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Abstract
In this research the impact from impurities on the spent nuclear fuel are addressed. The
neutron capture rate, activity, decay heat, photon emissions etc. are scrutinized separately
for the fuel and the Zircaloy cladding. The research is part of an ongoing project called
KÄRÄHDE which belongs to KYT2022-research program (Finnish Research Programme on
Nuclear Waste Management). The results of the research are public and will be published
as a part of the reporting of the KYT2022 research program.
The calculations in this study were conducted with Serpent 2, a Monte Carlo particle
transport code developed at VTT, Technical Research Centre of Finland. The utilized
simulation modes include burnup calculations, and decay calculations.
The results suggest that cobalt, nickel, nitrogen and thorium are the most significant sources
of impurity-originating activity in the spent nuclear fuel, increasing the radioactivity and the
heat emission.
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1

Introduction

The management of nuclear waste is a hot topic in today’s nuclear power industry. A lot of discussion regarding the nuclear waste deposition is still ongoing. In
Sweden and Finland a deep geologic depository is under development, which is
aimed to confine the hazardous nuclear waste for hundreds of thousands of years.
Some other countries are engaging in spent nuclear fuel reprocessing. This kind
of processing aims to reduce the amount of long-lived radioisotopes in the spent
nuclear fuel by transmutation. In order to optimize the spent nuclear fuel management, the characteristics of the waste must be known fairly well. For instance,
the reactivity and decay heat of the spent nuclear fuel determine how closely the
spent fuel containers can be spaced in a repository. The current dubiety regarding
the impact from the impurities motivates a research.
This paper aims to form a comprehensive picture of the uncertainties arising from
the impurity elements in the nuclear fuel. A second paper continues to analyze
the uncertainties arising from the 2D-geometry simplification commonly applied
for the burnup calculations [1].
The impurity values in the nuclear fuel and Zircaloy cladding used in this study are
based on a literature review [2] conducted at VTT. The review lists the maximum
values for each impurity element concentration. Hence the results from this study
reflect the maximum impurity-driven deviations in the characteristics of the spent
nuclear fuel based on the literature review. The study focuses on analyzing the
principal materials, fuel (2.4 % enrichment) and Zircaloy (Zry-4), separately. For
some impurity elements only a single reference source was used and hence the
results from this study ought to be taken with caution.
The calculations were conducted with the Serpent-reactor analysis code. The exact parameters from geometry definitions to material compositions applied to the
calculations were imported from the benchmark [3] provided by MIT Computational Reactor Physics Group. The full description of the 2D-model is addressed
in detail for validation of results and for calculation repetition purposes.
This study was conducted with 2D-modelling of a single fuel assembly. The obtained results were attained by conducting burnup calculations and decay calculations. The main purpose of conducting burnup calculations was to obtain the
precise composition of the spent nuclear fuel, which was used as the initial configuration for decay calculations.
The results in this study are normalized by dividing the values with the initial mass
of uranium in tons. For Zircaloy, this means that the value corresponds to a system
which initially contained one ton of uranium. Zircaloy possesses approximately one
fourth of the initial mass of the uranium, hence the results for Zircaloy reflect values
obtained from approximately 250 kg of Zircaloy.
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Functionalities of Serpent

Serpent is a three-dimensional continuous-energy Monte Carlo particle transport
code actively developed at VTT, Technical Research Centre of Finland. The development of the code begun already in 2004 and the code has been publicly
distributed since 2009 by the OECD/NEA Data Bank and RSICC. [4]
The original version, Serpent 1, is no longer further developed. Since 2010 the development has focused on Serpent 2 which offers a broader variety of simulations
extending beyond reactor modeling. The main reason for beginning of the development of serpent 2, was the memory issue in 3D-calculations resulting from the
unionized energy grid approach [4]. Where Serpent 1 was mainly utilized for traditional reactor physics simulations, such as criticality calculations and fuel cycle
studies, Serpent 2 is additionally capable of executing multi-physics and neutron
- photon transport simulations. [5] [6]
For nuclear reactor modeling serpent provides user friendly tools for constructing
the geometry of the desired nuclear reactor core. Different pre-defined surface
types are used to confine cells, which can be filled with materials or even other
universes. Options for different shape transformations, repeated structures, symmetry utilization and combining of multiple universes provide an efficient way of
building up the reactor core without a need to define every element separately [4].
Serpent supports conventional square and hexagonal lattices and also offers special geometry types for Canadian pressurized heavy-water reactor (CANDU). A
variety of other less-used geometry types are also available. [5]
For our purposes, merely the burnup calculations and decay calculations were of
interest. In burnup calculations, the neutron transport is simulated in order to
calculate a neutron flux estimate in the geometry. The flux together with the
cross section data, decay data and fission yield data are used to calculate the
composition of the nuclear fuel for pre-defined burnup steps. With the known
composition, decay calculations can be applied to examine the evolution of the
activity of spent nuclear fuel over time.
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Impurity concentrations

In figures 1 and 2 the maximum values of given impurity elements in the fuel
and Zircaloy, respectively, are tabulated. The concentrations are given in ppm,
parts per million (in terms of mass). These values were distributed amongst the
naturally occurring isotopes according to natural abundances for the calculations.
For example, naturally occurring Pb consists of Pb-204, Pb-206, Pb-207 and Pb208 with respective natural abundances 1.4 %, 24.1 %, 22.1 % and 52.4 %. The 400
ppm concentration in the fuel was therefore distributed such that Pb-204 received
0.014*400 ppm = 5.6 pm, Pb-206 = 96.4 ppm, Pb-207 = 88.4 ppm and Pb-208 =
209.6 ppm. These values were included into the material definition of the fuel.

2

Figure 1: Impurity concentrations in the fuel. ”Source: VTT Research Report
VTT-R-00184-20 [2]
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Figure 2: Impurity concentrations in Zircaloy cladding. Source: VTT Research
Report VTT-R-00184-20 [2]
The carbon concentration in figure 2 has two values. The value of 3200 reflects the
concentration used in CANDU-reactors whereas 300 is the estimated maximum
value for traditional reactor types such as PWR- and BWR-reactors. The concentration of 300 was applied for this study.
In the fuel, the impurities make up for 0.69% of the total mass. For Zircaloy, the
corresponding fraction is 0.31%.
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Impurity activation

