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ABSTRACT

The payloads of present generation spent fuel
casks are constrained by a criticality design
basis which assumes loading with unirradiated
fuel. This presentation discusses work in
progress on criticality analysis verification
for designs which take account ofj^BurrQip and
agfcf% ̂ fcj&fc. transported fuel. The work
includes verification of cross section data,
correlation with experiments, proper extension
of the methods into regimes not covered by
experiments, establishing adequate reactivity
margins, and complete documentation of the
project. Recommendations for safe operational
procedures are included, as well as a discussion
of the economic and safety benefits of such
designs.

INTRODUCTION

The amount of light water reactor (LWR)
spent fuel transported and stored in casks will
significantly increase in the next two decades.
As a result, increased emphasis is now being
given to the design of more efficient "new
generation" casks with higher payload capacity.
Higher capacities can be obtained by use of
improved basket and cask materials, designing
for spent fuel with longer decay times (greater
than ten years), and reducing unnecessary con-
servatism in the design process without reducing
safety.

The criticality design bases for spent fuel
shipping casks to date in the U.S. have assumed
the casks were loaded with fresh (new) fuel.

*This work performed at Sandia National Labora-

Operated by Martin Marietta Energy Systems

Inc., under contract DE-AC05-84OR2U00 with
the U.S. Department of Energy.



Early scoping work with large payload cask
designs made it obvious that the use of fresh,
unirradiated fuel isotopics in the criticality
safety analysis could significantly decrease the
anticipated cask payloads based on expected
thermal, structural, and dose criteria.1 A
proposed solution is to take full or partial
credit for the reduced reactivity available
by using the actual spent fuel isotopics in
the criticality safety analysis. Thus, the
Cask Systems Development Program within the
Department of Energy's Office of Civilian
Radioactive Waste Management has initiated an
investigation of the potential for allowing
credit for the burned state of the fuel (i.e.,
burnup credit). Feasibility and incentives for
burnup credit, together with a demonstration of
available reactivity margins, were initially
studied and reported in Ref. 1. Following this
initial effort, work on the burnup credit
technical issue was broken out into roughly
three areas of study: (1) investigation of
system safety benefits and cost savings related
to burnup credit, (2) verification of analysis
methods, and (3) potential operational and/or
measurement techniques necessary to assure
compliance.

SAFETY BENEFITS AND COST SAVINGS

Consideration for using burnup credit to
reduce the reactivity control in cask designs
must be judged against the risks and costs
associated with spent fuel transportation from a
system perspective. The first step In this area
was to determine approximate baseline capacities
for casks designed with and without burnup
credit allowance. The CAPSIZE code2 was used to
perform a parametric analysis to determine the
effect of assembly-to-assembly spacing on the
payload capacity of a generic cask design.
Given the burnup of spent fuel, its cooling time
(age), the thickness or the internal basket
walls, the desired external dose rate, and the
nominal weight limit of the loaded cask, the



CAPSIZE program determines the maximum number of
PUR.fuel assemblies that will fit in a lead-,
steel-, or uranium-shielded cask.

Sensitivity analyses were performed to
evaluate the impact of cask capacity on total
transportation system life cycle costs. The
shipping rate between two arbitrary locations
was assumed to be 3,000 metric tons of uranium
(MTU)/year, with 33% transported by truck over
an average distance of 1,800 miles per shipment,
and 67% transported by rail over an average
distance of 1,925 miles per shipment. Second-
order relative operational costs that may occur
if burnup credit is allowed (e.g., costs asso-
ciated with additional administrative controls,
preshipment physical measurements, or enhanced
operator training requirements) were not con-
sidered in the model analysis.

The impact of cask capacity on costs for a
legal weight truck (LWT) system and a 100-ton
rail cask system can be considerable. The
baseline (or 0% increase in capacity) for the
LWT system is a cask capable of transporting
either 2 pressurized water reactor assemblies or
5 boiling water reactor assemblies (2 PWR/5 BWR)
and the baseline for the rail system is a 14
PWR/36 BWk cask. A bounding estimate of the
savings as a result of burnup credit over a
40-year period ranges between $300 M and $900 M
(1987 U.S. dollars).

