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ABSTRACT

Simulation of boiling water reactor (BWR) fuel depletion poses a challenge for nuclide inventory 
validation and nuclear criticality safety analyses. This challenge is due to the complex operating 
conditions and assembly design heterogeneities that characterize these nuclear systems. Fuel depletion 
simulations and in-cask criticality calculations are affected by (1) completeness of design information, (2) 
variability of operating conditions needed for modeling purposes, and (3) possible modeling choices. 
These effects must be identified, quantified, and ranked according to their significance. This paper 
presents an investigation of BWR fuel depletion using a complete set of actual design specifications and 
detailed operational data available for five operating cycles of the Swedish BWR Forsmark 3 reactor. The 
data includes detailed axial profiles of power, burnup, and void fraction in a very fine temporal mesh for a 
GE14 (10x10) fuel assembly.

The specifications of this case can be used to assess the impacts of different modeling choices on 
inventory prediction and in-cask criticality, specifically regarding the key parameters that drive inventory 
and reactivity throughout fuel burnup. This study focused on the effects of the fidelity with which power 
history and void fraction distributions are modeled. The corresponding sensitivity of the reactivity in 
storage configurations is assessed, and the impacts of modeling choices on decay heat and inventory are 
addressed.
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1. INTRODUCTION

The interest in burnup credit (BUC) for spent nuclear fuel (SNF) from boiling water reactors (BWRs) has 
been increasing due to the need for more efficient solutions to safe transportation and storage of SNF. The 
most significant reasons for the interest in BUC for BWRs are (1) current capacity limitations in spent 
fuel storage, (2) lack of a permanent disposal facility, and (3) license extensions issued to currently 
operating nuclear power plants [1]. These reasons urge to overcome BWR modeling complexities, fill 
assay data gaps, and develop an improved methodology to help the industry successfully apply crediting 
practices to BWRs.

BWRs fuel assemblies include burnable poison rods (gadolinium-bearing rods) throughout the lattice. As 
they deplete, the reactivity increases up to a maximum value called the peak reactivity. The conservative 
approach of crediting BWRs spent nuclear fuel at the peak reactivity [2] does not take advantage of the 
reactivity reduction that takes place at higher burnup values, once the burnable absorbers are almost fully 
depleted. Consequently, it neglects the storage and transportation advantages that such a reactivity 
reduction makes possible. Therefore, it is important to develop crediting methodologies beyond the peak 
reactivity, for which a proper modeling of nuclear fuel burnup in BWRs is needed. Among the modeling 
challenges that BWRs pose, we highlight: the complex and time-dependent conditions that drive fuel 
burnup within BWR cores, detailed operating data frequently available outside utilities or reactor 
operators is limited, and experimental assay measurements to benchmark depletion and criticality codes 
are also limited. Benchmark studies with actual operating and assay data are scarce. The data can be used 
to quantify the impact that different modeling simplifications may have on storage parameters and code 
validation.

To provide validation data sets for BWR spent nuclear fuel, the Spanish nuclear fuel manufacturer 
ENUSA coordinated an experimental program [3] with the support of the Spanish Nuclear Safety Council 
(CSN), the Spanish national waste management company ENRESA, and the US Nuclear Regulatory 
Commission (NRC). The Swedish Studsvik Nuclear Laboratories participated by performing destructive 
radiochemical analysis of fuel. The program focused on a GE14 (10x10) fuel assembly irradiation in the 
Forsmark 3 BWR.

This paper explores the sensitivity of spent fuel inventory-related applications to modeling assumptions 
for power density and moderator density, using the available data for the Forsmark 3 reactor. Section 2 
provides a review of the data available for this case. Section 3 explains the different operational data 
treatments studied, and Section 4 analyzes the codes and models employed for depletion and criticality 
calculations. The remainder of the paper assesses the sensitivity to our modeling choices of inventory 
(Section 5), decay heat (Section 6), and in-cask criticality values (Section 7). Finally, Section 8 
summarizes the outcomes and suggests additional areas for future study.

