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ABSTRACT 

The techniques used for actinide-only burnup credit isotopic validation and criticality validation are presented and discussed. 
Trending analyses have been incorporated into both methodologies, requiring biases and uncertainties to be treated as a fimction 
of the trending parameters. The isotopic validation is demonstrated using the SAS2H module of SCALE 4.2, with the 
27BURNUPLIB cross section library; correction factors are presented for each of the actinides in the burnup credit methodology. 
For the criticality validation, the demonstration is performed with the CSAS module of SCALE 4.2 and the 27BURNLTPLl3, 
resulting in a validated upper safety limit. 

1. INTRODUCTION 

Safety analyses of criticality control systems for transportation packages include an assumption that the spent nuclear fuel loaded 
into the package is “fresh” or Unirradiated. In other words, the spent fuel is assumed to have its original, as-manufactured U-23 5 
isotopic content. The “fresh fuel” assumption is very conservative since the potential reactivity of the nuclear fuel is substantially 
reduced after being irradiated in the reactor core. The concept of taking credit for this reduction in nuclear fuel reactivity due to 
burnup of the fuel, instead of using the fresh fuel assumption in the criticality safety analysis, is refmed to as “Burnup Credit.” 
Burnup credit uses the actual physical composition of the fuel and accounts for the net reduction of fissile material and the buildup 
of neutron absorbers in the fuel as it is irradiated. Neutron absorbers include actinides and other isotopes generated as a result of 
the fission process. Using only the change in actinide isotopes in the burnup credit criticality analysis is referred to as “Actinide- 
Only Bumup Credit.” 

The use of burnup credit in the design of criticality control systems enables more spent fuel to be placed in a package. Increased 
package capacity results in a reduced number of storage, shipping and disposal containers for a given number of SNF assemblies. 
Fewer shpments result in a lower risk of accidents associated with the handling and transportation of spent fuel, thus reducing 
both radiological and non-radiological risk to the public. 

The burnup credit methodology consists of five major steps: 

1. Validate a computer code system to calculate isotopic concentrations in spent nuclear fuel created during burnup in 
the reactor core and subsequent decay; 

2. Validate a computer code system to predict the subcritical multiplication factor, k ,  of a spent nuclear fuel package; 

3. Establish bounding conditions for the isotopic concentration and criticality calculations; 

4. Use the validated codes and bounding conditions to generate package loading criteria @urnup credit loading curves). 
Burnup credit loadmg curves show the minimum burnup required for a given initial enrichment; 

5. Ventjr that SNF assemblies meet the package loading criteria and confirm proper assembly selection prior to loading. 

In May 1995, the U.S. Department of Energy (DOE) submitted the Topical Report on Actinide-Only Bumup Credit for 
Pressurized Water Reactor Spent Nuclear Fuel Packages’ to the Nuclear Regulatory Commission (NRC). Its objective was to 
obtain the NRC’s approval on a generic burnup credit methodology for use in designing criticality control systems of spent fuel 
shipping casks. Modifications have been made since the original submittal, based on further analyses and NRC’s 
recommendations, resulting in revision 1 of the topical report. In this paper, the improved methodologies used for actinide-only 
burnup credit isotopic validation (step one) and for criticality validation (step two> are presented and demonstrated. 
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2. ISOTOPIC VALIDATION 

The isotopic composition of fiesh fuel is well known through extensive, routine measurements by fuel manufacturers. However, 
after fuel is irradiated in a reactor, the isotopic composition of the spent fuel must be determined through analysis. Routine 
measurement of the isotopic content of discharged fuel using chemical assays would not be practical due to dose, safety and cost 
concerns. It is spent nuclear fuel depletion analysis that differentiates the burnup credit approach from the traditional fresh fuel 
approach in designing the criticality control systems of spent fuel packages. The depletion analysis simulates the burnup of the 
fuel under reactor operating conditions. The result of the depletion analysis is the predicted isotopic composition of the 
discharged spent fuel assembly. 

For the burnup credit methodology, the code system used for predicting isotopic content must be validated. The recommended 
validation method uses a set of fifty-four chemical assays for well-characterized spent fuel. These assays represent benchmarks 
for which best estimate predictions are computed with the code. The ratio of the measured benchmarks and the computed best 
estimate predictions are used to determine multiplicative biases and uncertainties. The biases and uncertainties are combined into 
a correction factor for each isotope individually. The correction factors are calculated and applied conservatively to enme that 
criticality safety evaluations employing the burnup credit method result in a neutron multiplication factor that is conservative for 
the system being evaluated. 