The initial investigation into safety
benefits related to burnup credit centered on
potential risk reduction. An analysis of the
impact of truck and rail cask payload capacities
on public and occupational exposures and risks
was performed to determine the magnitude of risk
reduction that may accrue as capacities are
increased. The impacts of cask capacities on
both public and occupational fatalities over 25
years are illustrated by Figures 1 and 2 for
truck and rail systems, respectively. (Again,
the baseline casks [or 0% increase in capacity]
were the 2 PWR/5 BUR for truck, 14 PWR/36 BWR
for rail operating systems, and the shipping
rate was a total 3,000 KTU/year with one-third
by truck and two-thirds by rail.) The shaded
areas of the two figures represent the expected
contributions of burnup credit allowance to cask
capacities. As indicated, while the risks are
negligible, burnup credit allowance could result
in about one to two fewer deaths as a result of
truck transport and about one fewer death as a
result of rail transport over the lifetime of a
repository. It is important to note that there
is little impact of increased capacity on
accident-related radiological fatalities even
though it was conservatively assumed that cavity
releases were directly proportional to the
volume of the spent fuel contents. This occurs
because all accident probabilities are reduced
accordingly with the reduction in total shipment
miles .
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SHIPPING RATE, 25-YEAR REPOSITORY
OPERATION

To demonstrate the acceptability of burnup
credit allowance in cask design, a variety of
scenarios were postulated and analyzed which
could lead to a spent fuel shipping cask
critical event either during cask loading or
transport.1 A probabilistic risk assessment
methodology was used to estimate the likelihood
of inadvertent loading of nonspecification fuel
into a shipping cask and the possibility of
subsequent critical events; the probability of a
critical event with specification fuel was
examined for purposes of comparison. A fault
tree format was used for the assessment of the
various scenarios. Equipment, operational, and
accident causes were considered for both speci-
fication and nonspecification fuel loading
errors. On the basis of expected cask usage
rates, it was concluded that the occurrence of a
critical event during spent fuel transport is
not credible, regardless of the allowance of
burnup credit. The highest likelihood of a
critical event is during fuel loading operations
at a reactor facility, and the most likely cause
is a basket or cask selection error. Such an
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error is independent of the fresh fuel vs burnup
credit argument. The likelihood of this occur-
ring is very small and can be further reduced by
implementing uniform cask loading procedures
that require strict secondary checks on critical
operations such as cask and fuel identification
and cask draining, drying, and sealing. The
consequences of such an event do not appear to
be greater than those related to other nontrans-
portation spent fuel handling activities. Also,
the risk potential to the public from spent fuel
cask critical events is negligible.

ANALYSIS VERIFICATION

For standard burnup PWR fuel, Ref. 1
indicates there is at least a 30% Ak decrease
in koj from the fresh fuel k« value. However,
taking credit for the negative reactivity
provided by the actual spent-fuel isotopics
requires the use of adequate, validated software
for the criticality analysis and the fuel-
depletion analysis. Work is being done to study
the uncertainty in the spent-fuel isotopic pre-
dictions from codes and determine the subsequent
effect on cask keff values. Uncertainty in
calculated keff values also arises from the
geometric and physical models and neutronic data
used. An overall analysis verification task is
currently under way. This task will utilize
existing isotopic and critical measurements
together with reactor operating data in order to
(1) verify applicable software and analysis
procedures and (2) define the uncertainties
associated with the analyses. The approach has



been developed co address the components for
validating criticality safety calculational
methods as defined in Sect. 4.3 of ANS1/ANS-8.1.

The current work is designed to show
compliance with each of the requirements of
ANSI/ANS-8.1. Work is progressing to ensure the
following:

1. defensible, verified cross-section data
are available for spent-fuel analyses,

2. correlation with experimental data are
obtained by analysis of suitable
reactor criticals,

3. extension (to cask environments) of
the methods beyond the applicable
experimental conditions is properly
done by developing and using trends in
the calculational biases and by use of
independent analysis methods,

4. a procedure to obtain an adequate
reactivity margin is available, and

5. the project is fully documented.

Much of the current work is being done with
modules and data of the SCALE code system3-KENO
V.a for criticality, SAS2H/ORIGEN-S for spent-
fuel isotopics, and the ENDF/B-IV 27-group
library (modified to include ENDF/B-V fission
product data). Independent analyses are planned
using other criticality analysis codes, accepted
industry methods for prediction of detailed
reactor isotopics and physics parameters, and
alternate cross-section libraries. Thus, the
project will provide an interface between
reactor analysis methods and away-from-reactor
criticality analysis tools. The joint analysis
efforts by national laboratories, utilities, and
vendors will provide results that can be studied
and compared in relation to each other and
reference measurements established in this plan.
These activities will hopefully lead to a
greater understanding of different analysis
tools and an increased confidence level in the
software available for criticality analysis of
casks designed for burnup credit. The current
activities and open issues are discussed briefly
in the following paragraphs.

