is noted that there are at least 25
fuel assembly types with a wide variety of burnups to be considered.

paper

Handling and reconstitution experience with extended-burnup fuel
deserves some attention to prepare for future rod consolidation
campaigns.(lz)

Crud deposits typically consist of individual aggiomerated particles
ranging in size from 0.1 to 10 microns; particulates in that size range would
become airborne if they are released during dry fuel handling operations,
and, hence, facility designs must be able to accommodate such airborne
re]eases.(4?) Further crud characterization studies (emphasis should be
piaced on estimating fractional crud releases from spent fuel for various
hand1ing and transporting operations) should be undertaken to provide support
for ongoing handling facility designs and future licensing actions.(4?)

In a recent study of the economics of extending the fuel cycle life to
24 months,(46) it is noted that included among current activities are efforts
to qualify fuel handTing and storage facilities for fuel enrichments up to
5 wt% uranium-235. Most PWRs were originally designed for burnups in the 27
to 33 GWd/MTIHM range with corresponding initial enrichments of 2.6 to
3.2 wt% uranium-235; the spent fuel storage pools were typically designed for
enrichments of 3.5 to 4.0 wt% uranium-235.
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Currently, the NRC provides guidelines to industry for analyzing fuel
handling accidents in fuel handling and storage facilities at BWRs and PWRs
for fuel with burnups to 38,000 MHd/MTIHM.(ga’gg) Because extended-burnup
fuel programs can involve fuel with substantiaily higher burnup levels, some
additional guidance may be needed in analyzing fuel handling accidents
involving fuel with burnups greater than 38,000 HHd/HTIHH.(ll)

3.3.2 Storage

The main impact of extending fuel burnup on wet and dry storage and rod
consolidation is the reduction in the total requirements for fuel storage and
in the total quantity of fuel that must be conso]idated.(43) The quantities
of spent LWR fuel discharged decrease as the burnup is increased, which will
free up storage space in at-reactor poo]s.(s) The effect of extending burnup
by 1.0, 2.0, and 3.0% per year on the projected cumulative domestic storage
requirements is illustrated in Table 3.14. Other issues that are involved

TABLE 3.]4. Projected Cumulative Storage Requirements in the U.s.(100)
Number of Fuel Assemblies
Maximum Maximum Max imum
Maximum At-Reactor At-Reactor At-Reactor

At-Reactor Capacity Plus Capacity Plus Capacity Plus
Capacit¥a) 1.0%/Year (b) 2.0%/Year (b) 3.0%/Year (b)

_Year Case Exposure Case Exposure Case Exposure Case
1990 1,129 1,195 1,121 1,050
1995 6,890 7,034 6,349 5,904
2000 24,157 22,381 19,381 17,514
2003(¢) 39,592 36,692 31,908 28,936
2005 51,308 46,055 40,147 36,306

(a) Utility projected discharges.

(b) Assumes the given percentage increase in exposure starts in 1987.
The maximum average discharge exposure was assumed to be 38,000
megawatt-days (thermal) per metric ton of initial heavy metal
(MWd/MTIHM) for BWR fuel and 45,000 MWd/MTIHM for PWR fuel.

(¢) It is estimated that the spent fuel storage pools at some domestic
1ight-water reactors will run out of space before 2003, the year
that the U.S. Department of Energy currently predicts it will have
a repository available.
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are the design modifications necessary to accommodate the higher initial
enrichment, heat load, and source term.(43) Those technical modifications or
design changes to accommodate extended-burnup fuel do not unduly stretch the
current storage and consoiidation equipment or designs and are economically

attractive.(43) o

Anticipated changes in the characteristics of the fuel assembiies due to
extended burnups are not expected to jeopardize the spent fuel during storage
in water.(lo) For waste management planning and repository design, it will
be important to continue to monitor the behavior of intact and defective
(i.e., failed or damaged) spent fuel that is placed in wet and dry storage to
gain additional evidence, in particular with higher burnup fuel, that fuel
integrity is being appropriately maintained.(3)