Radioisotopes are produced during the reactor operation as a result of the impurity activation and as a fission product yield. The features of the latter are
decently well known, but the impurities pose serious uncertainty, mainly due to
variating estimates of the concentrations and partly insufficient cross section data.
The fission of a single uranium nuclide produces two lighter isotopes with differing
mass numbers. The nuclide with the smaller mass number is primarily manifested
withing the range of 85 to 105 A, whereas the heavier fission product generally
occupies nucleus configurations from 130 to 150 A. Multiple long-lived radioisotopes possess mass numbers outside of these ranges, and they are generally not
produced from the fission of U-235. Nominal isotopes in the structural materials
are responsible for generating certain radioisotopes. However these materials are
selected such that the production of long-lived isotopes is limited. Impurities are
undesired elements in the fuel and structural materials, and they are potentially
capable of producing mobile long-lived isotopes into the spent nuclear fuel.
Generally the most common mass number changing neutron - nuclide interaction
with thermal neutrons is the neutron capture. In such an interaction the nuclide
captures a non-bound neutron into its nucleus increasing the mass number by one
and releasing associated energy in the form of a photon. The thermal neutron
absorption cross section describes the probability of such an event occurring. This
value varies tremendously between different isotopes, ranging from a few micro
barns to hundreds of thousands of barns. Nuclides with large cross sections for
neutron capture are quickly converted into the according isotopes during the reactor operation. Vice versa only a small fraction of the nuclides with small cross
sections are converted. In order to generate a specific radioisotope in meaningful
quantities, a decently large concentration of the precursory nuclide combined with
a significant neutron capture cross section must be present. The concentration
of the precursory nuclide is affected by the estimated concentration of the element it belongs to, and its natural abundance. For example, Ta-182 is generated
in remarkable quantities in Zircaloy cladding during the reactor operation as the
estimated concentration of tantalum is relatively high (200 ppm), and the precursory nuclide, Ta-181, possesses both a high natural abundance (∼100 %) and a
decent neutron capture cross section (20.68 b, 0.0253-eV, 300 k). For certain light
elements, the neuron capture is not the dominating interaction mode. A proton,
deuterium or a tritium emission may be associated with the interaction. For example the interaction between Li-6 and a neutron almost always produces one He-2
and a tritium particle.
The determining characteristics of the hazard of a particular radioisotope is its halflife, the concentration in the spent nuclear fuel, the mobility of the isotope, the
ability to accumulate into living organisms, the energy released and the decay chain
associated with the decay of this specific isotope. The half-life, energy released
per decay event and the initial concentration together determine the intensity
of the radiation emitted for a given time. Radioisotopes with short half-lives
5

radiate very intensively early on, and thus are depleted rapidly due to the nature
of exponential decay. The radiation originating from the short-lived radioisotopes
is effectively confined at the nuclear plants. The problem arises from the long-lived
radioisotopes, which remain hazardous for extremely long times. The confinement
of the spent nuclear fuel must not fail for hundreds of thousands of years, and
this poses serious challenges for the final disposal repository design. The high
mobility of a given radioisotope makes it harder to confine in long-term. Isotopes
that are capable of dissolving into air or water are much more likely to escape
the repository via underground streams than those isotopes that are incapable of
forming chemical bonds with atoms from the environment that result in gaseous or
liquid molecules. Elements which accumulate into organs and remain in the human
body for extended periods of time naturally pose a greater risk as radiation source
is in close vicinity to important organs, and skin is providing no protection.
Different radioisotopes decay with differing energies. Energetic gamma rays are
very hazardous, as they are capable of penetrating tissue effectively, and breaking
DNA in the process. Alpha and beta particles are mainly dangerous when ending
in the human body. This is due to their inability to penetrate tissue to the same
extent, but are nonetheless very hazardous in the case of ingestion or inhalation.
The decay chains associated to the decay of specific radioisotopes increase the total
radiation emitted from that specific radioisotope. For example the process of U233 decaying into stable Bi-209 consists of nine decay events [7]. This essentially
increases the total activity of U-233 by a factor of nine. Long decay chains are
more common for heavy elements.

5

Description of the 2D-fuel assembly model

As mentioned in section 1, the utilized model for the fuel assembly was based on
the BEAVRS benchmark (Benchmark for Evaluation And Validation of Reactor
Simulations) [3]. This specific benchmark was chosen for its comprehensive description of the 3D-geometry of a PWR. Additionally the reactor analysis team at
VTT has plenty of previous experience using this model.
The lattice configuration is displayed in figure 3. The fuel assembly parameters
are listed in table 1. The control rods and burnable absorbers were not inserted
for any of the calculations. Borated water was used as a moderator for the model.
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Table 1: Fuel assembly parameters
Fuel Assembly Lattice Pitch
Pin Lattice Pitch
Pin Lattice Configuration
No. Fuel Rods
No. Guide Tube Positions
No. Instrument Tube Positions
Mass of Fuel
Mass of Uranium
Mass of Zircaloy

21.50364 cm
1.25984 cm
17 x 17
264
24
1
1.3078 kg
1.1511 kg
0.2897 kg

Figure 3: Illustration of the 2D-lattice for 17 x 17 fuel assembly. Yellow circles
represent fuel rods, blue circles empty guide tubes and pink the instrument tube.
The tubes are surrounded by borated water.

5.1

Pin dimensions

The pins in the 2D-model are origin centered circles, with different materials confined to different ranges of radius. The radius columns in the tables of this chapter
describe circles that the corresponding material occupies. For example, fuel pin
consists of fuel from 0 cm to 0.39218 cm, Helium from 0.39218 cm to 0.40005
cm and Zircaloy from 0.40005 cm to 0.45720 cm. Figure 4 illustrates the radial
7

dimensions of a fuel pin.

Figure 4: Radial dimensions of a fuel pin.

Table 2: Fuel pin parameters
Material
Fuel
Helium
Zircaloy

Radius (cm)
0.39218
0.40005
0.45720

Table 3: Guide tube parameters
Material
Borated water
Zircaloy

Radius (cm)
0.50419
0.54610

Table 4: Instrument tube parameters
Material
Air
Zircaloy
Borated water
Zircaloy

Radius (cm)
0.43688
0.48387
0.56134
0.60198
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5.2

Material definitions

The nominal values for used materials are listed in this section. The impurities
listed in figures 1 and 2 were incorporated into the fuel and Zircaloy material
definitions such that the densities of the materials were conserved by removing
appropriate proportions of nominal isotopes. For each of the nominal isotopes in
the fuel and Zircaloy, respectively 0.69 % and 0.31 % were removed in order to
make space for impurities. Volume definition can be extended for the 2D-model
if the model is considered 1 cm thick in the axial direction. In such a model the
volume and the area of the assembly possess equal values.
Table 5: Isotopic composition of borated water
Mass (g)
Volume (cm3 )
Density (g/cm3 )
Isotope
B-10
B-11
H-1
H-2
O-16
O-17
O-18