Away-from-reactor criticality safety
analyses have traditionally assumed fresh fuel
isotopics to assure limiting keff values are
obtained. Given the reactor history of an
assembly, several calculational techniques are
available for predicting the spent-fuel iso-
topics. Reactor analysis codes used by vendors
and utilities can provide detailed spatial
isotopics for the major actinides and a few
fission products of importance in reactor
operation. However, simpler analysis tools
based on point-depletion techniques have



typically been used for general spent-fuel
characterization where concentrations for
hundreds of nuclides are needed.

Isotopics calculated by reactor analysis
codes (e.g.. PDQ74 and CASMO/SIMULATE5) are
being compared with analysis methods based on
point-depletion techniques (e.g., SAS2/ORIGEN-S
sequence of SCALE and CELL26). Using a
specified calculational benchmark, isotopic
differences and the resulting koo differential
is now being investigated to enable quantifica-
tion of the uncertainty arising from the
established isotopic prediction techniques.
Reference 1 provided a basis for selecting the
set of nongaseous actinides and fission product
nuclides for inclusion in the criticality
analysis. The procedure involved comparing the
absorption reaction rate to ensure identifica-
tion of the important nuclides. Table 1 shows
the list of nuclides selected. One difficulty
with using the multidimensional reactor analysis
codes is that individual concentrations for all
the nuclides of Table 1 are seldom available.

TABLE 1 SPENT-FUEL ISOTOPES RECOMMENDED FOR
CRITICALITY ANALYSES

U-234
U-236
0-16
Sm-149
Tc-99
Sm-151
Gd-155
Mo-95
Ag-109
Ru-101
Eu-154
Pd-105
Zr-93
Pd-108
Np-237
Pu-239
Pu-241
Am-241
Cm-244

U-235
U-238
Rh-103
Nd-143
Sm-152
Sm-147
Eu-153
Nd-145
Sm-150
Pm-147
Eu-155
Cs-135
Pr-141
Cs-133
Pu-238
Pu-240
Pu-242
Am-243

Validation of isotopic prediction codes is
also planned using measured isotopic data from
the Materials Characterization Center (MCC) at
Pacific Northwest Laboratories. A wide variety
of spent-fuel assemblies are being characterized
by MCC, and the isotopic inventory Is being
obtained for the important actinides and fission
products.

The computational tools used for the criti-
cality analyses of Ref. 1 are widely accepted by
the nuclear industry and the NRC for away-from-
reactor applications. The confidence in these
tools is backed by many years of evaluation and
use and, perhaps most importantly, by validation



against critical experiments. Many "cold-
critical experiments have been performed for
water-moderated, low-enriched lattices of fuel
pins configured with various absorbers and
reflectors to neutronically simulate LWR fuel
within a cask-type environment. Calculational
biases for the codes and cross-section data can
be readily ascertained for fresh-fuel isotopics
from comparison with available critical experi-
ments. However, no critical experiments have
been performed which include the actinide
absorbers and fission products of major impor-
tance in the accurate determination of spent-
fuel reactivity.

Thus, work has been performed to develop an
acceptable spent-fuel criticality benchmark(s)
which, when coupled with analysis of existing
critical experiments and isotopic validation
using the MCC data, will enable ample verifica-
tion of selected software for spent-fuel criti-
cality analyses. The spent-fuel benchmarks
currently being considered are based on five PWR
reactor core critical configurations: (1) North
Anna Unit 1, beginning-of-cycle 5 (BOC-5), hot
full power (HFP), 1650-ppm soluble boron, all
regulating rods out (ARO), (2) North Anna Unit
2, BOC-5, hot zero power (HZP), 1836-ppm soluble
boron. ARO, (3) Surry Unit 1, BOC-2, HZP,
1030-ppm soluble boron, ARO, (4) Surry Unit 1,
end-of-cycle 2 (EOC-2), HZP, 0-ppm soluble
boron, ARO, and (5) Surry Unit 1, EOC-2. HZP,
123-ppm soluble boron, ARO except D-bank. These
reactor calculations will help verify the
adequacy of the isotopics and determine &keff
biases for various analysis assumptions.

The initial analyses of these critical
configurations were performed using the
CONDENSE-LUMPIT-BONAMI-NITAWL-KENO V.a analysis
sequence described in Ref. 7. The spent-fuel
isotopics were obtained from PDQ7-CELL2 analyses
performed by the Virginia Power Company. For
each of the five benchmarks, 1, 3, and 7
different axial-depletion-zone configurations
were used to determine the effect of the axial
variation in burnup on keff. A 22-axif.l zone
configuration was used for two of the bench-
marks. The calculated keff bias using the 27-
group SCALE library is 1% Ak or less. Work is
now in progress to analyze the benchmarks using
isotopics from the SAS2H/ORIGEN-S sequence of
SCALE.

