IMPACT OF APPROXIMATIONS IN OPERATING HISTORY DATA ON
SPENT FUEL PROPERTIES WITH SERPENT 2
Silja Häkkinen
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ABSTRACT
This study investigates the effect of approximations in operating history on spent fuel
properties. Assembly power, boron concentration and coolant temperature and density are averaged one by one over the entire operating history and separately over three irradiation cycles
and compared to calculations using accurate weekly operating history data. The effect of averaging all the studied operating history parameters on activity, decay heat and photon emission
rate is significant during the first few years of cooling, but becomes much smaller (< 1 %) after
10 y. The averaging always exaggerates these parameters at cooling times below 10 y. Almost
all of the effect under 4 y of cooling is caused by the power history approximation. The effect of
averaging on the other studied characteristics, spontaneous fission yield and the concentration
of 14 C, 36 Cl, 239 Pu and 241 Pu was much smaller than on activity, decay heat and photon emission
rate during the first few years of cooling.
1

INTRODUCTION

Accurate knowledge of spent nuclear fuel (SNF) properties is important when planning
final disposal, handling and intermediate storage of SNF. Decay heat and reactivity determine
how densely the SNF canisters can be placed in the repository tunnels [1]. Activity must be
considered in the handling and intermediate storage for appropriate radiation shielding. Nuclide inventories are also needed for many purposes like reactivity calculations and dose estimates from nuclides propagating to the biosphere such as 14 C, 36 Cl, 129 I, 93 Mo and 108m Ag [2].
More accurate knowledge of SNF properties and related uncertainties yield cost savings due to
reduced margins in e.g. repository space.
Computational characterization of SNF involves many uncertainty sources one of which
is uncertainty in operating history. Uncertainties can be related e.g. in the accurate knowledge
of operating history parameters such as fuel and coolant temperatures, reactor pressure, power
density and boron concentration or in the intentional approximation of these parameters in order
to simplify the calculation. For example, the accurate modelling of a fuel assembly’s operating
history spanning over three or four years using a Monte Carlo code is not always considered
practical and some approximations can be made.
In this work, the operating history of VVER-440 fuel assemblies based on weekly monitoring data are modelled accurately using the Monte Carlo particle transport code Serpent 2 [3].
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Then the monitored parameters such as coolant temperature and density, boron concentration
and assembly power are averaged one by one over the simulated operating history. The effect
of the averaging on important spent fuel properties such as e.g. decay heat, activity and nuclide
inventory is investigated. The purpose of the calculations is to determine how rough approximations in the operating history of the investigated parameters can be made without significant
effect on spent fuel properties and to determine which of the investigated parameters are most
sensitive to approximations.
2

METHODS

Two VVER-440 fuel assemblies with 126 fuel rods and one instrumentation rod in the
middle were modelled through three cycles. The fuel included six fuel rods with Gd2 O3 and
three different enrichments. The calculated assemblies were identical but their positions in
the core were different and therefore some of the operating history parameters such as water
temperature and density and assembly power were slightly different. Two assemblies were
modelled in order to see the possible effect of assembly positions in the core. The Serpent
model of the fuel assembly and the positions of the two modelled assemblies during the three
cycles are presented in figure 1. In Figure 1a, the yellow and orange pins are fuel pins with
4.4 % and 4.2 % U-235 enrichment, respectively. The red pins are fuel pins with 4.0 % 235 U
enrichment and 3.35 % Gd2 O3 content. In addition to oxygen and uranium, 200 ppm of 14 N and
15 ppm of 35 Cl [4] were added in the fuel in order to examine the activation products 14 C and
36
Cl. In Figure 1b, the pink hexagons mark assembly positions for modeled assembly 1 and the
green hexagons for assembly 2. The numbers in the hexagons indicate the irradiation cycle.

(a) Assembly.

(b) Core.