2. FORSMARK 3 BWR.

Swedish Forsmark 3 nuclear power plant is a BWR commissioned in 1985 with an electrical capacity of 
1.190 MWe. In the framework of the experimental program led by ENUSA, the GE14 (10x10) fuel 
assembly GN592 was loaded fresh in the Forsmark 3 core at the beginning of cycle 16 (July 2000), 
depleted for five consecutive cycles, and discharged at the end of cycle 20 (May 2005) with an average 
burnup of 42 gigawatt-days per metric ton of uranium (GWd/MTU) [4]. The bundle included fourteen 
part-length rods, nine gadolinium-bearing rods, and comprised fuel rods of seven different 235U 
enrichments. Figure 1 depicts axial cross-sections of the dominant zone (where the part-length rods are 
present) and vanishing zone (where the part-length rods are vanished), showing the positions of the guide



tubes, part-length rods, and gadolinium-bearing rods. The peripheral rod marked with a star was selected 
for the inventory sensitivity analysis.

Operating conditions were provided as part of this ENUSA-led research program. Nodal average values 
for void fraction, burnup, and specific power density, are available for 25 assembly nodes, with a time 
fidelity of 65 time steps of variable time duration that span the entire irradiation history. Figure 2 shows 
the moderator density evolution for the 25 axial nodes as a function of the irradiation time. The values 
shown on the y-axis are fractions of the initial moderator densities for each node. The node at the top of 
the assembly is numbered as 1, and the node at the bottom is numbered as 25.

Figure 1. GN592 Dominant (Left) and Vanishing (Right) Zones.
The Black Circles with White Stars Indicate the Rods Selected for Inventory Sensitivity Analysis.
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Figure 2. Moderator Density Evolution for the 25 Axial Positions of the GN592 Assembly 
(#1 Refers to the Node at the Top and #25 to the Node at the Bottom)



3. OPERATIONAL DATA TREATMENTS

The reference treatment of the operational data consists of 65 depletion steps, using 65 different power 
density values and 15 different moderator density values that provide a good representation of the original 
density profile at the different axial positions. The reference model is the most detailed of the different 
operational data treatments that we define for the calculations. Different degrees of approximation are 
applied to (1) moderator density, (2) specific power, and (3) both moderator density and specific power. 
They are defined as follows:

i. Cycle average values:
The selected parameter is averaged over each of the five irradiation cycles so the depletion 
includes five different values (one per cycle) for the selected parameter. The remainder of the 
modeling assumptions are unchanged.

ii. Two-step average:
The characteristics of the power and moderator density histories for the Forsmark 3 case make it 
possible to define a two-step averaging scheme, in which two values are used for the modeling of 
the selected parameter: the first step corresponds to an average of the parameter of the first three 
cycles, and the second step corresponds to an average of the two last cycles. This degree of 
approximation is defined to show the impact of using few steps that roughly capture the 
variability of the original profile.

iii. Lifetime average:
The selected parameter is averaged over the entire burnup history, and the resulting value is used 
throughout the simulation. The rest of the modeling data is kept as in the reference model.

All the calculations use the same number of depletion steps, 65, regardless of the data treatment 
implemented. Figure 3 illustrates the effect of the different operational data treatments on the moderator 
density for a node of the dominant zone (node 13, at 1.91 m from the assembly bottom). Note that the 
reference profile includes 15 moderator density steps instead of 65 due to computational limitations. As a 
result, we have three steps per cycle averaging different numbers of original steps. The boundaries 
selected to collapse the 65 original steps into 15 are based on the most varying profiles, and they capture 
the most characteristic variations. The same collapsing scheme is applied to all the nodes along the 
assembly. Figure 3 provides an idea of the number of original steps collapsed in each of the 15 steps of 
the reference profile.



Figure 3. Moderator Density According to Data Treatments for a Middle Node (at 1.91 m from the 
Assembly Bottom). “Original Data” (Dashed Line) Refers to the Moderator Density Provided by

the Specifications

4. CODES AND MODELS USED FOR DEPLETION AND CRITICALITY CALCULATIONS

The simulations performed for the sensitivity studies discussed in this paper include depletion, criticality, 
and decay heat calculations. This section describes the specific modules and sequences of the SCALE 
6.1.3 code suite [5] used and the computational procedures that were followed.

