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Abstract — The decay heat rate of five spent nuclear fuel assemblies of the pressurized water reactor type 
were measured by calorimetry at the interim storage for spent nuclear fuel in Sweden. Calculations of the 
decay heat rate of the five assemblies were performed by 20 organizations using different codes and nuclear 
data libraries resulting in 31 results for each assembly, spanning most of the current state-of-the-art 
practice. The calculations were based on a selected subset of information, such as reactor operating history 
and fuel assembly properties. The relative difference between the measured and average calculated decay 
heat rate ranged from 0.6% to 3.3% for the five assemblies. The standard deviation of these relative 
differences ranged from 1.9% to 2.4%.

Keywords — Spent nuclear fuel, decay heat, calorimeter, experimental measure, validation.  

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Safe and economical management of spent nuclear fuel 
(SNF) requires an accurate estimation of the decay heat for 
different facilities involved in the SNF back-end chain, what
ever the approach retained: dry or wet storage, disposal, or 
reprocessing. The safety and design assessments of these 
facilities define constraints on spent fuel assembly tempera
ture and decay heat. Furthermore, front-end fuel cycle stra
tegies can also be affected by back-end evaluations; i.e., fuel 
design and irradiation plans can be optimized under the 
perspective of SNF key management issues. Therefore, a 
key point for optimizing the process of managing SNF relates 
to how well decay heat can today be estimated for a wide 
range of spent fuel assembly characteristics. Bias and uncer
tainties in decay heat estimation call for provision margins 
with regard to the facility optimization, its design, and the 
conformity requirement on the SNF acceptance criteria. In 
turn, this has an impact on the cost of the individual facilities 
and on the global cost of SNF management.

At present, computer codes and associated nuclear data 
(ND) libraries are validated against available measurements 
or integral experiments that cover a limited space of SNF 
assembly characteristics. The level of detail in assembly 
design and operating data that is required for accurate 
calculations often exceeds what is available, from an indus
trial perspective, for the whole SNF inventory arising from 
reactor operations. A bias in the calculated decay heat rate 
that is introduced due to the unavailability of such details in 
the input data can be assessed by performing sensitivity 
studies. However, as these evaluations depend on the com
putational tool and model, a deeper understanding can be 
gained through benchmark exercises involving different 
computer codes and users, which might lead to improved 
computational methods.

Therefore, the Swedish Nuclear Fuel and Waste 
Management Company (SKB) organized and coordinated 
a blind test benchmark exercise addressing both code-to- 

code and code-to-experiment comparisons. The dual pur
poses of the benchmark exercise consist of (1) comparing 
the blind predictions obtained from different simulation 
codes and users with experimental data and (2) studying 
the influence of the design characteristics and operation 
history on the calculated results.

An extra, implicit purpose of this blind test was to 
demonstrate the capability of the current state-of-the-art 
calculations of decay heat rate to reproduce the measured 
decay heat rate values of SNF assemblies using a set of 
input data that can be considered to be realistically avail
able and under control for operators of facilities.

Many of the participants in this exercise are also 
collaborating within the work package Spent Fuel 
Characterization and Evolution until Disposal (SFC) in 
the context of the European Joint Programme on 
Radioactive Waste Management (EURAD) and in the 
International Atomic Energy Agency (IAEA) 
Coordinated Research Project on SNF characterization. 
The results of this blind test benchmark exercise will 
provide valuable input to such collaborative work and 
will contribute to a better characterization of SNF.

All uncertainties provided are quoted at a 68% con
fidence level unless otherwise stated. The notation xh i
used in this paper denotes the average of x. Values 
including uncertainties are given in standard compact 
notation, such as V(U) where U indicates the uncertainty 
in the last digit(s) of V.

II. CHRONOLOGY AND BENCHMARK EXERCISE 
PROCEDURE

Several meetings were held to establish the procedure 
and to discuss the results of the blind test: 

1. September 18–19, 2017, Uppsala, Sweden: At an 
initial meeting about the proposal of the SFC work 
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package of EURAD, the idea of conducting the blind test 
was presented by SKB. Several participants were inter
ested and the idea was conveyed to others.

2. October 27, 2017, Joint Research Centre (JRC)– 
Geel, Belgium: A preparatory meeting was held in con
junction with a training course, “From nuclear data to a 
reliable estimate of spent fuel decay heat,” organized by 
the JRC-Geel and the Belgian Nuclear Research Centre 
(SCK CEN).

3. April 6, 2018, Paris, France: Participants were 
invited to a meeting hosted by the Organisation for 
Economic Co-operation and Development/Nuclear Energy 
Agency (OECD/NEA). It was decided, with consensus, 
which input data should be provided to the participants and 
that the decay heat and content of 137Cs and 148Nd should be 
calculated for each fuel assembly. The content of the nuclides 
137Cs and 148Nd were selected since these are good indicators 
of burnup (BU), being produced during irradiation as fission 
products without a complicated chain of neutron captures.

4. July 1, 2019, Paris, France: The OECD/NEA 
hosted a fourth meeting where the results of the calcula
tions were presented after anonymization. Measured 
decay heat values were also presented.

5. September 2019: An error in the average assembly 
power used as input data was discovered for all five fuel 
assemblies. An arithmetic mean had been used instead of 
an energy-integrated average calculation of the assembly 
power based on rodwise power values.

6. October 2019: Updated input data were provided 
to the participants.

7. November 2019: The evaluation of the measured 
decay heat values was updated after it was discovered 
that a wrong electric power sensor of the calorimeter was 
used in the evaluation.

8. December 20, 2019: Updated values on measured 
decay heat were provided to the participants. A late 
participant to the blind test joined after December 20, 
2019, but without access to the measured decay heat 
values before the calculated results were provided.

9. 2020 to May 2021: Quality assurance procedures 
applied to the method to determine the calorimetric mea
surements resulted in a revised method and uncertainty 
quantification with a corresponding small update of the 
calorimetric results. 