The overall effectiveness of taking credit
for the burned state of PWR fuel in transport
casks has been demonstrated by independent
parametric studies performed both in this
country (Ref. 1) and the United Kingdom.8

Although the work described above will hopefully
serve to demonstrate the adequacy of selected
software for spent-fuel criticality analysis,
additional work is needed to further quantify
uncertainties and provide guidance for estab-
lishing a bounding keff limit. A recent



report9 has used CELL2 isotopics and dry storage
cask models to study the effect of (1) removing
fission products from the analysis (8% Ak),
(2) modeling burnable poison rods during the
irradiation (0.6% Ak), (3) axial discretization
of the assemblies into burnup-dependent isotopic
zones (2.8% Ak), and (4) low-density moderation
(monotonic keff decrease with density).

The generic 31-element cask model of Ref. 9
is being used to provide a reference calcula-
tional benchmark that can be analyzed with
various calculatlonal tools (e.g., KENO V.a,
MCNP,10 MONK,11 and CASMO). A reference set of
spent-fuel isotopics has been provided from
CASMO, and, in addition, other isotopic sets
will be generated using SAS2H/ORIGEN-S, CELL2,
and possibly others.

Staff members at ORNL are also using the
reference cask model to perform additional
investigations that will aid in further quanti-
fication of potential uncertainties. In parti-
cular, more detailed work has recently been done
to study the calculated keff as a function of
the axial burnup zones using isotopic data
obtained from the multidimensional reactor
analyses performed at Virginia Power for North
Anna Unit 1. The isotopics are for BOC condi-
tions; thus, little, if any, decay is included.
The assemblies had a 3.41 initial wt% 2 3 5U and
an average burnup of 31.5 GWd/MTU. Five cases
were evaluated in this comparison:

1. Number densities were averaged over the
entire height of the fuel representing
the average burnup case.

2. Three nearly equal axial regions were
defined: 114.3, 137.16. and 114.3 cm.
The appropriate number densities were
summed over each of these regions to
represent the average burnup for that
region.

3. The three axial regions defined in this
case isolated the ends of the fuel as
separate regions: 34.29, 297.18, and
34.29 cm. Again, the number densities
were summed over each interval to
represent an average burnup for that
region.

4. Seven axial regions were defined:
11.43, 34.29, 68.58, 137.16, 68.58,
34.29, and 11.43 cm from the
centerline.

5. All but the middle region of case 4 was
further subdivided to create a total of
15 axial regions.

KENO V.a was used to calculate keff for the
five cases. The geometry model for the cask
included pin-by-pin descriptions of each fuel



assembly loaded in the 31-element cask. Each of
the KENO V.a cases was performed with -800,000
particle histories in order to achieve the
proper convergence. These results are given in
Table 2.

TABLE 2 KENO V.A RESULTS FOR AXIAL STUDY OF
31.5 GWD/MTU FUEL

Number of
Case axial planes

1 1 0.8583 +0.0013
2 3 0.8717 +0.0012
3 3 0.8613 +0.0012
k 7 0.8676 ±0.0012
5 15 0.8664 +0.0011

Note that keff is a global parameter, and
that although some differences are seen in
Table 2 for the different axial analyses, they
are small. The change in keff for the 1-plane
case to the 7-plane case is just over 1%. The
largest difference is that between the 1-plane
case and the 3-equal-axial-plane case <1.5%).
It appears that the effort and expense required
to model multiple axial planes might be circum-
vented by performing analyses for a single axial
plane (average conditions) and simply adding 2
or 3% to the calculated keff as a bias for axial
effects. This removes the "arbitrariness"
associated with selecting the number of axial
regions to use in the analysis. The bounding
assumption" of assuming the spent fuel to have
fresh fuel in the 1-ft end regions is also
somewhat arbitrary and appears to U overly
conservative. However, an analysis using
3.6 wt% fresh fuel in the 1-ft end regions was
performed for this cask and the resulting keff
was 0.979 +0.001. Thus, using the 1-ft region
of fresh fuel appears to provide approximately ;

11% Ak conservatism.

To date, the majority of the criticality
safety analyses associated with the burnup
credit issue have been done with the 27-group
ENDF/B-IV library within SCALE. Plans call for
further analysis to be performed using other
multigroup libraries and some point libraries
(MCNP analyses) based on ENDF/B-V and perhaps
ENDF/B-VI data.