The isotopic validation method is applicable to any computer code system. For the purpose of demonstrating the method, the 
SAS2H sequence of SCALE 4.2 was used, along with the 27BuRNupLIl3 cross section library. Thirty-six of the analytical 
models for the benchmark cases were originally developed by 
and thorough descriptions of the chemical assays are presented elsewhere., 

yet slightly moddied by the authors. All fifty-four models 

2.1 Trending Analyses 

It is important to account for any trend that may exist in the biases and uncertainties as a function of parameters that may vary with 
fuel designs or operations. Those trends are applied to a multiplicative bias, defined as: 

M 
C 

x = -  Eq. 2.1 

where 

X - - multiplicative bias 
M - 
C - 

measured isotopic concentration value 
calculated isotopic concentration value. 

- 
- 

In the original topical report, values of x were averaged over all the data points available, with its corresponding standard 
deviation. Each independent isotope had a value of c(bias) and 6 (uncertainty), whch were used in computing the correction 
factors. The modified isotopic validation methodology requires trending against burnup, a spectrum parameter, initial 
enrichment, and specific power. The basic linear equation for the trending analyses is 

x,= 1 + b, * B + b, * B * S + b, * B * E + b, * B * P Eq. 2.2 

where 

burnup 
spectrum (average lethargy for absorption) 
initial enrichment 
specfic power. 

- - B 
S 
E 
P 

- - 
- - 
- - 

Each term contains the burnup parameter to assure that at zero burnup, the multiplicative bias is unity, since the isotopic 
composition of fiesh fuel is known. Also, the degree of change-fiomeach of the independent variables is related to the level of 
burnup. 



, The procedure for trending analyses is to perform linear regression and test each parameter sequentially to determine if the slope 
obtained is statistically sigtllficant, or simply due to the randomness of the data. First, to test for a trend with burnup, Equation 2.2 
is reduced to 

x , = l + b , * B  

and linear regression is used to obtain the parameter b,. To determine if the trend obtained is si@icant, the T statistic is 
computed, 

Eq. 2.3 

Eq. 2.4 

where the SS, is the sum of the square of the residuals, n is the total number of samples used in the trending analysis, b, is the 
linear regression slope for the burnup term, and the Bi’s are the burnup values for each of the samples. The statistic is compared 
to the Student’s t-distribution with 95% confidence (a = 0.05) and n- 1 degrees of eeedom. Given a null hypothesis of “no 
statistically sigmficant trend exists (slope is zero),” the hypothesis is accepted for T < to-l, and rejected otherwise. The b, 
parameter is set to zero or the value obtained from the linear regression, based on the slope test results. Having fixed the first 
parameter, Equation 2.2 is now extended to the next term, 

x,= 1 +b,  * B + b, * B * S 

and the b, parameter is tested using a similar test equation, 

Eq. 2.5 

Eq. 2.6 

The procedure is repeated for the last two terms in Equation 2.2. Table 2.1 shows the trending analysis results for the 
SAS2W27BURNUPLIB system. Note that trends with speclfic power are only analyzed for the Pu-238 and Pu-241 isotopes, 
since those are the isotopes that would be affected by varying specific power (due to relatively short half lives of Cm-242 and Pu- 
24 1, 163 days and 14.4 years, respectively). Also, Am-241 is biased based on Pu-24 1 measurements, by assuming that 100% of 
Am-24 1 comes from post-irradiation decay of Pu-24 1, and thus Am-24 1 assay data is excluded. The results of the trending 
analyses indicate trends against bumup for U-235, Pu-239, Pu-240, Pu-241 and Pu-242. Since Pu-241 indicated a trend, Am- 
241 is treated accordingly. 

2.2 Correction Factors 

Having established the trends associated with the isotopic data, the correction factor v> for each isotope can now be determined. 
The principle on which correction factors were derived is the prediction interval method, which gwes a band that will contain the 
next future observation, with 95% confidence. For the cases where no trend was observed, the correction factor is computed by 

whde for the isotopes exhibiting trends, the correction factor is 

Eq. 2.7 

Eq. 2.8 

The sign between the bias and the total uncertainty depends on the type of isotope. For a positive worth isotope, the correction 
factor is calculated by adding the bias to the total uncertainty. The correction factors for negative worth isotopes (neutron 
absorbers) are calculated in a converse manher. Also, correction factors greater than 1 .O are not allowed for absorbers, or less 
than 1 .O for fissile isotopes. 