4.1 Assembly Depletion Models

The assembly depletion simulations are performed with TRITON [6], a multipurpose SCALE control 
module for transport, depletion, and sensitivity and uncertainty analyses. TRITON automates problem- 
dependent cross-section processing and multi-group transport calculations in 1-, 2-, and 3-dimensional 
geometries. In this work, TRITON couples the 2-D neutron transport solver, NEWT, with the depletion 
code ORIGEN [7] to predict isotopic concentrations, source terms, and decay heat for the geometries and 
burnup histories defined by the user. The SCALE evaluated nuclear data file (ENDF) /B-VII.0 cross
section library in 238 energy groups and the “parm=weight” option to collapse 238 energy-groups to a 
problem-dependent 49-energy-group library at the beginning of the depletion calculation. The 
CENTRM/PMC self-shielding methodology is employed, and self-shielding is applied during the 
depletion simulation to a set of 388 nuclides by using the option “addnux=4”. Default Dancoff factors are 
applied.



4.1.1 Depletion models

In order to assess the impact on nuclide inventory and decay heat of the different operational data 
treatment, we model for simplification a subset of eleven nodes that provides a good representation of the 
physics over the assembly’s active length. Seven of these nodes are equally distributed along the 
dominant zone and the remaining four along the vanishing zone, covering therefore the entire length of 
the assembly. The geometry and fuel layout are modeled in NEWT as two-dimensional (2-D) cross
section of the assembly at specific axial levels. The individual pin-cell enrichments are modeled as 
reported and the inventory evolution of each one is tracked pin-by-pin. This is referred to in this paper as 
the pin-wise enrichment with pin-wise isotopics (PEPI) approach. In addition, the gadolinium-bearing 
rods are divided into six equal-area rings for a more accurate depletion of the gadolinium.

The eleven selected axial nodes deplete under the average power and moderator density conditions that 
correspond to their axial positions, according to each operational data treatment presented in Section 3. 
Therefore, the calculations are performed for each node ten times: once for the reference model, and once 
for each of the three data treatments (lifetime average, cycle average, two-step average) applied on each 
of the three data treatment combinations (only moderator density averaged, only power density averaged, 
and both moderator and power density averaged at once). The inventories of each depletion material are 
retrieved at the end of the irradiation at an assembly average burnup of 42 GWd/MTU for comparison.

For the decay heat calculations, the compositions obtained from the depletion of the subset of nodes 
discussed above are used. The inventories at each axial position can be retrieved as a single mixture that 
results from combining all the different materials modeled. The mixtures obtained from the different 
depletion calculations of the selected nodes are entered into ORIGEN, and decayed over a period of 100 
years.

4.1.2 Depletion models for the criticality sensitivity analysis

The criticality calculations at different assembly average burnup values require pre-computed nuclide 
compositions at each axial node over the entire irradiation history. Therefore, 25 assembly nodes are 
depleted with TRITON/NEWT. An average-enrichment with average-isotopics (AEAI) approach is 
applied, so (1) individual fuel rod enrichments correspond to the average value of enrichment for all non
gadolinium-bearing rods and (2) the nuclide evolution of the fuel is tracked as a whole instead of using a 
pin-by-pin (PEPI approach). The gadolinium-bearing rods are divided into six equal-area rings and 
depleted as individual materials. While the PEPI approach allows an accurate prediction of the inventory 
for each rod at each axial position, the AEAI approach provides in-cask criticality estimations that have 
been shown to be conservative [2]. Furthermore, the AEAI approach is less computationally demanding 
since the number of different materials to handle is greatly reduced. The 25 selected nodes deplete under 
the average power and moderator density conditions that correspond to their axial positions, according to 
the different operational data treatments. Therefore, 10 whole-assembly depletion calculations are also 
carried out for this analysis.

4.2 Criticality Models

The CSAS/KENO [8] criticality sequence provides reactivity values for the system being modeled. This 
sequence uses the 3-D multi-group Monte Carlo code KENO V.a. for calculation of the neutron 
multiplication factor.

The assembly isotopic evolution calculated by TRITON (Section 4.1.2) is the starting point for the 
criticality calculations. Whole-assembly five-year decay calculations are performed with ORIGEN on the 
compositions extracted from eleven steps throughout the entire irradiation. The five-year decayed



assemblies are then used to load the corresponding eleven 3-D GBC-68 cask KENO models that are used 
for the criticality calculations. The 3D GBC-68 cask model arranges 68 identical assemblies with the 
channel simplified to a constant-thickness, squared-corners representation [9]. Each assembly is divided 
into the same 25 equal-length axial nodes as used for their depletion, which makes it possible to allocate 
the depleted inventories at their corresponding axial positions, and thus reproducing the burnup profiles. 
The GBC-68 model also includes boral panels between the assemblies and stainless steel hardware. As is 
common for BUC in PWRs, two different sets of nuclides are considered in the calculations: actinides 
only (AO), and actinides and fission products (AFP) as listed in Table 1 [10].