The blind test benchmark exercise comprises a set of 
five fuel assemblies from a pressurized water reactor (PWR) 
nuclear power plant in Sweden. These fuel assemblies have 
different materials, operation histories, and cooling times 
(CTs). Table I summarizes the BU, CT, and initial enrich
ment (IE) of these fuel assemblies. The fuel assemblies are 

of the 17 � 17 design with 264 fuel rods, 24 guide tubes, 
and a central instrumentation tube. In Table I, BU, IE, and 
CT refer to the assembly average BU, IE (235U weight 
fraction in U), and CT in years (the difference between the 
time of achieved subcriticality after the last irradiation cycle 
in the reactor and the time of the calorimetric measurement), 
respectively. The fuel assembly identified as BT03 had Gd 
burnable absorbers (BAs) with IE 2.80% for the central part 
with eight rods. Note that the BU values listed in Table I 
were not used as input in this exercise.

Twenty different organizations have participated in the 
blind test benchmark exercise. Each participant has 
reported blind results that were compared to the values 
determined by the calorimetric measurements. Since some 
of the participants used more than one code/ND library, 
more calculated values than the number of participants 
have been reported for each of the five fuel assemblies.

III. MEASUREMENTS OF DECAY HEAT BY CALORIMETRY

Full-length calorimetric measurements of the fuel 
assemblies have been conducted at the Central Interim 
Storage Facility for Spent Nuclear Fuel (Clab) in Sweden, 
operated by SKB. Figure 1 shows the calorimeter. The 
temperature rising method to determine the thermal 
power was used, in which the thermal power inside the 
calorimeter is proportional to the temperature increase 
rate at the onset of identical temperature between the 
calorimeter and its environment (i.e., under adiabatic 
conditions). Two corrections are applied: (1) a correction 
for the difference in specific heat capacity of the calori
meter and the one of the electrical heater to calibrate the 
calorimeter and (2) a correction for gamma-ray heating 
outside of the calorimeter by means of additional dose 
rate measurements.

Uncertainties from the model used in the calibration 
fitting procedure as well as uncertainties in measured data 
were used in uncertainty propagation, including covariances 

TABLE I 

Fuel Assemblies Included in the Exercise and  
Their Basic Parameters with Data from Ref. 1 

Identification BU (GWd/tU) CT (a) IE (%)

BT01 53 4.5 3.95
BT02 55 8.6 3.95
BT03 50 9.8 3.95
BT04 51 13.5 3.70
BT05 50 21.4 3.60
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where applicable. A conservative estimate of the uncertainty 
for the difference in specific heat capacity is 5%. At present, 
this is the largest contribution to the uncertainty of the 
measured decay heat rate, which is a common uncertainty 
component. For details, the reader is referred to Ref. 2.

Reference 3 describes the methodology to derive the 
decay heat rate from raw calorimetric data, while Ref. 2 
addresses the uncertainty calculations. The raw data from 
the calorimetric measurements of the fuel assemblies in 
the benchmark exercise, available from Ref. 1, were used 
for this exercise. Four of the calibration measurements 
from Ref. 1 contained measurement data for the complete 

cool-down and heat-up cycle of the calorimeter, but only 
the data logged in the measurement time interval corre
sponding to the heat-up parta were used here. Besides 
this, the raw data from Ref. 1 were used unaltered as 
input data. Figure 2 displays the calorimetric calibration 
curve established using these data.

The results from the calorimetric measurements are 
listed in Table II. A correction factor of 0.915(46) for the 
differences in mass of the fuel assemblies compared to 
the mass of the electrically heated model from Ref. 4 was 
used. The loss in the decay heat rate due to gamma rays 
escaping from the calorimeter was estimated from mea
surements with a diode dose rate sensor positioned about 
33 cm outside the calorimeter in the water pool. 
Uncertainties listed in Table II contain a conservative 
estimate of the uncertainty in both the mass difference 
correction as well as the one of the gamma correction.

IV. DATA PROVIDED AS INPUT FOR CALCULATIONS OF 
DECAY HEAT

All participants performed calculations based on the 
reactor data and fuel assembly design and irradiation 
history as provided by the SKB organizers.

Core data from one PWR-type reactor in Sweden were 
provided, addressing the reactor coolant system pressure, 

Fig. 1. Photo of the calorimeter used for measurements 
of decay heat at the Clab. 

Fig. 2. Calorimetric calibration curve established using 
data published in Ref. 1. 

a The files were named (a) EV_ 600W_2017-04-12.xlsx, (b) 
EV_900W_2017-04-13.xlsx, (c) EV_1000W_2017-04-18.xlsx, 
and (d) EV_1000W_2017-10-03.xlsx in Ref. 1. The used time 
intervals, in seconds, were between 104 and 3:5� 104 for (a), 
after 8� 103 for (b), after 2:0� 104 for (c), and after 1:2� 104 

for (d).
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number of fuel assemblies in the core assembly pitch, 
active core height, and number of control rods in the core.

IV.A. Operational History

The provided data addressed cycle length and down 
time between the cycles; cycle-average assembly power; 
cycle-average core coolant temperature; fuel tempera
tures; soluble boron concentration in the coolant at begin
ning, middle, and end of cycle; and the assembly position 
in the core. Average fuel temperature refers to the aver
age fuel temperature in the core for the specific cycle. 

This is an output value from CASMO-5/Simulate-3 cal
culations. Table III specifies the information about the 
operational history of the fuel assemblies that was pro
vided to the participants.