210.947
284.839
0.740582067516
Atomic Density (atom/b-cm)
8.0023e-06
3.2210e-05
4.9458e-02
5.6883e-06
2.4672e-02
9.3981e-06
5.0700e-05

Table 6: Isotopic composition of air
Mass (g)
Volume (cm3 )
Density (g/cm3 )
Isotope
O-16
O-17
O-18
N-14
N-15
Ar-36
Ar-38
Ar-40
C-12
C-13

3.69736E-04
0.600220
6.16E-04
Atomic Density (atom/b-cm)
5.2863e-06
2.0137e-09
1.0863e-08
1.9681e-05
7.1899e-08
7.8729e-10
1.4844e-10
2.3506e-07
6.7564e-09
7.3076e-11
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Table 7: Helium
Mass (g)
Volume (cm3 )
Density (g/cm3 )
Isotope
He-3
He-4

8.26318E-03
5.17063
1.5981E-03
Atomic Density (atom/b-cm)
3.2219e-10
2.4044e-04

Table 8: Isotopic composition of fuel (2.4% enriched)
Mass (g)
Mass of Uranium (g)
Volume (cm3 )
Density (g/cm3 )
Isotope
O-16
O-17
O-18
U-234
U-235
U-238

1313.60
1151.06
127.565
10.29748
Atomic Density (atom/b-cm)
4.5828e-02
1.7457e-05
9.4176e-05
4.4842e-06
5.5814e-04
2.2407e-02
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Table 9: Isotopic composition of Zircaloy (Zry-4)
Mass (g)
Volume (cm3 )
Density (g/cm3 )
Isotope
O-16
O-17
O-18
Cr-50
Cr-52
Cr-53
Cr-54
Fe-54
Fe-56
Fe-57
Fe-58
Zr-90
Zr-91
Zr-92
Zr-94
Zr-96
Sn-112
Sn-114
Sn-115
Sn-116
Sn-117
Sn-118
Sn-119
Sn-120
Sn-122
Sn-124

5.3

289.686
44.2269
6.55
Atomic Density (atom/b-cm)
3.0743e-04
1.1711e-07
6.3176e-07
3.2962e-06
6.3564e-05
7.2076e-06
1.7941e-06
8.6699e-06
1.3610e-04
3.1431e-06
4.1829e-07
2.1827e-02
4.7600e-03
7.2758e-03
7.3734e-03
1.1879e-03
4.6735e-06
3.1799e-06
1.6381e-06
7.0055e-05
3.7003e-05
1.1669e-04
4.1387e-05
1.5697e-04
2.2308e-05
2.7897e-05

2D-Calculation methodology

For each of the calculations performed, a total of 5000 neutron histories were run
in every 500 calculated active cycles and 20 inactive cycles. Areas for normalization were calculated using basic geometry calculus. The Nuclear fuel was assumed
to operate at 900 K temperature. Zircaloy cladding, moderator, gasses and other
structural materials were set to 580 K temperature. These values are usual operation temperatures for a PWR-reactor. Data for the cross sections was obtained
from JEFF-3.20 data library. For decay and fission yield data, JEFF-3.1.1 was
applied.
The burnup calculations were conducted up until 80 MWd/kgU. Burnup steps were
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generally 2.5 MWd/kgU apart from each other. Burnup steps below 10 MWd/kgU
were more closely spaced in order to assure appropriate nuclide compositions for
the materials for later burnups. There were a total of 45 burnup steps. Decay
calculations for the spent nuclear fuel were conducted for fuel with 50 MWd/kgU
burnup. Pin-wise depletion zone division was applied. Internal depletion zone
division for the pins was omitted in order to speed up the calculations. For decay calculations, the composition of the spent nuclear fuel was calculated for 38
different decay steps, ranging from one day to 1E+07 years.
For the time integration method, linear extrapolation with 10 substeps was used
as a predictor, and linear interpolation as a corrector, also with 10 substeps. The
power density of 0.0417 kW/g used in the calculations was derived by dividing the
total power of the reactor core with the total mass of the uranium. The power
generation was uniformly distributed in the fuel assembly. Reflective boundary
conditions were applied to the boundaries, making the model essentially radially
infinite.
Activation and absorption detectors were used in order to score activation and
neutron capture rate during the reactor operation. Absorption detectors were
deployed for fuel and Zircaloy in order to calculate the neutron capture rate as a
function of burnup in both materials. As the flux varies across the fuel assembly,
the number of absorbed neutrons is not constant among the different fuel pins. The
focus was the total number of neutron absorption in fuel and Zircaloy. No precise
regional scrutiny was conducted. For activation detectors each of the impurity
elements were included into their own material definitions while also keeping the
impurities in the fuel and Zircaloy. The separate impurities were not placed into the
physical geometry of the reactor as they already existed in the material definitions
of the fuel and Zircaloy. Their activation was instead scored with the neutron
flux present in the fuel and Zircaloy. The scoring was performed uniformly in the
geometry.

6

Neutron capture rate during the reactor operation

We started out by investigating the effects of impurities on the neutron capture
rate. As discussed in section 4, the three main factors affecting the neutron capture
rate are the concentration, thermal neutron capture cross section and the natural
abundance of the isotope. An impurity element with a significant degree of impact
would favourably possess a relatively large concentration and a decently large
neutron capture cross section for some of its naturally occurring isotopes.
Impurity elements were incorporated separately into the fuel and Zircaloy and
corresponding calculations were executed. In table 10 the total number of the
neutron captures per second per initial uranium mass in tons is scored for the fuel
and Zircaloy with different impurity configurations. The burnup point chosen for
12

the scrutiny was 0 MWd/kgU as it reflected the most variation for both fuel and
Zircaloy.
Table 10: Neutron capture rate for different impurity configurations (Absorptions/s/tUi).
Fuel absorption
Zircaloy absorption

No impurities Impurities in fuel Impurities in Zircaloy
1.16465E+18
1.24076E+18
1.16684E+18
6.57319E+16
6.64091E+16
7.31418E+16

The capture rates in the fuel and Zircaloy exhibit a negligible change when the
impurities are included in the opposite material e.g pure fuel absorption hardly
changes when impurities are included in the Zircaloy but not fuel, and vice versa.
The impurities generate a surprisingly large increase to the neutron capture rate in
both fuel and Zircaloy, 4.2 % and 11.3 % respectively. The greater relative increase
in Zircaloy is likely resulting from the small thermal neutron capture cross section
of zirconium. According to the obtained numbers, pure fuel is approximately 20
times more likely to capture a neutron than pure Zircaloy. This difference in the
magnitude of neutron capture capacity leads to the impurities posing a greater
relative impact for Zircaloy. Considering the greater neutron capture capacity of
the fuel, the increase of 4.2 % for fuel is significant. However, this great initial
increase is only temporary, as the relative difference rapidly reduces to around 1%
as seen in section 6.1.