Table 1. Actinides and Fission products used for the criticality calculations
Actinides only (AO) isotopes (10 isotopes)

234U 235U 236U 238u 238pu 239pu 240pu 241pu 242pu 241Am 16O
Actinides and fission products (AFP) (29 isotopes)

234U 235U 236U 238U 237Np 238Pu 239Pu 240Pu 241Pu 242Pu 241Am 243Am 
103Rh 109Ag 133Cs 147Sm 149Sm 150Sm 151Sm 152Sm 143Nd 145Nd 151Eu

95Mo
153Eu

99Tc
155Gd

101Ru
16O

The in-cask criticality calculations are performed for each data treatment, on the GBC-68 casks with 
loadings of assemblies discharged at eleven different time- steps (burnups) using the two different sets of 
nuclides. All the calculations are based on the ENDF/B-VII.0 cross- section library in 238 energy groups.

5. IMPACT ON INVENTORY

This section discusses the sensitivity of the calculated inventory to the operational data treatment and its 
behavior at different axial positions in the assembly.

Table 2 shows the results from the calculations for a node located at a middle axial position to illustrate 
the general trends found for all different axial locations studied. Table 2 values correspond to percentage 
deviations from the values obtained by the corresponding data treatment options to values obtained by the 
reference calculation. In general, the cycle and two-step average data treatments have very little impact on 
the majority of actinides and fission products, since they do not exceed an absolute difference of 1%. 
However, for some nuclides the deviations are not negligible. Specifically, this only happens when the 
power density is one of the averaged parameters. Examples include nuclides such as 241Am, 147Sm and 
149Sm, 153Eu, and 155Gd. The lifetime average option biases the results for actinides (note the -5.9% of 
deviation in the 235U, for example), and more significantly for elements that show a high sensitivity also 
to cycle and two-step average approaches (Sm, Am, Eu, Gd, and Cs). In this sense, the highest deviations 
are found for the lifetime average power option.



Table 2. Effect of operational data treatments on main actinides and fission products (middle 
assembly node at 1.91 m from the assembly bottom) (% deviations from the reference calculation)

Moderator Density Power Density Moderator and Power Density

Isotope Cycle Two-
step Lifetime Cycle Two-

step Lifetime Cycle Two-
Step Lifetime

235U -0.45 -0.65 -5.97 -0.10 -0.25 -4.52 -0.45 -0.70 -6.17
236U -0.15 -0.15 -0.69 0.00 0.00 0.46 -0.15 -0.15 -0.77

238Pu 0.14 0.09 -0.36 -0.47 -0.45 -5.72 -0.22 -0.17 -2.86
239Pu 0.56 0.48 3.26 -0.79 -0.95 -6.12 0.00 -0.16 2.46
240Pu -0.43 -0.62 -4.60 0.08 0.02 -1.54 -0.43 -0.62 -4.97
241Pu 0.28 0.40 1.14 -0.09 -0.06 -1.23 0.37 0.62 3.32
242Pu -0.32 -0.26 -2.05 0.06 0.06 2.82 -0.32 -0.32 -1.99

241Am -0.13 -0.51 -3.08 -1.26 -2.53 -35.29 -1.26 -2.82 -34.65
243Am 0.45 0.57 4.08 -0.14 -0.09 0.45 0.40 0.51 3.91
95Mo 0.05 0.11 0.86 -0.25 -0.66 -3.48 -0.22 -0.58 -3.42
99Tc -0.02 0.00 0.15 -0.09 -0.09 0.62 -0.14 -0.14 -0.10