Figure 1: Modelled VVER-440 fuel assembly (a) and locations of the modeled assemblies in
the core (b).
For reference calculations, weekly monitoring data of boron concentration, core pressure and assembly wise linear power and coolant temperature were used. Core pressure and
coolant temperature were used to calculate coolant density. For linear power around maintenance breaks, several measurements were made daily. For operating history approximations,
linear power, boron concentration and coolant temperature and density were averaged one by
one keeping the other parameters accurate. Coolant temperature and density approximation
was always combined and cladding and shroud tube temperatures were set the same as coolant
temperature. The averaging was done separately over the whole operating history and cycle
wise. Finally all of the parameters were averaged in one calculation. The average values of
these parameters are presented in Table 1 both over the whole operating history and separately
for each modeled irradiation cycle. The table also presents the largest percentual difference in
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the accurate operating history data to the value averaged over the whole irradiation history and
the relative standard deviation. Fuel temperature was at a constant 900 K in all calculations.
Table 1: Operating history parameters averaged over the whole irradiation history (ave) and
separately for each cycle (ave 1, ave 2, ave 3). “Diff” gives the largest difference in accurate
irradiation history to the average over all cycles and “Rel.Std” is the relative standard deviation
over the whole irradiation history. The symbols Tc , ρc , B and P stand for coolant temperature,
coolant density, boron concentration and assembly linear power, respectively.

Ave
Ave 1
Ave 2
Ave 3
Diff
Rel.Std

Tc [K]
580
582
580
577
-10 %
1.6 %

Assembly 1
Assembly 2
3
ρc [g/cm ] B [ppm] P [W/cm] Tc [K] ρc [g/cm3 ] B [ppm] P [W/cm]
0.7045
630
190
580
0.7051
630
189
0.6984
660
203
580
0.7040
660
199
0.7049
643
191
581
0.7029
643
194
0.7105
580
174
578
0.7090
580
171
9.1 %
163 %
-73 % -11 %
9.4 %
186 %
-73 %
1.6 %
63 %
15 % 1.4 %
1.4 %
63 %
14 %

The 30◦ symmetry of the assembly was utilized in the calculations and periodic boundary conditions were applied. The non-Gd fuel rods were divided in separate depletion zones
containing one fuel pin and the fuel rods with Gd were further divided in ten equal size radial
depletion zones. The division was done using Serpent’s automated depletion zone division. Altogether 181 burnup steps were used to model the three irradiation cycles with a step length of
mostly 7 efpd (effective full power days) regardless of whether approximations were applied
in the operating history parameters or not. In the beginning of the cycles, shorter step lengths
were used. Doppler broadening rejection correction was applied for some uranium and plutonium isotopes. Neutron cross section data based on JEFF-3.2 data was utilized. For fission yield
and decay data JEFF-3.1.1 libraries were used. At every step 20 000 neutron histories were run
in 200 generations. All calculations were run on a Linux cluster with Intel Xeon 2.2 GHz nodes
using openMP parallelization. The reference calculation was repeated six times in order to get
an indication of the statistical uncertainty caused by the Monte Carlo method. The calculation
times were typically slightly under two days, but varied according to how many inputs and
restart files were needed.
3

RESULTS

In this section, SNF characteristics with averaged operating history parameters of a fuel
assembly are compared to the reference case where no averaging was done and weekly operating
history over three years was used. The results of the reference calculation are an average of the
six repetition calculations. The studied SNF properties included activity, decay heat, photon
emission rate, spontaneous fission rate and the concentration of some individual nuclides.
The results for assembly 1 are presented in figures 2–9 as a function of cooling time.
In all figures, the legends “bor”, “cool” and “pow” stand for averaging boron concentration,
coolant density and temperature and assembly power, respectively. The legend “all” stands for
averaging over all of the aforementioned parameters and “std” is the relative standard deviation
of the six repetitions for the reference calculation. The last legend entry in all figures describes
the absolute values for the reference calculation of the SNF property in question (activity, decay
heat, etc.) and is presented on the right hand axis. The differences between averaged and
reference calculations are calculated by [(averaged parameter)/reference - 1]*100. In the (a)
Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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figures averaging over the whole operating history is applied (case a) and in the (b) figures cycle
wise averaging is performed (case b). The x-axis and the right hand y-axis are in logarithmic
scale. The left hand y-axis is in logarithmic scale for figures 2–4. Because of the logarithmic
scale, the x-axis does not start from zero but from 1 day after irradiation. The burnups of
assemblies 1 and 2 after the three years of irradiation were 48.5 MWd/kgU and 48.0 MWd/kgU,
respectively.