6.1

Nuclear fuel

In figure 5 the neutron capture rate as a function of burnup is plotted for pure
and impure fuel. The relative difference essentially describes the percentage of
which the results from the impure configuration exceed the results from the pure
configuration.
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Figure 5: Neutron capture rate in the fuel.
Figure 5 indicates that the neutron capture rate is tripled over the 5-year reactor
operation. This is due to reactor poisons forming into the fuel and fissile uranium
being depleted. The impurities cause a slight deviation to the neutron absorption,
even though the two plots appear to lay on top of each other.
The initial relative difference of 4.2% is unexpectedly high. The difference rapidly
converges to around 1% and continues to decrease up until 20MWd/kgU, where
the difference is approximately 0 %. To conclude, the deviation is minute post 2
MWd/kgU and can be neglected in most scenarios.
We proceed to examine which impurity elements are mainly responsible for the
capture rate increase at 0 MWd/kgU. Impurity elements with at least 400 ppm
concentration as well as a few known absorbers were removed one at a time, and
capture rates were calculated.
In figure 6 the neutron capture rates in the absence of indicated impurity elements
are shown for the fuel (0 MWd/kgU). Horizontal lines illustrate the capture rate
for pure and impure fuel.
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Figure 6: The number of neutron absorptions in the absence of labelled impurity
element.
Surprisingly, none of the examined elements individually appear to generate majority of the excess neutron capture. Gadolinium appears to have the most impact,
yet it only explains approximately 7.4 % of the increase. Gd-155 and Gd-157 possess the largest thermal neutron capture cross sections of all of the stable isotopes,
60.74 kb and 253.2 kb (0.0253 eV, 300 K [7]) respectively. The applied gadolinium
concentration of 3.5 ppm can deviate significantly between the fuels of different
manufacturers. Gadolinium is arguably the most uncertainty-causing impurity element, of the elements studied in figure 6, in terms of neutron absorption sub 1
MWd/kgU burnups.

6.2

Zircaloy Cladding

In image 7 the neutron capture rate is compared between pure and impure Zircaloy
configurations.
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Figure 7: Neutron absorption comparison between pure and impure Zircaloy.
Contrary to the fuel, substantially more relative difference is present between the
two Zircaloy compositions. As stated earlier, this is likely due to smaller neutron
capture cross section of the pure Zircaloy, hence impurities pose a greater relative
increase. Similarly to the fuel, the macroscopic neutron capture cross section
keeps increasing over the whole life-span of the reactor operation, for both pure
and impure configurations.
The relative difference between the two Zircaloy configurations tends to decrease
along with the increasing burnup. The absolute difference, however, appears to
remain approximately constant. Considering this, the decrease is at least partly
explained by the general increase of the neutron capture rate.
Similarly to the nuclear fuel, we proceed to investigate which impurity elements
cause the excess absorption in Zircaloy. The impurities with at least 100 ppm
concentration were removed, one at a time, and corresponding burnup calculations
were conducted for 0 MWd/kgU. Neutron capture rates were scored for each of the
calculations with neutron capture rate detector. In figure 8 the neutron capture
rates are shown for the impurity configurations lacking the denoted element.
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Figure 8: The number of neutron absorptions in the absence of denoted impurity
element.
Hafnium is evidently the main element causing the excess neutron capture, explaining nearly half of the 11% increase. The significance of hafnium is resulting
from its relatively large concentration (200 ppm) as well as the relatively large
thermal neutron capture cross section of Hf-177 (374 b, natural abundance 18.6
% [7]). Zircaloy cladding is manufactured from zircon sand, which naturally contains traces of Hafnium. Fraction of this hafnium remains in the Zircaloy through
the purification, which explains the relatively large amount of hafnium in the alloy. [8]

7
7.1

Activity examination
Impurity-originating activity as a function of burnup

Radioisotopes are created when the impurities are exposed to irradiation. The
activity as a function of burnup reflects the activity during the reactor operation,
and is hence dominated by short-lived isotopes. The results in this section solely
describe the impurity-originating activity, and thus should not be comprehended
to be the leading elements of the activity. Majority of the activity arises from the
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decay of fission products. In the calculations conducted, it took approximately 5
years to reach 80 MWd/kgU burnup.
The activity values in the figure 9 describe the number of decay events per second
in the nuclear fuel originating from the denoted impurity element. For example,
thorium consists of one naturally occurring isotope, Th-232. Thorium originating
activity is the sum of the activity from radioisotopes which have been formed from
Th-232 over series of transmutations.

Figure 9: Excess activity caused by the activation of six of the most significant
impurity elements in the fuel.
Thorium is evidently the main source of impurity-driven activity during the reactor
operation. The reason for the dominance of thorium arises from the high estimated
concentration of 500 ppm and from the features of thorium transmutation cycle.
The cycle from Th-232 to U-233 contains two decay events, which occur in a
relatively quick succession due to short half-lives. Furthermore U-233 is capable
of undergoing fission, producing more short-lived isotopes. Th-232 has a relatively
small thermal neutron capture cross section (7.338 b, 0.0253 eV [9]). This ensures
that the Th-232 is not rapidly depleted during the reactor operation and the Thoriginating activity is able to continually increase up until 60 MWd/kgU.
The Thorium activity reaches a plateau approximately at 60 MWd/kgU. During
18

this burnup Th-232 concentration has sufficiently decreased and the nuclides with
short half-lives have decayed into more stable isotopes. If the simulation was to be
continued to greater burnups, the thorium activity would likely proceed to abate.
In figure 10 the evolution of Th-232 with thermal neutrons is visualized. The D
denotes decaying, NC thermal neutron capture and F fission. The percentages
describe the probability for the specific reaction occurring. The diagram omits
transmutations with fast neutrons, which are for example capable of converting
U-233 into U-232 in small quantities via the (n,2n)-interaction. Majority of the
Th-232 is left unaffected during the reactor operation. Of the Th-232 that interacts
with a neutron, the most common path is the Th-232 → Th-233 → Pa-233 → U233 → Fission - path. [7]

Figure 10: Transmutations in the thorium transmutation cycle with specific halflives
Figure 11 depicts the activity evolution of six of the most active impurity elements
in the Zircaloy during the reactor operation.