101Ru 0.00 0.02 0.25 0.04 0.05 0.84 0.00 0.02 0.25
103Rh -0.16 -0.16 -1.51 -0.42 -0.80 -3.14 -0.61 -0.99 -5.07
133Cs -0.03 -0.02 0.02 -0.17 -0.18 0.48 -0.25 -0.26 -0.50
134Cs 0.54 0.66 4.73 0.41 0.87 16.43 1.05 1.64 23.12
137Cs 0.02 0.05 0.42 0.05 0.06 1.68 0.05 0.05 1.37
147Sm -0.11 -0.07 -0.21 -0.32 -0.39 -12.96 -0.48 -0.55 -14.38
149Sm 1.81 2.45 5.85 -27.42 -27.02 -25.47 -24.60 -23.25 -13.32
150Sm 0.07 0.07 0.51 0.00 -0.07 -0.15 0.07 -0.07 0.07
151Sm 0.92 1.45 5.72 -1.26 -1.45 -4.94 -0.05 0.44 4.80
152Sm -0.51 -0.60 -4.08 0.19 0.19 2.11 -0.51 -0.62 -4.64
143Nd -0.03 -0.05 -0.75 -0.31 -0.44 -2.02 -0.31 -0.44 -1.89
145Nd 0.00 0.00 0.27 0.03 0.03 0.88 -0.03 0.00 0.27
148Nd 0.06 0.06 0.50 0.06 0.06 0.61 0.06 0.06 0.33
237Np 0.07 0.07 0.07 -0.44 -0.51 -2.79 -0.29 -0.37 -0.95
151Eu 0.83 1.24 6.94 -6.77 -14.62 -54.30 -5.53 -12.96 -46.64
153Eu 0.13 0.24 1.64 -0.27 -0.25 0.18 -0.13 -0.04 0.87
155Gd 3.15 3.53 11.28 -17.77 -24.20 -54.85 -14.16 -20.26 -45.02

129i -0.06 -0.06 -0.50 -0.03 -0.06 -0.09 -0.10 -0.13 -0.76

Table 3 summarizes the deviations found for the most impacted nuclides at different axial positions. The 
results indicate that the impact on the inventory prediction of using moderator density data averages is 
higher for the top and middle nodes than for the bottom nodes. This is as expected due to the high 
moderator density variability at those axial positions in BWR systems. The cycle and two-step averages 
(or any step-wise approach that captures the variability of the original moderator density profile) are the 
best options for reducing the deviations that appear as a consequence of using moderator averages that 
override the variability of the actual profile. The power density average also has a higher impact at the 
middle and top nodes for the major actinides. Some fission products (151Eu and 155Gd) are more sensitive



to the actual approach adopted than to the axial positions to which these approaches are applied. The 
combination of operational data treatments highlights the greater importance of the power density over 
the moderator density in regard to the fission products. Although there are some combinations that 
slightly increase/reduce the deviations, they remain in the same order as those provided by the power 
density data treatments for all the axial positions.

Table 3. Effect of operational data treatments on selected actinides and fission products 
at three representative axial positions (% deviations from the reference calculation)

Top Node (3.09 m) Middle Node (1.91 m) Bottom Node (0.74 m)

Magnitude Isotope Cycle Two-
step Lifetime Cycle Two-

step Lifetime Cycle Two-
step Lifetime

235U 0.11 -0.05 -4.68 -0.45 -0.65 -5.97 -0.70 -0.99 -2.79
239Pu 0.87 0.96 3.83 0.56 0.48 3.26 0.00 -0.19 0.68
240Pu -0.21 -0.39 -3.65 -0.43 -0.62 -4.60 -0.29 -0.36 -1.51
242Pu -0.44 -0.44 -2.14 -0.32 -0.26 -2.05 -0.14 -0.07 -0.68

Density 241Am 0.29 0.05 -2.21 -0.13 -0.51 -3.08 -0.25 -0.60 -1.40
134Cs 0.48 0.60 4.42 0.54 0.66 4.73 0.25 0.23 1.37
149Sm 3.68 4.66 10.06 1.81 2.45 5.85 -0.24 -0.28 1.05
151Sm 1.12 1.68 5.86 0.92 1.45 5.72 -0.11 -0.19 0.89
151Eu 1.36 1.87 7.37 0.13 0.24 1.64 0.09 0.13 0.55
155Gd 3.70 4.19 12.09 3.15 3.53 11.28 0.08 -0.15 1.90
235U 0.27 0.27 -3.66 -0.10 -0.25 -4.52 -0.64 -0.81 -2.73

239Pu -0.09 -0.17 -4.35 -0.79 -0.95 -6.12 -0.58 -0.68 -2.24
240Pu 0.13 0.13 -1.25 0.08 0.02 -1.54 -0.21 -0.29 -1.20

Power 242Pu -0.13 -0.13 2.08 0.06 0.06 2.82 0.07 0.00 0.61
Density 241Am 1.20 0.19 -32.44 -1.26 -2.53 -35.29 -4.98 -6.28 -39.51