(a) Averaging over all cycles.

(b) Cyclewise averaging.

Figure 2: Impact of averaging operating history parameters on activity.

(a) Averaging over all cycles.

(b) Cyclewise averaging.

Figure 3: Impact of averaging operating history parameters on decay heat.
The differences in figures 2– 4 for activity, decay heat and photon emission rate behave
quite similarly. One day after irradiation, the impact of averaging the operating history seems
to be significant. Differences to the reference case are around 30 % in case a and around 20 %
in case b. At zero cooling time, the differences are more than 60 % (case a) and over 50 %
(case b). However, the differences rapidly decrease. After one year of cooling, the differences
are less than 5 % and after 10 years they are less than 1 % for case a. For case b, these limits are
reached already in 2 months (< 5 %) and 2 years (< 1 %). Almost all of the differences in the
beginning seem to be originating from averaging the power history. For boron concentration and
coolant temperature and density, the differences remain always below 1 % except for photon
emission rate when averaging boron concentration for which the difference at 1 d cooling time
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(a) Averaging over all cycles.

(b) Cyclewise averaging.

Figure 4: Impact of averaging operating history parameters on photon emission rate.
is around 1.4 % for both cases a and b. For cycle wise averaging after about 2–3 m (activity,
decay heat) or 30 y (photon emission rate), the differences from averaging coolant properties,
is of the same order as the statistical uncertainty and can therefore be ignored. The results
suggest that the differences originate from some very short lived nuclides sensitive to power
history approximations. Exactly which nuclides, is beyond the scope of this study. The effect
of the approximations is mostly conservative, over estimating the activity, decay heat or photon
emission rate. Underestimations remain below 1.6 %.

(a) Averaging over all cycles.

(b) Cyclewise averaging.

Figure 5: Impact of averaging operating history parameters on spontaneous fission rate.
Impact of averaging on spontaneous fission yield in Figure 5 remains always below 1.3 %.
In the beginning, most of the spontaneous fissions occur in 242 Cm and 244 Cm. Later 246 Cm,
240
Pu and 242 Pu become dominant, until at 1e7 y almost all of the fissions originate from 238 U.
The shape of the differences in Figure 5 reflect the dominant periods of some of these nuclides.
For example, the importance of averaging power density dies with 242 Cm between 1-2 y and the
effect of boron density approximations changes from over estimation to underestimation with
decaying 244 Cm. This indicates that the sensitivity of individual nuclides to different operating
history parameters may differ. The effect of coolant properties in case b is of the same order as
the statistical uncertainty and hence insignificant.
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(a) Averaging over all cycles.

(b) Cyclewise averaging.

Figure 6: Impact of averaging operating history parameters on 14 C concentration.

(a) Averaging over all cycles.

(b) Cyclewise averaging.

Figure 7: Impact of averaging operating history parameters on 36 Cl concentration.
Figures 6 and 7 present the impact of operating history approximations on 14 C and 36 Cl
concentrations. The differences in Figures 6 and 7 remain constant in time. This is because the
nuclides originate practically solely from impurity activation and thus their concentration after
irradiation is only dependent on half lives. The differences are rather small, maximum 0.3 %
for 36 Cl in case a.
Figures 8 and 9 present the differences caused by operating history approximations on
239
Pu and 241 Pu concentrations. These nuclides are born also in the radioactive decay of some
other nuclides and thus the differences in their concentrations due to operating history approximations do not remain constant over cooling time. For both nuclides, averaging boron concentration is relatively important. For 239 Pu in case b, effect of averaging coolant properties can
not be distinguished from the statistical uncertainty. The same is true also for 241 Pu at least before about 300 y cooling. Averaging power history under estimates the concentrations of these
plutonium isotopes. Averaging the other parameters over estimates the concentrations which is
a conservative approximation since 239 Pu and 241 Pu are both fissile and their presence in SNF
brings out proliferation issues.
Similar examination was performed on assembly 2, but in the interest of saving space, no
figures are presented. Due to the similar burnup of the assemblies, the activity, decay heat and
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(a) Averaging over all cycles.