19

Figure 11: Excess activity caused by six of the most significant radiators for
Zircaloy.
In Zircaloy the Ta activation is the major cause of the increased activity during
the reactor operation. Almost all of naturally occurring Ta is Ta-181 (Thermal
capture cross section: 20.68 b (0.0253 eV, 300 k) [10]), a significant fraction of
which is converted into Ta-182 (T1/2 = 114.4 d) via neutron capture. Contrary to
Thorium in the fuel, activity of Ta begins to abate after the initial jump. This
occurrence is due to short-lived Ta-182 (T1/2 = 114.4 d) quickly decaying into W182 or transmutating into Ta-183 (T1/2 = 5.1 d), and the rate of further supply
of this particular nuclide diminishing. Ta-182 has a remarkably large thermal
neutron capture cross section (8200±600 b 0.0253 eV, 300 k) [7]. This leads to
a large amount of Ta-182 converting into Ta-183, which also quickly decays. In
contrast to Th-232, neutron capture of Ta-181 does not yield a long decay chain,
as the majority of Ta-182 simply decays into stable W-182 (Or stable W-183 via
Ta-183). The decently large thermal neutron capture cross section combined with
relatively large concentration of Ta-181 (200 ppm, ∼100 % natural abundance)
results in Ta becoming the dominant impurity-driven activity source during the
reactor operation. [7]
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7.2

Activity as a function of decay time

Spent nuclear fuel is highly radioactive and the activation of certain impurities can
further increase the overall activity of the fuel assemblies. In the next analysis,
the effects from the impurities are examined. The focus is to provide knowledge
on how the activity of spent nuclear fuel is altered by the impurities, and which
elements yield the most impact.
Decay calculations were conducted from 50 MWd/kgU - burnup. The initial compositions for pure and impure fuel and Zircaloy were received from the burnup
calculations. Essentially the different compositions of materials between pure and
impure models at 50 MWd/kgU, are the determining characteristics in the decay
calculations.
In figure 12 the total impurity-driven impact on the activity of spent nuclear fuel
is depicted. For both fuel and Zircaloy, the impurities universally increased the
total activity. For the total activity of the fuel the difference is too minimal to be
visualized on a logarithmic scale. However absolute and relative difference plots
reveal that significant deviation is present. The green horizontal line visualizes the
radioactivity of naturally occurring uranium, being 2.54E9 Bq/tU [11].
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Figure 12: Activity of spent nuclear fuel
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The relative difference in fuel ranging between 0.2 % and 2.5 % suggests that the
majority of the activity originates from the fission products and transuraniums.
However, impurities do have a small impact on the activity, universally increasing
it. The first spike in the relative difference plot for fuel is generated by the decay
of Co-60 (T1/2 = 5.3 y), which is solely an impurity originating isotope. From
30 to 100 years the difference remains small, under 0.5 %. After 100 years the
difference starts climbing and at around 200 years the impurities generate a 1 %
increase to the activity. By this time C-14, generated from the nitrogen, is the most
significant impurity-originating isotope contributing to the total activity. Also U233 originating activity, which is generated from Th-232 during reactor operation,
is responsible for the increase. At 100 000 year mark the difference peaks at 2.5 %.
During this time, the decay chain from U-233 is responsible for this difference.
Even after 1E+07 years of decaying, the fuel is still yielding significantly more
activity than the naturally occurring uranium. [7]
The total activity of Zircaloy decreases more rapidly than that of the fuel. This
indicates that primarily short-lived isotopes are produced in the Zircaloy from the
nominal isotopes. The relative difference is initially negligible, due to the decay of
Zr-95 (T1/2 = 64 d), which is produced in large quantities from Zr-94 during the
reactor operation. Zr-95 decays into unstable Nb-95 (T1/2 = 35 d), which slightly
extends the time of which Zr-95 originating activity dominates. Sb-125 produced
from Sn-124 (Sn-124 (n,γ) → Sn-125 (β − ) (T1/2 = 9.6 d) → Sb-125 (β − ) (T1/2 =
2.77 y)) furthermore suppresses the relative difference for the first few years. After
5 years the concentrations of Zr-95, Nb-95 and Sb-125 have dropped sufficiently
resulting in a rapid decline of the total activity in pure Zircaloy. This is due to no
isotopes with moderately long half-lives being produced in meaningful quantities
from the nominal elements.
A remarkable relative increase of over 800 % is achieved after 30 years of decaying,
mainly resulting from the decay of Co-60 and Ni-63. The difference is maintained
high for up to 10 000 years, mainly due to the decay of C-14. The activity of pure
Zircaloy is reduced below the level of one ton of natural uranium after approximately 200 years. For impure Zircaloy the natural uranium threshold is achieved
after 10 000 years of decaying. The relative difference approaches zero after 25 000
years, which indicates that the impurities do not generate very long-lived isotopes.
C-14 appears to be the most long-lived contributor with any significance generated
from the impurities. Zr-93 (T1/2 = 1.53E+06 y), produced from nominal isotope
Zr-92, is mainly responsible for the very long time activity in Zircaloy. The plateau
visible in the total Zircaloy activity plot for pure Zircaloy is due to this isotope.
Zr-93 decays into unstable Nb-93m (T1/2 = 16.0 y), which subsequently decays
into stable Nb-93 via isomeric transition. The extremely long half-life of Zr-93
combined with a large concentration of Zr-92 ensures that this is the isotope with
the greatest impact on the total activity in long-term. [7]
For the next analysis the impurities were split into separate material definitions
and assigned to activation detectors in order to generate an initial composition
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for each of the impurity elements separately for the decay calculation. This was
done in order to attain information on which impurity elements generated which
isotopes.
It should be noted that the absolute difference in figure 12 is generally smaller than
the following values for total impurity-driven activity. In pure fuel more uranium
oxide is present as impurities are not taking a fraction of the space. The activity
from this excess uranium oxide reduces the relative impact from the impurities
significantly. The following values solely reflect the activity originating from the
impurities and thus do not take the reduction of uranium into account.
The activity of the most radiating impurity elements and their relative activities
are plotted in figures 13 and 14 for the fuel. The figures illustrate the total activity
arising from the denoted impurity elements as a function of time, ranging from zero
to ten million years. The threshold for fuel for including elements in the figure was
a 10 % relative proportion of the total impurity-originating activity for any given
time. For Zircaloy, the threshold was a 20 % relative proportion. Five impurity
elements for fuel and six for Zircaloy surpassed these thresholds. Majority of the
excess activity is caused by these impurities. The black line represents the total
activity produced by the impurities.