134Cs -0.43 -0.16 14.31 0.41 0.87 16.43 2.25 2.81 22.17
149Sm -8.33 -7.95 -5.87 -27.42 -27.02 -25.47 0.28 1.00 7.36
151Sm -0.46 -0.61 -3.59 -1.26 -1.45 -4.94 -0.47 -0.56 -1.53
151Eu -1.27 -8.25 -48.86 -6.77 -14.62 -54.30 -13.44 -21.56 -59.75
155Gd -8.13 -13.86 -47.16 -17.77 -24.20 -54.85 -19.69 -26.83 -58.34
235U 0.11 0.00 -4.89 -0.45 -0.70 -6.17 -0.76 -1.05 -3.02

239Pu 0.52 0.52 3.22 0.00 -0.16 2.46 -0.10 -0.49 0.19
240Pu -0.19 -0.35 -3.99 -0.43 -0.62 -4.97 -0.35 -0.43 -1.96

Moderator 242Pu -0.44 -0.44 -2.01 -0.32 -0.32 -1.99 -0.20 -0.14 -0.68
& 241Am 1.15 -0.05 -31.81 -1.26 -2.82 -34.65 -4.68 -6.23 -39.16

Power 134Cs 0.03 0.45 20.42 1.05 1.64 23.12 2.54 3.02 24.07
149Sm -4.72 -3.21 8.50 -24.60 -23.25 -13.32 0.39 1.20 10.45
151Sm 0.61 1.12 5.35 -0.05 0.44 4.80 -0.31 -0.39 0.64
151Eu -0.25 -6.75 -41.31 -5.53 -12.96 -46.64 -13.09 -21.33 -58.12
155Gd -4.46 -9.78 -36.70 -14.16 -20.26 -45.02 -19.22 -26.54 -56.59

At all axial positions, the lifetime average options provide the highest deviations, especially for the main 
actinides. The cycle average and two-step data treatments generally have a low impact on the inventory



prediction since both capture the variability of the actual power and moderator density profiles. Therefore, 
these higher fidelity average methods are preferred over lifetime average approaches for inv entory 
prediction purposes.

6. IMPACT ON DECAY HEAT

This section draws on the simulations described in Section 5 to explore the impact of the same modeling 
assumptions on decay heat at different axial positions.

The largest absolute deviation in decay heat provided by the different moderator density treatments is
0.8%. and it is found at the beginning of the decay. before the end of the 10 first years after discharge. 
After this initial period. regardless of the moderator density approach adopted in the depletion. the 
dev iations to the reference fall in the range [-0.4%. 0.6%].

Regarding the decay heat values generated by the different power density data treatments. and in 
combination with the moderator density data treatments. there are also initial differences that drop 
drastically during the first 10 years. The lifetime average options. which produce differences between 
15% and 30% at the beginning of the decay. show deviations that plummet to the range | -3%.2%| for the 
rest of the decay period studied. Likewise. the cycle and the two-step average options allow initial 
dev iations in the range |-3%. 4%| that drop to the range [-0.1%. 0.6%] after 10 years. Figure 4 
summarizes the most important trends.

n!9 - Two-step Av - Power & Moderator
n3 I >vo-step Av - Power & Moderator
ns - Lifetime Av - Power & Moderator
n!5- Lifetime Av - Power

WWW V.’.

too
Decay Time (years after discharge)

Figure 4. Decay Heat Deviations (Case/Reference -1) % for the Three Most Limiting Nodes 
According to the Most Limiting Operational Data Treatments.

Based on these results. the decay heat source term has low sensitivity to these modeling options. 
especially after 10 years of decay. and the deviations are small enough to disregard any effect. However. 
there are several other trends of note. The lifetime average option deviates from the reference decay heat 
more than the other options. regardless of the averaged parameter. In addition. the two-step and the cycle 
average treatments applied to all the parameters provide very small deviations that remain close to 0% for



the entire period. showing a slight divergence at 100 years. This is also true for the lifetime average 
applied to the moderator density. The most relatively important differences are seen when the power 
density is involved in a lifetime average treatment. not only because of the values reached (-3% after 100 
years for the n15 - Lifetime Av - Power case). but also because the trend reveals that the decay heat 
values calculated from this treatment diminish steadily over time with respect to the reference. These 
possible long- term effects are very small for the other two more realistic averages. This trend is an 
additional reason to avoid the use of lifetime averages in the simulations.