The average power was calculated with CASMO-5/ 
Simulate-3 with versions CASMO5-2.08.00 with ENDF/B- 
VII (e7r1.202.586) and SIMULATE-3 6.09.33_VAT_14, 
INTERPIN-4.01, and CMSLINK5-1.07.02. These calcula
tions were performed by the reactor physics department at 
the Ringhals nuclear power plant in Sweden using a con
densed operation history based on the following listed infor
mation. The list indicates the level of uncertainties on the data 
used as input to the reactor core calculations used to provide 
input data used in this exercise:

1. in-core measurement of the thermal neutron flux at 
full power, all control rods withdrawn and under 
xenon equilibrium (The calculated neutron flux, 
i.e., the solution of the diffusion equation in 
Simulate-3, is corrected based on monthly mea
surements of the neutron flux in approximately 
3000 positions in the reactor core. The uncertainty 
in the measured neutron flux is in the order of 3%.)

2. the control rod history

3. the temperature of the water input to the reactor 
core

TABLE II 

Estimated Gamma-Ray Escape Heat Rate and Experimental 
Fuel Assembly Decay Heat Rate After Correction for the 

Difference in Mass of Assembly and Electrical Heater and for 
Heat Loss Due to Gamma-Rays Escaping from the Calorimeter 

Identification 
Gamma-Ray Escape 

Heat Rate (W)
Decay Heat Rate 

(W)

BT01 58(10) 1662(85)
BT02 30(5) 1068(56)
BT03 21(4) 895(48)
BT04 15(3) 768(42)
BT05 12(2) 663(37)

TABLE III 

Duration of Each Irradiation Cycle, Subcritical Periods Between the Cycles, and Average Assembly Power 

Identification Cycle Power Operation (days) Subcritical (days) Average Assembly Power (MW)

BT01 1 335 164 18.70
2 274 47 21.14
3 233 28 21.06
4 417 1637 18.14

BT02 1 337 26 19.10
2 296 26 21.85
3 317 360 18.13
4 389 3142 16.97

BT03 1 337 26 23.37
2 296 26 22.05
3 317 28 18.67
4 308 3567 9.04

BT04 1 340 23 16.59
2 324 28 19.67
3 332 2592 17.78
4 313 4925 17.27

BT05 1 329 48 18.66
2 340 23 18.28
3 324 28 17.33
4 332 7826 15.41
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4. the thermal power of the reactor with an esti
mated uncertainty in the order of 2%.

The calculated neutron flux is used, together with the 
relative core power and the recoverable energy per fis
sion, to calculate the relative nodal power distribution of 
the core. The relative core power includes decay heat at 
nominal power, including gamma power.

Figures 3 through 7 illustrate the detailed operational 
power history of the fuel assemblies. In Figs. 3 through 7, 
rated power is defined as the fraction of the licensed full 
power of the reactor. This information was not disclosed to 
the participants of the blind test, but averaged power values 
together with the power operation period as listed in Table III 
were given.

Fig. 3. Rated power versus cumulative BU per cycle in 
the fuel assembly BT01. 

Fig. 4. Rated power veersus cumulative BU per cycle in 
the fuel assembly BT02. 

Fig. 6. Rated power versus cumulative BU per cycle in 
the fuel assembly BT04. 

Fig. 7. Rated power versus cumulative BU per cycle in 
the fuel assembly BT05. 

Fig. 5. Rated power versus cumulative BU per cycle in 
the fuel assembly BT03. 
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IV.B. Fuel Assembly Data

The following data were provided to the partici
pants: manufacturer, fuel assembly model, initial 
weight of heavy metal, IE, pellet mass density, number 
of fuel rods with BAs, BA content, average IE for the 
fuel assembly with BA, cladding material name, spacer 
material, spacer linear mass density, spacer volumetric 
mass density, geometry of the pellets, claddings, guide 
tubes, and fuel assembly.

V. CODES AND ND LIBRARIES

Participants to the blind test benchmark exercise used 
different depletion tools and ND libraries, as listed in 
Table IV. The order of the codes and libraries listed in 
Table IV do not correspond to the identifiers used for 
presenting results. The Appendix provides details regard
ing the different procedures that were followed for each 
calculation.

VI. RESULTS FROM CALCULATIONS OF DECAY HEAT AND 
COMPARISON TO MEASUREMENTS

The calculated results are presented in Tables V 
through IX. They compare the measured and calcu
lated decay heat rate for each assembly as well as 
calculated values of the content of 137Cs and 148Nd. 
Figure 8 illustrates the relative difference between the 
measured and calculated decay heat rate. The shaded 
background with a black border in Fig. 8 indicates 
the average estimated uncertainty of the measur 
ements.

The relationship between the nuclide inventory 
and decay heat are the half-lives and Q-values 
(released heat per decay). The Q-values can also be 
understood as the values of energy released from the 
decaying nuclides which are provided in the decay 
data libraries. Different Q-values were used in differ
ent calculations, depending on the code and library 
used. Some details on the used Q-values are given in 
the Appendix for the various codes.

TABLE IV 

Codes and Evaluated ND Libraries Used by Participants in the Blind Test Benchmark Exercise 