Table 2.1 : Isotopic Trending Analysis Results 

tan,** 

2.06 NO 
2.0 1 YES 
2.0 1 NO 
2.01 NO 
2.02 NO 
2.01 YES 
2.01 YES 
2.01 YES 
2.01 YES 
2.06 NO 
2.01 NO 
2.01 NO 
2.01 NO 
2.02 NO 
2.01 NO 
2.01 NO 
2.01 NO 
2.01 NO 
2.06 NO 
2.01 NO 
2.0 1 NO 
2.01 NO 
2.02 NO 
2.01 NO 
2.01 NO 
2.01 NO 
2.01 NO 
2.02 NO 
2.01 NO 

Table 2.2 provides the biases and correction factors for each actinide. For actinide-only burnup credit the number density for 
each of the selected actinide isotopes is adjusted by multiplying it by its corresponding correction factor. a s  table is valid only 
for the SAS2W27BURNUPLIl3 sequence of the SCALE 4.2 computer code system. A similar table would be generated if 
another code system or cross section set is selected. 



Table 2.2: Isotopic Correction Factors 

Isotope n 
U-234 25 

U-235 54 

U-236 53 

U-238 48 

Pu-238 40 

Pu-23 9 54 
Pu-240 54 

Pu-24 1 54 

Pu-242 50 

Am-241* 54 

- 
X 

1 .ooo 
1.025 

1 .ooo 
1 .ooo 
1 .ooo 
0.979 

1.063 

0.960 
1.092 

0.960 

Correction Factor 
0.814 

maxrl.0 + 1.05E-3 * B +2.55E-4 * SQRT(4.11E4 +B2), 1.01 

maxrl.0 - 8.52E-4 * B + 3.78E-4 * SQRT(4.11E4 +B2), 1.01 

minrl.0 + 2.3 IE-3 * B - 1.79E-4 * SQRT(4.11E4 + B'), 1.01 

maxrl .O - 1.42E-3 * B + 3.47E-4 * SQRT(4.11E4 + B2), 1 .Ol 
d r l . 0  + 3.OOE-3 * B - 6.07E-4 * SQRT(3.85E4 +BZ), 1.01 

minrl.0 - 1.42E-3 * B - 3.47E-4 * SORT(4.11E4 +B2), 1.01 

*Am241 biased based on Pu-241 
Note: Tis the mean multiplicative bias for the sample of measurements associated with each isotope. The mean bias for isotopes without a 

trend is 1.0 by definition. The mean of the samples for U-234, U-236, U-238 and Pu-238 are 0.973,0.999,1.001, and 1.005, 
respectively. 

3. CRITICALITY VALIDATION 

Criticality analysis methods applied in fiesh fuel assumption design evaluations are validated by performing benchmark 
calculations using well-characterized criticality experiments. Actinide-only burnup credit criticality validation follows a similar 
procedure as for fkesh fuel criticality validation. 

Fresh fuel assumption methods for evaluating PWR applications are typically benchmarked against low enrichment, unirradiated 
heterogeneous UO, fueled systems with similar characteristics to the package evaluated. The bumup credit method is also 
benchmarked against UO, fueled systems that contain the important U-23 5 and U-23 8 burnup credit isotopes, in addition to low 
enrichment, unirradiated heterogeneous mixed oxide (MOX) fueled systems. MOX experiments provide benchmark data for 
other transuranic isotopes present in spent fuel and included in the burnup credit analysis procedure. 

A reference set of fifty-seven critical experiments has been compiled to be utilized for bumup credit criticality validation. This 
generic reference set of experiments contains data spread over a wide range of conditions for systems containing low enrichment, 
fresh fuel rod lattices similar to light water reactor fuel assemblies. The experiment set includes 21 UO, and 36 MOX 
configurations. Each subset is composed of experiments from various references; w - f o u r  have been previously compiled by 
O W ' ,  whle 23 additional experiments are now included.6 These 23 additional experiments are better suited for the range of 
plutonium isotopics in spent nuclear fuel (SNF). The experiments cover a wide range of fuel compositions and anticipated spent 
fuel package physical conditions. 

To demonstrate the criticality validation, each individual experiment is modeled and executed using the SCALE system! Control 
module CSAS of SCALE 4.2 with the 27BuRNLTpLIB cross section library is used as the tool for calculating k,,in designing the 
criticality control systems of transportation packages. The CSAS/27BURNUPLIB calculated results are used to determine the 
subcritical safety limit. 

3.1 Trending Analysis 

As for isotopic validation, trending analyses are now required for criticality validation. Trending against a spectral parameter, 
initial enrichment, outside clad diameter and soluble boron concentration is required. These analyses must be performed on the 
UO, and MOX subsets encompassing the benchmark set of critical experiments independently. 