Figure 13: Radioactive evolution of five most radiate impurity elements in the fuel.
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Figure 14: Relative element-wise contribution to the total impurity-driven activity
in the fuel.
Interestingly, solely four impurity elements are capable of explaining nearly all of
the excess activity, those being thorium, cobalt, nickel and nitrogen. Thorium
is the most dominant activity source for the first 100 days after which Cobalt
becomes the most significant radiator for approximately 30 years. During this
period of time, Cobalt explains up to 90 % of the total impurity-driven activity,
especially between years 2 and 10. The first spike in figure 12 for relative difference
of fuel fits perfectly to the Co-spike in figure 14. This suggests that cobalt alone
can cause up to 1 % excess activity between years 4-10, which causes some error
to the estimates of spent nuclear fuel activity.
After 10 years the total impurity-originating activity starts to decline quickly as
seen in figure 13. This is directly resulting from the decline of Co-originating
activity. By the year of 40, which is typically the time when the waste is relocated to its disposal site, thorium has already surpassed cobalt and the total
impurity-originating activity has dramatically dropped. Additionally, by this time
the relative difference between pure and impure fuel is only about 0.25 %. This
suggests that impurities do not cause major impact on the spent nuclear fuel activity when relocated to the disposal site. Between years 30 and 300 the activity from
thorium and nickel comprises almost all of the total impurity-originating activity.
Figure 13 shows that the decline of the activity slows down by the year of 300,
as nitrogen becomes the dominant radioisotope. Nitrogen remains the dominant
activity source for up to 10 000 years, yielding over 80 % of the total activity.
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During the era of nitrogen dominance, the relative difference between pure and
impure fuel is approximately 1 %. Combining this with the relative nitrogen plot
in figure 14, we can conclude that nitrogen should provide no more than a 0.8 %
increase to the total activity during this time. After 10 000 years, thorium becomes
the leading term, explaining over 90 % of the total activity. This trend seems to
continue for arbitrarily far in time. The increase in thorium originating activity
between years 500 and 50 000 was unexpected. The causes for this phenomenon
are discussed in chapter 7.3.
Figures 15 and 16 depict the activity evolution in Zircaloy for six of the most
radiate impurities as a function of decay time.

Figure 15: Radioactive evolution of six most active materials in Zircaloy cladding.
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Figure 16: Relative element-wise contribution to the total impurity-originating
activity in Zircaloy cladding.
Despite the different impurity concentrations in the fuel and Zircaloy, their activity source distributions appear to behave in a similar manner. However, the
great difference in thorium and tantalum concentrations between fuel and Zircaloy
causes discrepancy in the very early and long-term decay times. Tantalum dominates the impurity-driven activity during the reactor operation, which also reflects
dominance for early decay times. Additionally, hafnium provides a significant portion of the total impurity-driven activity early on. The impact from tantalum and
hafnium diminishes over the first few months, due to short-lived isotopes decaying into stable isotopes. Similarly to the fuel, cobalt completely dominates the
impurity-driven activity from 6 months up until 40 years and is the main contributor to the 800 % increase in the total Zircaloy activity in figure 12. The applied
cobalt concentration of 20 ppm is relatively small, but the impact it provides is
tremendous. This furthermore highlights the uncertainty posed by Co-60 for early
decay times. Considering long-term disposal, the isotope does not have significance
due to its short half-life.
After 40 years nickel and nitrogen become the leading sources of activity. The
lack of thorium in Zircaloy opens up space for other impurities to dominate the
very long-term activity. For Zircaloy, chlorine is responsible for 80 % of the total
impurity-driven activity after 1E+06 years of decaying. However, by this time the
impurities have very little impact on the total activity as seen in figure 12. The
quick decline in the relative activity after 25 000 years visible in figure 12 indicates
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that chlorine and hafnium pose a relatively small impact on the total activity of
Zircaloy, due to the decay of Zr-93.

7.3

The most important activation products

In the last chapter we addressed the most significant activity-generating impurity
elements. In this chapter we proceed to analyze which radioisotopes, originating
from the impurities, are mainly responsible for the excess activity. The analyze is
conducted separately for the fuel and Zircaloy, starting off with the former one. In
the following graphs the relative fractions of six of the most radiate isotopes are
given for different decay times. The origins of the radioisotopes are noted under
the isotope marking in the schematic. For example, Pa-233 is generated from Th232 via Th-233, and thus the origin of Pa-233 is thorium.

28

Figure 17: The isotopic distribution of the total impurity-originating activity.