Code Library Appendix Section

ALEPH 2.7.2 ENDF/B-VII.1 A.I.A
APOLLO2.8/DARWIN2.3 JEFF-3.1.1 A.I.B
CASMO-4E + ORIGEN-S JEF-2.2 A.I.C
CASMO-5 (2.03) ENDF/B-VII.1 A.I.D
CASMO-5 (2.12.00) + SNF (1.07.02) ENDF/B-VII.1 A.I.E
DRAGON 4.0.5 ENDF/B-VII.1 A.I.F
EVOLCODE (MCNP + ACAB) JEFF-3.3 A.I.G
MCNP-CINDER + Nukleonika (2D) ENDF/B-VII.1 A.I.H
Monteburnsv3 + CINDER ENDF/B-VII.1 A.I.I
MOTIVE (KENO-VI + VENTINA) ENDF/B-VII.1 A.I.J
MOTIVE (OpenMC + VENTINA) ENDF/B-VIII A.I.K
MVP 3 ENDF/B-VII.1 A.I.L
MVP 3 JEFF-3.2 A.I.M
MVP 3 JENDL-4.0 A.I.N
OREST JEF-2.2 + ENDF/B-VI A.I.O
SCALE 6.0: ORIGEN-ARP ENDF/B-V A.I.P
SCALE 6.1.3: ORIGEN-ARP ENDF/B-V A.I.Q
SCALE 6.2.3: ORIGAMI ENDF/B-VII.1 A.I.P
SCALE 6.2.3: Polaris ENDF/B-VII.1 A.I.R
SCALE 6.2.3: ORIGEN ENDF/B-VII.1 A.I.R
SCALE 6.2.3: TRITON/KENO ENDF/B-VII.1 A.I.S
SCALE 6.2.3: TRITON/NEWT ENDF/B-VII.1 A.I.T
SEADEP JEFF-3.1.1 A.I.U
Serpent 2.1.29 ENDF/B-VII.1 A.I.V
Serpent 2.1.29 JEFF-3.1.1 A.I.W
Serpent 2.1.31 JEFF-3.2 + JEFF-3.1.1 A.I.X
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VII. SUMMARY AND CONCLUSIONS

This work has allowed for obtaining a comparison 
between the calculated decay heat rate values obtained 
by various participants, based on the same irradiation 
description, and validating them with measured 
values. This is a first-of-its-kind exercise, thanks to 
the openness of Vattenfall and SKB. It has led to 
performing a first assessment of our simulation cap
abilities, as well as our current prediction potentials. 
During this work, beyond the comparisons presented 
in Fig. 8, a number of questions were raised, and we 
were able to envisage a number of improvements for a 
possible follow up.

Regarding the experimental data, it is useful to recall 
here again the necessity of high-quality and open-source 
measurements, with the essential information to perform 
simulations. This is exactly what was available in the 
present case. It is of tremendous benefit for the charac
terization of SNF, given the scarcity of such available 
measurements. It was nevertheless observed that the 
experimental decay heat values were provided with a 
level of uncertainties which was in fact higher than the 
spread of the calculated values. Such a statement could 
only be made a posteriori. This indicates that, in order to 
improve the current predictive power, the experimental 
uncertainties first need to be smaller than they currently 
are. Consequently, experimental uncertainties smaller 
than 5% would be advantageous in future validation 
work.

It was also observed that the comparison between the 
experimental and calculated values seems to indicate a 
possible bias (i.e., systematic lower or higher calculated 
values, see Fig. 8). The existence of such a bias cannot be 
confirmed, given the uncertainty of the experimental data 
and the restricted experimental (and correlated) data set, 
but there is evidence that such an issue cannot be 
excluded. Additionally, the origin of such a bias is 
unknown, either from the simulation approach (inputs, 
codes, and ND), from the experimental setup, or even 
from both. This points out the necessity of analyzing a 
larger number of measurements, if possible independent 
from each other.

Questions also arose from the calculated schemes 
(inputs, assumptions, codes) and shall be studied in future 
work. One important and common ingredient of the var
ious simulations is the degree of details of the irradiation 
history. As mentioned, a number of assumptions and 
simplifications were applied by the data providers. They 
were motivated by physical conjectures or by industrial 
necessities, but are nonetheless likely to be representative 
of “what will be available” for external parties such as 
waste management organizations, technical support orga
nizations, or even safety authorities (e.g., condensed 
power history, availability of coastdown data). In order 
to assess the impact of such simplifications on calcula
tions, it will be welcome in the future to compare calcu
lated decay heat values based on both simplified and 
dense irradiation schemes. This possibly will include 
irradiation power as a function of cycle length, average 

Fig. 8. Relative difference between measured (E) and calculated (C) decay heat rate values for the five different assemblies 
studied. 
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quantities such as fuel and moderator temperatures, void, 
two-dimensional (2D) versus three-dimensional (3D) 
representations, and other important core parameters.

As a final remark on the simulations, although the 
current list of remarks/questions is not exhaustive, the 
importance of ND was discussed during the exercise, 
e.g., decay data, fission yields, cross sections, or 
energy release. It is certainly a key quantity for the 
estimation of decay heat, and its impact can be par
tially captured by using the associated covariance 
information. Depending on the ND library, different 
“best-estimate” decay heat values can be obtained, as 
well as different uncertainties. This is nevertheless a 
partial estimation of the impact of ND, as some of 
them (especially for short CTs) are just not necessarily 
present in libraries. If not “existing” in libraries, it is 
also difficult to gauge their impact. A detail analysis 
of such impact as a function of CT would certainly be 
well received.

If one looks into the future and tries to take advantage 
of the present blind benchmark, it appears evident to 
answer the previous questions first. More (and better) 
experimental data, their in-depth analysis, and the thorough 
analysis of inputs, codes, assumptions, and ND are becom
ing the usual suspects in paving the way to our improved 
understanding of a quantity such as decay heat. 
Additionally, links between decay heat, source terms, and 
dose rates will help to tackle such problematic questions 
from a broader angle. The current exercise has been extre
mely profitable in defining the current and future projects, 
such as the European Union EURAD project (Horizon 
2020) and the coordinated research project on SNF char
acterization from the IAEA, as well as the new working 
group on decay heat evaluation from the NEA/Working 
Party on Nuclear Criticality Safety. If one could add a 
request to the wish list for future open-minded industries, 
it would certainly be the availability of decay heat data 
given the amount of national proprietary programs.

VIII. OUTLOOK

In connection with this blind test, discussions were 
made regarding whether or not more detailed input data 
would give better agreement with the measurements. That 
is, it was suggested to compare calculations of the inven
tory of 137Cs or 148Nd based on a more detailed opera
tional history. These discussions were not included here, 
but preliminary results of such calculations performed by 
some participants do not show any significant improve
ment. Further studies of the level of detail needed for 

input data to be able to more accurately predict the decay 
heat could be considered.