For each of the four parameters (and each subset), a linear regression fit of the calculated multiplication factors against each of the 
trending parameters, followed by a slope test on each computed regression slope, shall be performed. The slope test’ requires 
obtaining the T statistic, 

Eq. 3.1 

where 
n 
b 

- - the number of critical calculations used in establishing k,(x) 
the slope fiom linear regression 
the sum of the squared deviations for parameter x 
the sum of the square of the residuals. 

- - 
- - 
- - s, 

SSR 

The statistic is then compared to the Student’s t-distribution with 95% (ct=0.05) confidence and n-2 degrees of fiFedom. Given a 
null hypothesis of “no statistically si&icant trend exists (slope is zero),” the hypothesis is accepted for T 
otherwise. 

tnn,-2, and rejected 

As presented in Table 3.1, only one statistically sigmticant trend is observed for the CSAS/27BURNUPLIB ’system; against the 
average lethargy for absorption, for the MOX subset. That conclusion can now be used to obtain a subcritical limit. 

Table 3.1 : Criticality Trending Analysis Results 

Parameter Subset 

ALA uo, 
Initial Enrichment uo, 
Clad Outside Diameter UO, 

Boron Concentration uo, 
ALA MOX 
Clad Outside Diameter MOX 

Boron Concentration MOX 

7 
YES 

3.2 Upper Safety Limit 

Based on the criteria for subcriticality set forth in ANSYANS 8.17, a statistical technique has been developed for the 
determination of subcritical limits, similar to one previously applied in a validation study for the CSAS/27BURP;ITJPLIB code 
system.’ This approach is a single-sided statistical method for the determination of an upper safety limit (USL) based on the 
statistical analysis of a number of critical systems. The USL is determined such that there is a high degree of confidence that a 
calculated result is subcritical; a system is considered acceptably subcritical if a calculated k,plus calculational uncertainties lies 
at or below this limit. Thus, the USL is the statistically determined magnitude of the sum of the biases, uncertainties, and 
admhstrative safety margin computed for a set of critical benchmarks. 

Using a given set of critical experiments, the USL can be determined as a function of key system parameters, such as the average 
lethargy for absorption (ALA) or fuel enrichment. The equation for the USL is 

USL(x) = 1.0 - - AP - Ak,,, Eq. 3.2 

for cases when the Calculated multiplication factors do not show a trend with any parameter, or 



USL(X) = 1 .O - P(x) - A ~ ( x )  - Ak,,, Eq. 3.3 

when the calculated values show a statistically sigtllficant trend against parameter x. p represents the method bias (1 -calculated 
k,,), A p  represents the uncertainty, and Ak,,, is an arbitrary adrmnistrative margin to ensure subcriticality, taken as 0.05. The 
uncertainty terms are derived from the prediction interval method, as for the isotopic validation. The equation 

is used for cases with no trend, and 

Eq. 3.4 

Eq. 3.5 

for the one trend cases, where 

= 
= 
= 

the Student's t value for CL confidence and m degrees of fieedom 
the mean value of parameter x in the set of calculations 
the pooled standard deviation for the set of criticality calculations. 

Using the CSASR7BURNUPLIB system, the methodology is demonstrated. Table 3.2 summarizes the intermediate results and 
the final USL computed for each subset of critical experiments. The benchmark calculation k,results and the fmal, combined 
USL are plotted on Figure 3.1. 

Table 3.2: Parameters Used in USL Calculation for U0,-only, MOX Subsets 

U0,-only Subset 

n 

Average multiplication factor [Kc] 

Average Bias [PI 

Pooled standard deviation [%,I 

t,, 

Uncertainty [Ap] 

Administrative margin [A&] 

USL 

Value 

21 

0.9938 

0.0062 

3.178E-3 

1.725 

5.61 1E-3 

0.05 

0.9381 

MOX Subset 

n 

Linear regression fit [I<(ALA)] 

Bias [P(ALA)I 

Average ALA 

Pooled standard deviation [s,] 

tC4l-2 

Uncertainty [Ap(ALA)] 

Administrative margin [Ak,,,] 

USL 

Value 

36 

0.9163 +0.004550 * ALA 

0.0837 - 0.004550 * ALA 

18.54 

4.698E-3 

1.691 

7.944E-3 * [1.028 + (ALA-18.54)2 
122.761'" 

0.05 

0.8663 + 0.004550 *ALA - 
0.00 I 665* r23.402 + (ALA- I s.54)*1 1'2 

From the combination of the subsets' USLs, the final USL is 

ALA I 17.58: USL = 0.8663 + 0.004550*ALA - 0.001665*SQRT[23.402 + (ALA-18.54)2] 

17.58 i ALA: USL = 0.9381 

The value of 17.58 was obtained from the intersection of the two USLs. 
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