(b) Cyclewise averaging.

Figure 8: Impact of averaging operating history parameters on 239 Pu concentration.

(a) Averaging over all cycles.

(b) Cyclewise averaging.

Figure 9: Impact of averaging operating history parameters on 241 Pu concentration.
photon emission rate was very similar to assembly 1. Differences in these values between the
assemblies were less than 2 %. Operating history approximations in assembly 2 for activity,
decay heat and photon emission rate did not essentially differ from assembly 1 either.
Spontaneous fission rate in the two assemblies differed approximately 4 %. However, the
difference on the effect of the approximations on the two assemblies was rather insignificant.
The largest difference was in the absolute values of the impact of power history approximation
(0.68 % vs. 0.84 %) before 3 m cooling when averaging over the whole operating history.
The curves describing the difference between averaged operating history parameters and the
reference case for assembly 2 were otherwise similar to Figure 5.
14
C and 36 Cl concentrations in the two assemblies are very similar with ∼1 % differences.
The effect of averaging operating history parameters is also rather similar. The largest difference
in Figure 6 and the corresponding figure for assembly 2 was in the effect of averaging coolant
history in case a. In Figure 6, the effect of coolant is about the same as the effect of power
history. For assembly 2, the effect of averaging coolant history is smaller than the averaging of
the other operating history parameters.
The 239 Pu concentration in the two assemblies agreed within 0.4 % until 1E6 y cooling
time when the concentration of 239 Pu strongly decreases. The agreement for 241 Pu was within
1 % for the first 150 y cooling time. At 200 y the differences became larger due to the strong
decrease of 241 Pu concentration. From 300 y the differences in 241 Pu concentrations between
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the two assemblies was more than 4 %. Figures 8b and 9b in case b are very similar to the
corresponding figures for assembly 2. Some differences exist in case a. The effect of averaging
all the studied operating history parameters for 239 Pu between 10 d – 1E5 y is approximately
1.2 % for assembly 1 and 0.9 % for assembly 2. This is mostly due to the stronger effect of
averaging coolant properties in assembly 1. The same difference is present also for 241 Pu where
the effect of averaging all parameters for assembly 1 is ∼1 % with less than 300 y cooling and
∼0.9 % for assembly 2.
4

DISCUSSION AND FUTURE WORK

The effect of averaging assembly power, boron concentration and coolant temperature and
density over three irradiation cycles on total assembly activity, decay heat and photon emission
rate remains below 1 % during the period of final disposal (∼ 40 y →). The effect can be
significant (∼70 %) right after irradiation, but rapidly decreases below 1 % in less than 10 years.
The effect on spontaneous fission yield showed strong dependence on the nuclides causing the
fissions. The overall effect remained always below 1.3 %. The effect of averaging on C-14 and
Cl-36 was always below 0.3 % and for Pu-239 and Pu-241 mostly around 1 %. For Pu-241,
the effect increased to 2.5 % when Pu-241 began to strongly decrease after ∼200 y. Based
on the two assemblies studied here, assembly position did not have a significant impact on
the results. Averaging coolant properties for Pu-239 and Pu-241 concentrations had a slightly
stronger effect in assembly 1 than in assembly 2. This may be related to the slightly larger
variation of coolant properties over the irradiation history in assembly 1 (see Table 1) and the
greater sensitivity of plutonium for coolant variations. However, more assemblies in different
parts of the reactor should be studied to make better conclusions on the effect of assembly
position.
In the future, the sensitivity of SNF properties on the accuracy of individual operating
history parameters will be studied by varying the values of different parameters and calculating
the effect on the SNF properties.
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