Similar future benchmark exercises could involve the 
content of more nuclides as well as comparisons of the 
evolution in time of the decay heat rate or nuclide inven
tory of the SNF.

Due to the relatively large interest in the results of 
this exercise, it has been suggested to follow up with an 
expanded study involving significantly more SNF 
assemblies.

APPENDIX  

CODE USAGE DESCRIPTIONS

A.I. DIFFERENT PROCEDURES FOLLOWED FOR EACH      
CALCULATION                                          

The following sections provide details regarding the 
difference procedures that were followed for each calcu
lation. Some details on the used Q-values are given for 
the various codes.

A.I.A ALEPH 2.7.2 WITH ENDF/B-VII.1

The calculations were performed with the ALEPH 
BU code version 2.7.2 (Ref. 5) that invokes MCNP6.2 
(Ref. 6) for transport calculations. ENDF/B-VII.1 general 
purpose, radioactive decay and fission yield libraries7 

were employed both for transport and depletion. The 
assembly BT03 was modeled in 3D while the others in 
2D. All fuel pins were considered as a unique depletion 
zone. The cycles were divided into four to eight finer 
substeps with the boron concentration adjustment at the 
beginning of each substep. Each transport simulation was 
run for 2.5 million active neutron histories. Flux-to- 
power conversion was done using total energy release in 
all fission and capture events with recoverable energies 
taken from the ENDF/B-VII.1 files.

ALEPH2 employs MCNP for particle transport and 
thus takes advantage of detailed neutron balance table. 
Statistical neutron weights lost to capture and fission on 
all nuclides involved in the problem are multiplied by the 
corresponding fission and capture recoverable energies to 
get the total energy release. Fission (total release less the 
neutrino energy) and capture Q-values are taken from the 
ND library, i.e., ENDF/B-VII.1 used for blind test calcu
lations. Explicit calculation of energy release in neutron 
capture reactions allows accurate treatment of the 
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problems where the contribution of these reactions into 
the energy balance becomes substantial, as in the BT03 
case with Gd BA.

A.I.B. APOLLO2.8/DARWIN2.3 WITH JEFF-3.1.1

The DARWIN2.3 code system89 is devoted to the 
characterization of SNFs. It includes the 2D neutron 
transport code APOLLO2 (Ref. 10) that generates accu
rate reaction rates as a function of BU and the PEPIN2 
code that solves the Bateman equations with a detailed 
irradiation history and almost complete decay chains 
(about 3800 isotopes). Calculations are performed with 
the JEFF-3.1.1 library.1112 DARWIN2.3 is validated upon 
a large experimental database of post-irradiated examina
tions and integral decay heat experiments.9

A.I.C. CASMO-4E-2.2 + ORIGEN-S WITH JEF-2.2

This calculation methodology consists of CASMO-4E 
BU calculation using the 70-group JEF-2.2 library followed 
by ORIGEN-S decay calculation. The isotopic concentra
tions at the end of irradiation are calculated with CASMO- 
4E using the default BU step sizes and division of burnable 
regions. The isotopic concentrations at the end of irradia
tion are used in the ORIGEN-S decay calculation that 
computes the spent fuel properties such as isotopic concen
trations, activities, and decay heat after given CT.

A.I.D. CASMO-5 (2.03) WITH ENDF/B-VII.1

The nominal calculations were performed with 
CASMO-5, version 2.03 (Ref. 13), using the ENDF/ 
B-VII.1 library (called e7r1.201.586.bin in CASMO) 
(Ref. 7). The input file model follows the CASMO-5 
structure that was used to analyze the Paul Scherrer 
Institute PROTEUS phase II samples without sample 
relocation: four steps per cycle; defining the sample 
power, fuel, and moderator temperature; the boron 
concentration; and the depletion step. The isotope 
concentrations after final shutdown and cooling were 
obtained with the option SNF light option of CASMO. 
For the calculations of uncertainties other than ND, 
the same CASMO version and inputs were used, ran
domly changing the previous quantities. A number of 
random calculations were performed, providing stan
dard deviations (uncertainties) on isotopic concentra
tions and other quantities. Concerning the propagation 
of uncertainties due to ND, a modified version of 

CASMO-5, version 2.03, was used, called SHARK- 
X, where random cross sections are used instead of 
the nominal ones. These random cross sections are 
produced based on the ENDF/B-VII.1 covariance 
library.

The default approach in CASMO-5 to calculating 
the energy release for capture is to use the constants 
based on Ref. 14. The fission energy release model, 
not required for neutron transport, is used for deter
mining the BU rate (constant flux approximation). 
Details can be found in Ref. 15. In the case of the 
main actinides, the fission and total Q-values are 
listed as follows:

1. 235U: Qfission = 193.41 MeV and 
Qtotal

b = 202.30 MeV

2. 238U: Qfission = 197.79 MeV and 
Qtotal = 206.70 MeV

3. 239Pu: Qfission = 198.90 MeV and 
Qtotal = 211.20 MeV

4. 241Pu: Qfission = 201.98 MeV and 
Qtotal = 213.60 MeV.

A.I.E. CASMO-5 (2.12.00)/SNF (1.07.02)

This methodology combines isotopic concentrations, 
fluxes, and cross sections calculated by the neutron trans
port and depletion code CASMO-5 with irradiation his
tory data and tabulated isotopic decay data.716 These data 
sources are used and processed by the SNF code to 
compute the SNF characteristics, including the decay 
heat power. The code’s distributable versions are applied 
to the provided input data without modifications. The 
end-of-life assembly BUs [megawatt days/tonnes heavy 
metal (HM)] are determined by summation of the cycle 
BU computed as (assembly power in megawatts) multi
plied by (time in power in days) divided by [initial HM 
mass in tonnes].