Credit for burnup has been allowed in spent fuel pools at domestic reac-
tors for a number of years.(lol) Currently, there are about a dozen domestic
reactors that have storage pools 1icensed to account for burnup.(loz) Use of
burnup credit in spent fuel storage equipment for extended-burnup fuel can
result in the elimination of the use of poison material, which is an advan-
tage in that it is then not necessary to be concerned with degradation of the
poison material over time and exposure.(43) Regarding credit for burnup in
spent fuel storage rack design, several experiments have been conducted with
unirradiated fuel that included the major features of fuel racks; however, no
such experiments have been performed with irradiated fue].(44) There is an
uncertainty that needs to be considered in PWR fuel storage racks: results
of criticality studies on the storage of spent PWR fuel reveal that, for
burnups above about 27,000 MWd/MTIHM, the more highly reactive ends of the
fuel assemblies result in a positive reactivity increment, an effect that is
not observed in the reactor core.(45)

Extending fuel burnup can potentially cause some minor distortions in
the design of storage/transport casks and fuel consolidation equipment
because increasing the burnup adversely affects the radiological and thermal

designs of such systems but is beneficial to criticality aspects.(43)
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3.3.3 Other Operations {e.qg.. Rod Consolidation and Shipping)

The impacts on the design of rod consolidation equipment from burnup-
enhanced fuel phenomena are listed in Table 3.15.(6) The degradation of the
mechanical and structural properties noted in extended-burnup fuel needs to
be considered in planning rod consolidation operations.(43) Designers of rod
consolidation equipment will have to provide sturdier equipment to accom-
modate the harder materials (they are more difficult to cut) associated with
extended-burnup fue1.(6)

Extending fuel burnup is a benefit in the criticality design of con-
solidation and dry spent fuel storage systems.(43) Regarding underwater rod
consolidation operations, once-burned fuel rather than extended-burnup fuel
will present the worst case in criticality ana]yses.(e) '

Currently available transportation casks can carry extended burnup fuel
at their design capacity, unless they are limited because of criticality con-
cerns.(5) It is possible to use heavily poisoned baskets to obtain critical-
ity control in spent-fuel casks; however, burnup credit is a much more direct
means of demonstrating criticality safety for 1icensing.(48) Cask capacities
would not be reduced if the NRC permits burnup credit in criticality calcula-
tions and the spent fuel is cooled sufficiently at the reactor sites.(S)

TABLE 3.15. Burnup-Enhanced Fuel Phenome?g and Impacts on the Design of
Rod Consolidation Equipment. )

Phenomena Impacts
Fuel rod bow Rod pulling and handling
Material embrittlement Rod pulling and compaction of
nonfuel -bearing structural components
Handling damage Rod pulling and fuel assembly
handling
Decay heat Cooling of canisters and equipment

Reactivity and radiocactivity Shielding and criticality

Stress relaxation: Rod pulling
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Increased radiation and heat sources produced in the fuel and the higher
initial uranium-235 enrichment are the principal effects of extended-burnup
fuel on spent fuel casks.(48) Increasing the burnup of PWR fuel from 40 to
70 GWd/MTIHM will increase the heat generated (10 years after discharge) by
about 70% and the total radioactivity by about half that amount.(5’103) The
increased heat and gamma radiation from extended-burnup fuel can be accom-
modated by additional cooling time, but the increased neutron radiation
(principal emitters are 2426m and 244Cm) cannot be accommodated unless the
balance of gamma and neutron contributions to the overall dose rate is
properly selected 1nitia11y.(48)

Regarding spent fuel shipments, it is indicated in a 1988 paper(104)

that for the majority of the BWR and PWR spent fuel population, the crud act-
jvity deposits are so small that crud is not a significant contributor to
the source term or to the allowable leakage rate.
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