29

Figure 18: The isotopic distribution of the total impurity-originating activity.
For the first month thorium activation causes the most excess activity. The high
activity of Pa-233 indicates that a significant amount of Th-232 is still present when
the used fuel is withdrawn from the reactor. If the Th-232 was rapidly consumed,
no significant supply for Pa-233 would be present for high burnups. The short
half-life of Pa-233 (27.0 d), assures that the intensity of the radiation emitted by
the nuclide is great early on, even with small amounts of Pa-233. However Pa233 quickly decays into U-233 by β − decay. [7], which effectively decreases the
significance of the activity source post 30 days. Isotopes with a significantly lower
mass number than that of the thorium, are mainly created from the fission of
U-233, which is generated from Th-232 during the reactor operation.
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After six months Sc-46 and Co-60 are together yielding over 60% of the total activity. Sc-46 has the longest half-life (83.8 d) of all the radioactive isotopes of
Scandium. Sc-46 arises from neutron capture of Sc-45, which is the only stable
isotope of Sc. The substantial amount of activity from the decay of Sc-46 is surprising since the maximum value of Sc-concentration was estimated to be only
20ppm in the fuel. It should be remembered that the estimated value may vary
greatly. Sc poses a great degree of uncertainty to the fuel activity estimates sub 6
months of decaying. Sc-46 decays into stable Ti-46 by β − decay and hence does
not have a great impact on the amount of activity subsequently. [7]
In the spent nuclear fuel, Co-60 is undoubtedly one of the most prominent impurityoriginating activity source as seen in figure 17. Co-60 is produced from Co-59 via
neutron capture and it decays into stable Ni-60 via β − decay [7]. The half-life
of 5.3 years explains the dominance of Co-60 over the early decades. Co-60 emits
energetic gamma rays, which are especially hazardous for their ability to penetrate
skin and destroy cells. After 50 years the amount of Co-60 has reduced enough
that the nuclide does not provide majority of the activity anymore. However, by
the time of nuclear waste deposit (40 years) Co-60 is still the most active isotope,
yielding over 20 % of the total impurity-originating activity.
The nickel dominance in figure 14 is due to β − decay of Ni-63 into stable Cu63 [7]. Naturally occurring nickel consists of five stable isotopes: Ni-58 (68.1%),
Ni-60 (26.2%), Ni-61 (1.1%), Ni-62 (3.6%) and Ni-64 (0.9%). Ni-63 is produced
as these nuclides capture neutrons in the reactor. Relatively high estimated value
of nickel impurity concentration (400 ppm) and the half-life of 100.1 years ensures
that this isotope is the dominant source of activity from 50 to 250 years. However
the small natural abundance of Ni-62 limits the supply substantially. Ni-63 decays
into stable Cu-63 via a β − -decay. Ni-59 is also produced in significant amounts.
Its longer half-life (7.6E+04y) results in less intense activity. The second, smaller
spike for nickel visible in figure 14 is due to the decay of Ni-59, which remains
relatively active for a longer period of time. [7]
C-14 is evidently a major issue when considering long-term environmental threats
of nuclear waste. In figure 13 one can observe that C-14 is confidently the major
reason why the impurity-originating activity remains over 300 times more active
than natural uranium for up to 10 000 years. C-14 is primarily produced from the
N-14(n,p)C-14 reaction. Also trace amounts are produced from N-15 by neutron
capture proceeding to a deuterium emission [12]. C-14 possesses a half-life of 5.700
years, which ultimately leads to the impurity-originating activity decreasing below
that of the natural uranium after 50 000 years.
Various heavy-metals originating from thorium are responsible for the very longterm activity. As shown in figures 13 and 14, thorium-originating activity completely dominates from 50 000 years on wards. The activity of thorium significantly
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increases between years 400 and 50 000 overtaking C-14 quickly after 10 000 years.
The increase in activity during this period of time results from the decay chains
starting of from uranium isotopes, which are generated from Th-232 during the
reactor operation. Naturally occurring Th-232 is transmutated into Th-233 (T1/2
= 21.8 min), which quickly decays into U-233 (T1/2 = 1.6E+05 y) via Pa-233 (T1/2
= 27 d). In the burnup calculations conducted, approximately 20 % of the Th-232
transmutated into Th-233 during the reactor operation, majority of which eventually became uranium. Uranium isotopes have very long half-lives. U-233 (T1/2 =
1.6E+05 y) and U-234 (T1/2 = 2.5E+05 y) are the only nuclides with reasonable
half-lives to contribute to the thorium-originating activity. The decays of U-233
and U-234 are accompanied with long decay chains, which include several relatively
short-lived isotopes. As increasing number of U-233 and U-234 have decayed, more
less-stable nucleus configurations are occupied, which results in the increase in the
activity. After 200 000 years the activity begins to abate as a great portion of the
nuclides have reached the end of the decay chain, becoming stable isotopes. After
1E+04 years of decaying, nuclides U-233, Th-229, Ra-225, Ac-225 visible in the
figure 18 are all part of the U-233 decay chain. After 1E+07 years of decaying, the
majority of the activity originates from the decay of Th-232, and the associated
decay chain.
The reason for various heavy elements possessing the same fractions of the total
activity for 1E+04 and 1E+07 years, arises from the short half-lives of those specific
nuclides. For example once a Th-232 nuclide decays, it quickly traverses through
the chain, scoring one decay for each of the subsequent nuclides. For N decayed
Th-232 nuclides, N decays occurs for each of the members of the decay chain in
a relatively short period of time. After 1E+07 years of decaying the contribution
from U-233 and U-234 has dramatically dropped and the heavy elements visible in
the figure are all part of the decay chain originating from Th-232. Th-232 has an
extremely long half-life of 1.4E+10 years, which assures that the supply remains
practically constant for incredibly long times.
Next we continue to analyze the most prominent impurity radioisotopes in Zircaloy.
Zircaloy has approximately 25.17 % of the mass of initial uranium in the fuel assembly. The unit bq/tUi refers to the becquerels emitted from Zircaloy that is
present in a fuel assembly configuration that initially contained 1000 kg of uranium. Hence the activity values in the following graphs correspond to the radiation
originating from 251.7 kg of Zircaloy.
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Figure 19: Nuclide-wise activity distribution of zircaloy for different decay times.
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Figure 20: Nuclide-wise activity distribution of Zircaloy for different decay times.
The activity distribution by day 30 is somewhat diverse. The decline of Taoriginating activity is moderately rapid, which aligns well with the decline in the
activity of Ta during the reactor operation. Hf-181 (T1/2 = 42.4 d), Ta-182 (T1/2
= 114.4 d) and Ta-183 (T1/2 = 5.1 d) decay into stable Ta-181, W-182 and W-183
respectively. It should be remembered that the impurities pose a negligible impact
on the total activity in Zircaloy sub 1 year as seen in figure 12. The activity for
the first few years is dominated by Zr-95, Nb-95 and Sb-125, which are products
of nominal isotopes.
Similarly to the fuel, Co-60 (T1/2 = 5.3 y) becomes the dominant impurity isotope
in terms of activity for years 1-40. The 800 % increase in figure 12 for relative
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difference in Zircaloy is mainly due to the excess activity arising from the decay
of Co-60. The peak of the spike lands at 30 years and by this time Co-60 explains
approximately 53 % of the impurity-originating activity in the Zircaloy. By the
year of 40, Co-60 is yielding approximately an equal amount of activity as H-3 (T1/2
= 12.3 y) is. H-3 is more readily produced from lithium (Li-6) than beryllium.
However the applied beryllium concentration of 100 ppm was 1000 times larger
than that of lithium, 0.1 ppm. The 13.6 % lithium originating activity at 40 years
is truly significant considering the very low concentration. Tritium’s decay product
He-3 has a substantially large cross section for (n,p) - reaction (5330 b, 0.0253-eV,
300 k [7]), hence it is rapidly converted back to tritium in nuclear reactors. [13]
The extended deviation in the total activity of Zircaloy after the spike at 30 years
is primarily resulting from the decay of Ni-63 and C-14. Ni-63 yields the majority of the activity between years 50 and 150, after which C-14 takes over as
it has a greater half-life. This behaviour is very similar to the fuel, where C-14
is also the dominating impurity from around 200 years to 10 000 years. For the
fuel we observed Th-232 originating heavy metals yielding majority of the longterm activity. In the absence of thorium, we see different elements producing
the impurity-originating long-term activity for Zircaloy. The great portion of the
chlorine-originating activity visible in figure 14 for 50 000, 100 000 and 1 000 000
year time stamps is caused by Cl-36 (T1/2 = 3.0E+05 y), which at 1 000 000 years
explains approximately 80% of the total excess activity. It is produced from Cl-35
via neutron capture. However the deviation in the total activity between pure
and impure Zircaloy is minimal during this time, and thus Cl-36 should not be
considered a significant source of activity for Zircaloy.
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Other characteristics of the spent nuclear fuel

In this section other relevant characteristics of the spent nuclear fuel are analyzed.
The fuel and Zircaloy are not addressed separately, hence spent nuclear fuel refers
to radioactive waste including both fuel and Zircaloy. Figure 21 displays the decay
heat emission of the spent nuclear fuel.