A.I.F. DRAGON 4.0.5 WITH SHEM-295 BASED ON ENDF/B- 
VII.1

These calculations were performed using DRAGON 
4, version 4.0.5. A one-level scheme using the interface 
current method was chosen for both the self-shielding and 
main flux calculation. The self-shielded ENDF/B-VII.1- 

b Qtotal does not include the neutrino energy.
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based SHEM-295 cross sections717 were prepared using a 
subgroup approach, where the fuel region was divided 
into four annular rings with the following volumes: 50%, 
30%, 15%, and 5%. Two-dimensional calculation in infi
nite assembly lattice was applied. All fuel pins were 
treated as one depletion mixture.

In the DRAGON code, the EVO module performs 
the BU calculations. The constant power normalization 
technique was used to obtain the solution of depletion 
equations. In this case, the power released per initial 
heavy element at beginning of stage and end of stage is 
set to a constant value. In addition, the energy released 
outside the fuel was determined using the GLOB option. 
The energy released by fission in the DRAGON code is 
determined with the H-factor, which is used to calculate 
the recoverable energy from fission reactions. The H- 
factor or groupwise energy production coefficients Hg 

are a product of each microscopic fission cross section 
times the energy emitted by specific reaction κ. The Q- 
values are taken from the depletion chain data listed in 
the used nuclear library. Some values for fission, taken 
from the applied ENDF/B-VII.1 library, are listed as 
follows:

1. 235U: 192.21 MeV

2. 238U: 196.28 MeV

3. 239Pu: 197.83 MeV.

A.I.G. EVOLCODE (MCNP + ACAB) WITH JEFF-3.3

The simulation has been performed with the 
EVOLCODE system18 using the JEFF-3.3 data library 
for cross-section1920 decay data (including heat emis
sion), isomer branching ratios, and fission yields. These 
specifications also included the BU history, described in 
the simulations with irradiation steps of 10 and 40 days 
for the beginning of each cycle and general steps of 
50 days for the rest of the irradiation.

The energy released by fission in EVOLCODE is 
considered to be totally deposited in the place where the 
fission occurs, so the power in the neutronics process is 
driven by the Q-values present in the MCNP source code, 
which are based on ENDF/B-VI. However, the depletion 
process is done by ACAB, which uses an expression for 
the recoverable energy per fission that depends on the 
atomic number and the mass number of the fissioning 
actinide (following a semi-empirical formula from Ref. 
21). Due to this, EVOLCODE uses a predictor/corrector 
method to solve this inconsistency so that the neutron 

flux in the depletion process is modified so that the 
irradiation has the thermal power specified by the user.

A.I.H. MCNP-CINDER + NUKLEONIKA (2D)

The calculations performed used the MCNP6.1 code 
coupled with the CINDER BU module. The Bateman 
equation is solved based on a linearization approach22 

used in CINDER. The BU process is done by using 69 
energy groups, which differs from the “classical” one- 
group Bateman equation exponential solution. Further, in 
this study it was shown that for the MCNP-CINDER linear 
solver, the BU day numbers should be limited to about 50. 
The (2D) symbol indicates that for the BT03 Gd case, the 
full length of the rod according to the specification was 
introduced, which enhanced to some extent the inaccuracy 
due to additional statistical uncertainties. The decay heat 
calculations were done by transferring the decaying 
nuclide vector to the Nucleonica program, in which the 
decay heat includes isomers in a better manner and the heat 
is introduced with its decay radiation type.722–27

A.I.I. MONTEBURNS V3 + CINDER WITH ENDF/B-VII.1

Monteburns v3, which links the Monte Carlo trans
port code MCNP6.1 with the isotope generation and 
depletion code CINDER90 (Refs. 28 and 29), was used 
for these calculations. MCNP/Monteburns input files for 
neutron transport and irradiation of each of the five 
assemblies of interest were generated and calculations 
were performed over 34 to 36 different individual time 
steps, varying the soluble boron concentration during 
each step (and cycle), as given in the input definition. 
Albedo boundary conditions on an infinitely reflected 
assembly model in MCNP were used to simulate the 
contribution of surrounding assemblies. For CINDER, 
the Q-values are 202.61 and 211.41 MeV for 235U and 
239Pu, respectively.30

A.I.J. MOTIVE (KENO-VI + VENTINA) WITH ENDF/B-VII.1

The calculations were performed using KENO-VI 
from SCALE 6.2.2 as the external Monte Carlo code and 
Ventina as the depletion code.3132 ENDF/B-VII.1 library 
data7 were used for both transport and depletion calcula
tions. All fuel assemblies were modeled using an effective 
2D model with single depletable material, i.e., the same 
fuel material in all pins, and one fuel zone per pin, except 
for BT03 where for the Gd-rod the ten fuel ring zones were 
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applied with separate depletable materials. The cycles were 
subdivided into time steps of 50 days interpolating the 
coolant boron content to each of the time steps and using 
a standard predictor-corrector approach. The fission energy 
calculation is done explicitly taking into account all fission 
and capture events with their respective recoverable ener
gies as provided by the data library.

A.I.K. MOTIVE (OPENMC + VENTINA) WITH ENDF/B-VIII

This is the same as Sec. A.I.J except that OpenMC 
version 0.9.0 (Ref. 33) was used as the Monte Carlo 
neutron transport code in conjunction with ENDF/B- 
VIII data27 for both transport and depletion.

A.I.L. MVP3 WITH ENDF/B-VII.1

This is the same procedure as in Sec. A.I.N except 
that the ENDF/B-VII.1 library7 was used for the reaction 
rate calculation.

A.I.M. MVP3 WITH JEFF-3.2

This is the same procedure as in Sec. A.I.N except that 
the JEFF-3.2 library34 was used for the reaction rate 
calculation.