7. IMPACT ON IN-CASK CRITICALITY

This section assesses sensitivity of in-cask keff values to the operational data treatment for different 
burnup values. Figure 5 shows the in-cask criticality values as a function of the average assembly burnups 
(solid lines) and the differences in keff that the data treatments introduce (dashed lines and right axis) for 
the AO approach. Results for the power density treatment are not shown due to similarities with the 
results obtained from power and moderator density option.

Figure 5. Impact of Different Modeling Choices on In-Cask Criticality (AO set of nuclides).



The AO set of nuclides reproduces the criticality reduction with no reactivity peak effect, because 
gadolinium is not included in the AO nuclide set. When only the moderator density is changed, the 
treatment that deviates the most over the burnup values studied is the lifetime average. It introduces a 
maximum reduction of 0.44% Akeff in contrast with the 0.07% Akeff reduction for the two-step average and 
the 0.05% Akeff for the cycle average option. The effect of averaging only the power density has a larger 
impact when the lifetime average option is adopted. It reduces the criticality byl.47% Akeff at around the 
35 GWd/MTU burnup. Finally, the combination of data treatments produces the largest underestimation 
of the criticality when the depletion is performed using lifetime averages for moderator and power 
densities. It shows an underestimation of 1.47% Akeff. All the keff calculations have a o = 0.0001.

Figure 6. Impact of Different Modeling Choices on In-Cask Criticality (AFP set of nuclides).

The reactivity peak is seen at around 12 GWd/MTU burnup when the AFP set of nuclides is used in the 
criticality calculations. A lifetime average of the moderator density reduces the calculated keff value by a 
maximum of 0.38% Akeff with the AFP set at around 27 GWd/MTU. The reduction in the calculated keff



value using the cycle average and two-step average moderator density models does not exceed 0.07% 
Akeff for the AFP case. When these approaches are applied to the power density, we find that the two-step 
option provides a reduction of 0.34% Akeff ; meanwhile the cycle average results in a reduction of 0.23% 
Akeff and the lifetime average provides a reduction of 0.85% Akeff. When the three approaches are applied 
to both moderator and power density, the lifetime average of both parameters provides the largest 
deviation of the criticality value, -1.45% Akeff . Table 4 summarizes the largest deviations to the reference 
calculation found from each data treatment option.

Table 4. Maximum deviations in in-cask criticality (% Akeff) 
from each deata treatment option to the Reference calculation

Moderator Density Power Density Power & Moderator
AO AFP AO AFP AO AFP

Cycle Av. -0.05 % -0.04 % -0.20 % -0.23 % -0.20 % -0.26 %

Two-Step Av. -0.07 % -0.07 % -0.35 % -0.34 % -0.35 % -0.36 %

Lifetime Av. -0.44 % -0.38 % -1.47 % -0.85 % -1.47 % -0.85 %

8. CONCLUSIONS

We have studied the impact of different operational data modeling assumptions on three nuclear 
applications: inventory, decay heat, and criticality in storage casks. The analyzed parameters (moderator 
density and power density) are important for the depletion of nuclear fuel, especially in BWR systems, 
due to the high variability that they can exhibit for these systems. Detailed and realistic data sets 
regarding these parameters over lifetime irradiation periods are scarce. As a consequence, users are 
obliged to assume moderator density and/or power density behaviors that may not be close to the actual 
operating conditions. Performing calculations based on simplifying assumptions may bias the quality of 
the results obtained. The Forsmark 3 experimental program provides a well characterized benchmark case 
that helps us shed light on the actual effect of these type of assumptions

It has been confirmed that hypothesis of low sensitivity of the applications studied to cycle average or 
other possible simplified approximations is practically acceptable. Any treatment that adequately captures 
the main trends of the original profile under consideration is valid for inventory prediction purposes, 
decay heat calculations, and criticality assessments. This is why a cycle average approximation to the 
moderator and power densities is preferred over less precise options. In particular, users should model the 
power density according to cycle averages or better options. This seems to drive the deviations from the 
reference, even in combination with the moderator density.

It would add value to the study to perform an assessment of the impact that possible nuclear and operating 
data uncertainties may have on the same type of metrics as analyzed in this paper. A thorough analysis 
including data uncertainty propagation would shed light on the relative importance of a proper data 
treatment on the different applications studied.
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