35

Figure 21: Decay heat as a function of decay time.
Impurities appear to increase the decay heat emission for every decay time analyzed. A significant increase is present between 6 months and 30 years. The peak
of the spike lands at 5 year mark where over 4 % increase is achieved. This is
chiefly resulting from the decay of Co-60, which is by far the most active nuclide
during this period of time. The high-intensity gamma ray emission from the decay of Co-60 heats up the spent nuclear fuel as the surrounding atoms absorb the
emitted photons. These results indicate that for decay heat analyzes, the decay
of Co-60 should be taken into account. The decay of U-233 (and U-234) generate
the second spike in the figure. The peak lands at 100 000 years, where a 3.5 %
increase is achieved. As stated earlier, the origin for these uranium isotopes is
Th-232. This further highlights the importance of considering the impact from
thorium regarding the long-term disposal.
Figure 22 displays the photon emission rate in spent nuclear fuel as a function of
decay time.
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Figure 22: Photon emission rate as a function of decay time.
Similarly to the decay heat, a significant increase is present from 6 months on
wards up to 30 years, peaking at 5 years. Again, this is resulting from the decay of
Co-60. This further verifies the significance of accounting Co-60 when conducting
decay calculations.
Figure 23 depicts the spontaneous fission rate in the spent nuclear fuel. Contrary
to the decay heat and photon emission rate, very minimal alteration is present.
For the first 100 days the presence of impurities increases the fission rate slightly.
Post 100 days, the pure fuel exhibits more spontaneous fissions.

Figure 23: Spntaneous fission rate as a function of decay time.
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Spontaneous fission is feasible over practical observation times only for atomic
masses of 232 amu or more [9]. These are elements at least as heavy as Thorium232. Thorium being the heaviest of the impurity elements used in the calculations
is the only impurity influencing the spontaneous fission rate. Due to the statistical
nature of monte carlo simulations, the small variation present in the ”relative
difference” - plot can possibly be caused by the statistical nature of the MonteCarlo simulations.
Figure 24 depicts the evolution of multiplication factor during the reactor operation.

Figure 24: Multiplication factor as a function of burnup.
The impurities appear to reduce the multiplication factor for all burnups, but
significant deviation is present only for very early burnups. The neutron capture
rate and multiplication factor are inversely correlated, thus impurities decreasing
the factor was expected. The large initial deviation is likely resulting from certain
impurities with substantially large cross sections for thermal neutron absorption,
such as Gd-155 and Gd-157. Post 1 MWd/kgU, the impurities do not significantly
affect the multiplication factor, as the error margin remains less than 1000 pcm.
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Summary

This research focused characterising the uncertainties in the spent nuclear fuel
arising from the impurity elements. The research was conducted with Serpent 2,
a monte-carlo reactor physics code developed at VTT, Finland. This work was
continuation to VTT Research Report VTT-R-00184-20 [2], which lists estimated
impurity concentrations for nuclear fuel, Zircaloy cladding and structural materials. The estimated impurity concentrations were applied for burnup-calculations
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and pure and impure configurations were analyzed.
The impacts from the impurities on the neutron capture rate and fuel activity were
compared. Low burnups exhibited the most relative difference in neutron capture
rate for both fuel and Zircaloy. For the fuel, the maximum impurity-driven increase
was 4.2 %, obtained at 0 MWd/kgU. For burnups greater than 1 MWd/kgU, the
impurities yielded very little deviation. No single impurity element was found to
explain the great increase in absorption for low burnups.
For Zircaloy, the impurities caused a more significant increase universally for all
burnups. The maximum increase in the absorption was 11.3 %, also obtained
at 0 MWd/kgU. Contrary to fuel, the difference remained relevant throughout
the burnup calculation, ranging between 3 % and 11.3 %. Hafnium was found
to be the most substantial absorption-increasing impurity for Zircaloy, explaining
approximately half of the 11.3 % increase at 0 MWd/kgU.
For the fuel, thorium was found to be the impurity element with the most prominent impact on the activity during the reactor operation. The activity followed
an increasing trend with respect to burnup, increasing from 1.8E+15 bq/tUi (0
MWd/kgU) to 13.9E+15 Bq/tUi (80 MWd/kgU). For Zircaloy, tantalum dominated the impurity-driven activity, yielding up to 1.3E+15 Bq/tUi increase. The
maximum was reached at around 2 MWd/kgU, after which the activity of tantalum
decreased approximately in a linear manner.
Decay calculations suggest that impurities do not generate a significant impact on
the activity of the fuel. The impurities generally yielded less than 1.5 % increase
to the total activity. The maximum increase of 2.5 % was obtained after 100 000
years of decaying. The most significant impurity elements causing excess activity
were found to be Th, Co, and N. The breeding of Th-232 into U-233 was mainly
responsible for the activity increase for very early decay times, but also for very
long-term decay times.
Co-60 was discovered to be the leading impurity in terms of impact on the activity
from 6 months up until 30 years. This was especially unexpected considering the
relatively small applied concentration of Co, being 75 ppm. Consequently, Co-60
was also responsible for a great increase in the decay heat and photon emissions
during this time.
C-14 generated from nitrogen was the dominant activity-increasing impurity element between years 300 and 10 000. During this time, C-14 explained approximately 80 % of the total impurity-driven excess activity. The capability of C-14
forming carbon dioxide combined with the relatively large concentration of nitrogen in spent nuclear fuel results in C-14 likely posing the greatest risk of all of the
impurity-originating radioisotopes, considering long-term disposal.
For the long-term activity, Th-232 was found to be the most significant source of
uncertainty, explaining nearly 90 % of the 2.5 % activity increase in the fuel after
100 000 years of decaying. The U-233 production during the reactor operation
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yields high levels of long-term activity. The decay chain associated with the decay
of U-233 furthermore increases and prolongs the activity, which mainly consists of
alpha and beta particle emissions.
For Zircaloy, the impurities generated a great increase to the total activity. The
increase was minuscule for the first year, after which the relative difference started
climbing, reaching an 800 % increase by the year of 30. The initial insignificance
of impurities were discovered to be resulting from the dominance of the decay of
Zr-95, Nb-95 and Sb-125, which are generated from nominal isotopes. By the year
of 30, the most active impurity elements were found to be Co-60, Ni-63 and H-3.
The difference was sustained very significant for up to 10 000 years, primarily by
the decay of C-14, which is generated from nitrogen impurities. For the very longterm activity, the impurities did not generate much uncertainty for Zircaloy. This
is due to Zr-93 being created in large quantities from Zr-92, a nominal isotope,
during the reactor operation. The very long half-life of Zr-93 results in Zircaloy
remaining relatively active for extremely long times.
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