A.I.N. MVP3 WITH JENDL-4.0

Two-dimensional assembly calculations were per
formed with MVP3 (Ref. 35) using the JENDL-4.0 
library.36 MVP3 is a continuous-energy Monte Carlo 
code coupled with a BU solver developed by the Japan 
Atomic Energy Agency. Twenty-four million neutrons 
were employed in an active run to tally the reaction rate 
in each BU step. In the depletion calculations, the 
detailed BU chain of ChainJ40 (Ref. 37) (named 
th2cm6fp193bp8T_J40 in ChainJ40) and the predictor- 
corrector option were applied to obtain the isotopic com
position in the burnt fuel. The deposition energy per 
fission used in ChainJ40 are 202.25, 205.92, 210.96, 
and 213.27 MeV for 235U, 238U, 239Pu, and 241Pu, respec
tively. The decay heat was deduced by the products of the 
composition, the decay constant, and the energy release 
per decay. The data related to the radioactive decay were 
taken from JENDL/DDF-2015 (Ref. 38).

A.I.O. OREST WITH JEF-2.2 FOR CROSS SECTIONS AND 
ENDF/B-VI FOR DECAY DATA

In OREST, the flux calculation is performed by a one- 
dimensional deterministic transport solver on an effective 
circular pin cell with the cell radius adjusted such that it 
reflects the moderation ratio of the fuel assembly to be mod
eled. For the calculation, a data library based on JEF-2.2 
(neutron transport) and ENDF/B-VI (depletion) was used.39 

The cycles were subdivided into time steps of 50 days inter
polating the coolant boron content to each of the time steps. 
No predictor-corrector approach was used, however, the cho
sen time steps are automatically subdivided into finer steps by 
the code. The fission energy calculation is done explicitly 
taking into account all fission and capture events with their 
respective recoverable energies as provided by the data 
library. For BT03 an effective 2D model similar to that 
applied in the MOTIVE cases was used by applying the 
code KENOREST, which couples OREST to the multigroup 
Monte Carlo code KENO-Va (SCALE 4.4a).

A.I.P. SCALE 6.0: ORIGEN-ARP WITH ENDF/B-V AND 
SCALE 6.2.3: ORIGAMI WITH ENDF/B-VII.1

In the SCALE 6.0/ORIGEN-ARP (Ref. 40) and SCALE 
6.2.3/ORIGAMI (Ref. 41) cases, standard and pregenerated 
one-group libraries of 17 � 17 (Westinghouse) fuel assem
blies were used, fixed water density was assumed, and the 
average boron concentration, fixed moderator temperature, 
and only average assembly power were used for modeling. 
The cladding material in ORIGEN-ARP was used as exists in 
standard pregenerated one-group libraries (Zircaloy-2 for 
17 � 17 assemblies). The cladding and spacer material 
concentrations and impurities in ORIGAMI were used as in 
Ref. 42. The ORIGAMI calculations were performed in 
single-assembly mode with no full-core calculation (i.e., no 
position-sensitive cases were analyzed). The calculations 
were run using ENDF/B-V (Ref. 43) and ENDF/B-VII.1 
(Ref. 7) (respectively, for SCALE 6 and SCALE 6.2.3 ver
sions) based cross section, radioactive decay, and fission 
yield data libraries, which are validated for PWR-type SNF 
calculation.4445 The BU calculation was run using a standard 
predictor-corrector algorithm and ten steps per cycle. The 
235U Q-value for fission according to SCALE documentation 
is 194.02 MeV, taken from ENDF/B-VII.1 evaluations.

A.I.Q. SCALE 6.1.3: ORIGEN-ARP WITH ENDF/B-V

ORIGEN-ARP (Ref. 40) was used to run calculations 
based on ORIGEN under SCALE 6.1.3. The standard 
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Westinghouse 17 � 17 libraries for ORIGEN-ARP, as 
distributed with SCALE 6.1.3 (Ref. 43), were used through 
the Express Form interface with a standard moderator den
sity and defining only the main 235U enrichment. The input 
information was comparable to the set of data normally 
requested during safeguards inspections on spent fuel. 
Therefore, the simulation did not include a detailed core 
layout with the actual positions of the fuel assemblies during 
the different cycles and exact burnable poison content.

A.I.R. SCALE 6.2.3: POLARIS, ORIGEN, AND TRITON/NEWT 
WITH ENDF/B-VII.1

The calculations were performed using the Polaris, 
ORIGEN, and TRITON codes of the SCALE code system 
version 6.2.3 (Ref. 41). The ND are SCALE cross sections, 
fission yields, and decay data based on ENDF/B-VII.1 ND 
(Ref. 7). The TRITON and Polaris models use the SCALE 
multigroup library of the 56-group structure. The ORIGEN 
models use one-group libraries at mid-BU values generated 
by TRITON for the 17 � 17 lattice and using also the ARP 
cross-section interpolation utility. The TRITON and Polaris 
models are 2D models of the southeast quarters of the assem
blies along with reflective boundary conditions, and the 
ORIGEN models are zero dimensional. One depletion and 
decay model was made for each assembly, except for the 
BT03 assembly which was modeled using two 2D models for 
the BA section and the BA-free sections. The Polaris models 
deplete each pin individually, the TRITON models deplete 
the lattice into three individual materials, and the ORIGEN 
models deplete a single material. Only the BA rods of the 
BT03 assembly were radially divided into eight individual 
depletion zones. The BU calculations implement the predic
tor-corrector method, along with four to six substeps per 
cycle. The activation and decay heat from the cladding and 
the spacers were accounted for in all models. The spacers 
were included in the models as extra cladding thickness.

A.I.S. SCALE 6.2.3: TRITON/KENO WITH ENDF/B-VII.1

The calculations were performed using the 
TRITON sequence of SCALE 6.2.3 (Ref. 41), cou
pling the ORIGEN module with KENO-V.a with mul
tigroup option using ENDF/B-VII.1-based cross 
sections.7 The same ND library was used for the 
nuclide inventory calculations with ORIGEN. In this 
study, coarse time steps of 50 days were adopted, 
except for the first few time steps which were much 
shorter to accommodate the rapid changes in fission 
product concentrations.