Results from the analyses and benchmarks
will aid vendors and utilities in conforming to
ANSI/ANS-8.17 which specifies criticality safety
criteria for LWR fuel outside reactors. In
particular, the work will eventually aid the
cask designer using ANSI/ANS-8.17 to (a) demon-
strate validation of calculational methods via
ANSI/ANS-8.1, (b) demonstrate the effect of the
axial burnup distribution, and (c) aid in



defining an acceptable maximum calculated keff
value for the system.

OPERATIONAL AND MEASUREMENT TECHNIQUES

Several recommendations can be made with
respect to design and evaluation requirements
and resolution of other issues that will enhance
the acceptability of burnup credit in cask
design. Basket structural and poison integrity
should be ensured for both accident and normal
conditions of transport. Nondestructive evalua-
tions and demonstrations of the poison effec-
tiveness and homogeneity, if applicable, and
structural integrity of baskets should be
performed prior to acceptance and use.

Operationally, the concern regarding the
use of burnup credit is focused on ensuring the
proper fuel is loaded in the cask. The possi-
bility of inadvertent loading of fresh fuel
could be reduced by restricting spent fuel
shipments to periods when co-mingling is not
likely or by other control methods such as
strict segregation. Uniform controls, segre-
gated areas, and accounting requirements could
be implemented that ensure all fresh fuel move-
ments through the spent fuel pool are accounted
for and documented. Such strategies would
significantly reduce the likelihood of a fresh
fuel loading error.

Other options are available to further
reduce the already low potential for operational
errors during cask loading activities. For
example, the quality of all cask operations
could be increased significantly by requiring
that fuel handling and management personnel
undergo training programs that include a demon-
stration of proficiency and possibly a certifi-
cation process similar to other power plant
operator requirements. Similarly, the probabil-
ities of a cask entering the transport mode in a
flooded condition could be substantially reduced
by requiring a physical measurement of cavity
dryness prior to shipment. Other physical
measurements available for use include array
reactivity measurements and burnup classifica-
tion of individual assemblies. Finally, a
certification process could be designed to
ensure that all cask loading operations at an
individual utility are carried out by well-
trained, proficient personnel using clear,
concise procedures. In essence, individual
utilities could be required to be certified as
proficient in cask operations prior to the use
of casks based on burnup credit. These possi-
bilities along with other ideas have been
studied within the burnup credit project. Some
preliminary options available for implementing
burnup credit are listed in Table 3.
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TABLE 3 CASK OPERATIONAL AND DESIGN OPTIONS AVAILABLE FOR IMPLEMENTING
BURNUP CREDIT IN THE DESIGN AND OPERATION OF SPENT FUEL TRANSPORT
CASKS

Cask Design Basis Options

A Validated Criticality Analysis Method Should Be Used
Design Assumptions

The Cask/Fuel Analysis Must Assume Fully Reflected and Moderated Conditions
Short-lived Fission Product Poisons in the Fuel Should be Neglected
Gaseous Fission Product Poisons in the Fuel Should be Neglected
Manufactured Poison Components of the Fuel Should be Neglected Unless

Including Them Results in a More Reactive Condition
Acceptance Test Requirements

Basket Poisons Included in the Design Should be Verified by Measurement
Prior to First Use of the Cask

Subcritical Verification on First Loading Could be Performed Prior to First
Use

The Following Uncertainty Analyses Should be Performed:
Axial Burnup Distribution Effects
The Effects of Water Density Variations on System keff
The Effect of the Presence of a Single Fresh Assembly on keff

The Following Operational Design Considerations Could be Evaluated:
Human Factor Features That Prevent Errors in Cask Operations
Overcheck Validation Requirements

Cask Operational Procedures

A Method for Utility Analysis of Shipment keff Could be Incorporated in
Preshipment Evaluations

A Method for a Preshipment Verification of Cavity Dryness Could be Required
A Reliable Procedure for Checking Successful Completion of all Cask Operations

Should be Required
A Preloading Discriminating (GO-NO GO) Measurement for Fresh Fuel Could be

Required

Utility Operational Considerations

Utility Fuel Analysis and Management Methods and Systems Should be Validated by
an Acceptance Test

Sites Should be Licensed for Burnup Credit Operations
Cask Loading Personnel Should be Trained and Certified in Accordance with

Specific Requirements
Whenever Possible Spent Fuel Shipping Activities Should not be Conducted When

Fresh Fuel is Stored in the Pool
All Non-Specification Fuel Available in a Pool Should be Actively Segregated

(behind barrier, locked in place, etc.) from the Specification Fuel
Population