A.I.T. SCALE 6.2.3: TRITON/NEWT WITH ENDF/B-VII.1

Depletion simulations were performed for each 
assembly with TRITON/NEWT in SCALE version 6.2.3 
(Ref. 41) and 252-group ENDF/B-VII.1 cross-section 
data.7 Both the fuel and the cladding were considered 
depleted mixtures. Spacers were not included in the 
TRITON model. The effect of the spacers on assembly 
decay heat at these CTs is expected to be negligible for 
the type of spacers applicable to the studied assemblies, 
which have no or a very small amount of Co impurity 
content. The effect of the spacers’ inclusion in the assem
bly decay heat is less than 0.1 W, as estimated with the 
ORIGAMI graphical user interface for ORIGEN.

Both the recoverable energy contributed by fission 
and that by capture are accounted for in the calculation. 
The recoverable energy values are taken primarily from 
ENDF/B-VII.1 evaluations. Nuclide-specific Q-fission 
and Q-capture are applied for 24 actinides (isotopes of 
Th, Pa, Np, U, Pu, Am, and Cm) as available from 
ENDF/B-VII.1, whereas for other actinides a 200-MeV 
value is assumed. Nuclide-specific Q-capture values are 
used for 32 fission and activation products as taken from 
ENDF/B-VII.1, and for other nuclides a 5.0-MeV is 
assumed, see Ref. 46.

A.I.U. SEADEP WITH JEFF-3.1.1

SEADEP is a calculation methodology based on the 
use of the MONTEBURNS 2.0 (Ref. 29) calculation 
system, which is based on Monte Carlo transport code 
MCNPX and depletion code ORIGEN (Ref. 24). The use 
of the code has been modified as necessary to obtain the 
results of residual heat of the most significant nuclides. 
The contribution of 85Kr and of other nuclides not having 
treatment in SEADEP have been estimated by calculation 
with SCALE 6.1. The residual heat due to the activation 
of the structural components of the fuel assembly has 
been calculated with SCALE 4.4.

The SEADEP methodology is oriented to a detailed 
representation of the sample to be cut, dissolved, and finally 
measured. Therefore, the irradiation conditions are specific 
for that small fraction of the fuel rod. The rest of the fuel rod 
containing the sample and the rest of the assembly are 
represented in an ad hoc manner according to experience 
and always trying to provide realistic conditions in terms of 
degree of moderation (presence of guide tubes, assembly 
gap, core baffle, etc.), in terms of leakage (end of fuel 
assembly, core periphery, etc.), and in terms of water den
sity, boron content, and fuel temperature.
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The MONTEBURNS uses a user-provided value for 
the fission energy deposited by the fission of 235U and 
tabulated values relative to it for the other fissionable 
nuclides. The manual-recommended value of 200 MeV 
for 235U was used in the calculations.

A.I.V. SERPENT 2.1.29 WITH ENDF/B-VII.1

The calculations were run using Serpent version 2.1.29, 
with ENDF/B-VII.1-based cross-section libraries,7 radioac
tive decay, and fission yield data. All models were 2D, 
except the BT03 model, which was 3D. All fuel pins in 
the assembly model were treated in the same depletion zone, 
with each pin divided in four equivolume radial zones. The 
BU calculation was run using a standard predictor-corrector 
algorithm and four to eight steps per cycle. A total of 
2.5 million active neutron histories were run per each trans
port simulation. Normalization was fixed by setting the 
energy deposited per 235U fission to 202.27 MeV.

A.I.W. SERPENT 2.1.29 WITH JEFF-3.1.1

The calculations were performed using released 
Serpent 2.1.29 (Ref. 47) coupled to JEFF-3.1.1 libraries 
(cross sections, fission yields, and decay data). All fuel pins 
in the assembly model were treated in the same depletion 
zone, with each pin divided in three equivolume radial 
zones. An average boron concentration (middle of cycle 
value) was taken per cycle. The BU calculation was run 
using a standard predictor-corrector algorithm with 14 to 17 
steps per power operation cycle. A total of 2.8 million 
active neutron histories were run per each transport simula
tion. Normalization was fixed by setting the energy depos
ited per 235U fission to 202.27 MeV.

A.I.X. SERPENT 2.1.31 WITH JEFF-3.2-BASED CROSS- 
SECTION LIBRARIES AND JEFF-3.1.1-BASED 
RADIOACTIVE DECAY AND FISSION YIELD DATA

The calculations were run using development version 
Serpent 2.1.31 (Ref. 47), with JEFF-3.2-based cross-section 
libraries and JEFF-3.1.1-based radioactive decay and fission 
yield data. Each fuel pin was treated as a separate depletion 
zone and divided radially into a central zone and a 0.3-mm- 
thick surface layer. The BU calculation was run using a 
standard predictor-corrector algorithm and 50 steps per 
cycle. A total of 10 million neutron histories were run per 
each transport simulation. Normalization was fixed by setting 
the energy deposited per 235U fission to 202.27 MeV.

The fission Q-values provided in the ACE data format do 
not represent the deposited energy, mainly because the sec
ondary energy released in the capture of fission neutrons is 
omitted. By default, Serpent uses a fixed value of 
202.27 MeV for the fission energy deposition of 235U. The 
values for other nuclides are scaled based on this value, and 
the ratio of the tabulated Q-value and that of 235U. It is 
possible to override the fission energy deposition of any 
nuclide by user input. Serpent also provides advanced energy 
deposition modes, which explicitly take into account the 
contribution of fission neutrons, as well as photons produced 
in neutron interactions.48 These modes, however, were not 
applied in this study.
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