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Abstract. This paper summarized the efforts performed to understand decay heat estimation from exist-
ing spent nuclear fuel (SNF), under the auspices of the Working Party on Nuclear Criticality Safety
(WPNCS) of the OECD Nuclear Energy Agency. Needs for precise estimations are related to safety, cost,
and optimization of SNF handling, storage, and repository. The physical origins of decay heat (a more
correct denomination would be decay power) are then introduced, to identify its main contributors (fission
products and actinides) and time-dependent evolution. Due to limited absolute prediction capabilities,
experimental information is crucial; measurement facilities and methods are then presented, highlighting
both their relevance and our need for maintaining the unique current full-scale facility and developing new
ones. The third part of this report is dedicated to the computational aspect of the decay heat estimation:
calculation methods, codes, and validation. Different approaches and implementations currently exist for
these three aspects, directly impacting our capabilities to predict decay heat and to inform decision-makers.
Finally, recommendations from the expert community are proposed, potentially guiding future experimen-
tal and computational developments. One of the most important outcomes of this work is the consensus
among participants on the need to reduce biases and uncertainties for the estimated SNF decay heat. If
it is agreed that uncertainties (being one standard deviation) are on average small (less than a few per-
cent), they still substantially impact various applications when one needs to consider up to three standard
deviations, thus covering more than 95% of cases. The second main finding is the need of new decay heat
measurements and validation for cases corresponding to more modern fuel characteristics: higher initial
enrichment, higher average burnup, as well as shorter and longer cooling time. Similar needs exist for fuel
types without public experimental data, such as MOX, VVER, or CANDU fuels. A third outcome is related
to SNF assemblies for which no direct validation can be performed, representing the vast majority of cases
(due to the large number of SNF assemblies currently stored, or too short or too long cooling periods of
interest). A few solutions are possible, depending on the application. For the final repository, systematic
measurements of quantities related to decay heat can be performed, such as neutron or gamma emission.
This would provide indications of the SNF decay heat at the time of encapsulation. For other applica-
tions (short- or long-term cooling), the community would benefit from applying consistent and accepted
recommendations on calculation methods, for both decay heat and uncertainties. This would improve the

understanding of the results and make comparisons easier.

1 Introduction

The characterization of Spent Nuclear Fuel (SNF) assem-
blies is an inherent process of the safety assessment
pertaining to the back-end of the nuclear fuel cycle. It
concerns the SNF assembly handling and storage, design
and operation at reprocessing facilities or final reposito-
ries, and is also of prime importance for safeguard and
fuel cycle decisions [1]. Many quantities play a key role
in such characterization, including the fuel composition,
dose, (sub) criticality level, fission gas release, fuel, and
cladding behavior, corrosion, material accountability, and
decay heat.

The decay heat from nuclear fuel can be defined as
the recoverable energy released from the decay of radionu-
clides during irradiation and after the reactor cycle’s shut-
down and corresponds to the released thermal power (his-
torically called decay heat, and more accurately defined
today as thermal power). During the operation of a reac-
tor cycle, heat is released in the core mainly from the
prompt fission process; the contribution from decay heat
is of lesser importance, nevertheless reaching about 7% of
the total thermal power in the case of typical Light Water
Reactors (LWR) [2], during cycle operation and up to its
end. On the contrary, once the reactor cycle is stopped (as
part of planned maintenance, reload, or unplanned safety
shutdown), the prompt fission heat source dies away and
the energy from the decay of fission products, actinides,

activation products and possibly delayed fission becomes
the sole heat source. It decreases approximately as a sum
of exponentials with different characteristic time param-
eters as a function of cooling time after the end of the
cycle and is emitted at different rates either by assemblies
in their end-of-life or by assemblies planned to be used
again in following cycles.

Decay heat is a substantial amount of power (being
in the order of MW or tens of MW, depending on the
reactor core power), and for the next seconds to hours or
days (defined as short cooling periods), it can eventually
damage the primary and secondary safety barriers if not
properly evacuated, resulting in the release of radioactive
materials to the environment. Then from days to years of
cooling time, the decay heat needs to be taken into account
for the SNF handling and wet or dry storage, by having
sufficient heat removal capacities. Therefore the design of
storage pools, transport casks and surface dry pad storage
has to account for this potential hazard. For longer cooling
periods, the SNF can be reprocessed or disposed of. In
both cases, the decay heat needs to be accounted for. The
main influential parameters for its quantification are the
following:

1. integral fuel irradiation level, or burnup (in MWd/t),
especially important after a long cooling period,

2. initial fuel composition, including its enrichment and
initial mass of actinides,

3. cooling time,
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4. fuel assembly irradiation rate (in MW/t) during the
reactor operation, especially important at short cool-
ing times (just after the reactor shutdown or during
the fuel unloading for instance),

5. use of burnable poisons (mainly during the first irra-
diation cycle),

6. other manufacturing and irradiation parameters (such
as dimensions, densities, temperatures, and void).

During the past decades, national and international pro-
grams were dedicated to studying and understanding the
evolution of the SNF decay heat, covering specific ranges
for the most relevant parameters, in agreement with the
industry standards at that period of exploitation. Such
programs included measurements (see Sect. 5), estima-
tions based on different calculation methods (such as sum-
mation or standard methods, see Sect. 6), and validation
programs (see Sect. 8). For instance, national programs,
as in France, provided research and understanding of the
long-term behavior of SNF for storage and geological dis-
posal, including decay heat [3], and international collabo-
rations were framed at the Nuclear Energy Agency (NEA)
with dedicated meetings and benchmarks, as presented
in refences [4-7]. As shown in these studies, before the
year 2000, the initial fuel enrichments for UOg fuel rarely
exceeded 3.8% in 235U, with average assembly burnup
values generally lower than 55 MWd/kgU. Consequently,
measurements and computational efforts were focused on
these values and below. Missing are also direct decay heat
measurements on MOX assemblies, or also on VVER or
CANDU assembly types.

This observation leads to the first justification for
developing new efforts toward a re-evaluation of the decay
heat prediction capabilities. Since the year 2000, the
nuclear fuel design and usage have changed with the
evolution of the nuclear industry. The initial enrichment
steadily increased until it reached 5.0% in 23°U, and
the assembly average burnup nowadays extends to 70
MWd/kgU, and occasionally to higher values. Addition-
ally, the use of MOX fuel has increased in some countries,
whereas other ones also have it stored from past use. An
example is presented in Figure 1 for typical assemblies
used before the years 2000 (low enrichment, low burnup,
see the curve labeled “case 17) and 20 years later (higher
enrichment, higher burnup, see curves labeled “case 2”
and “case 37).

In the case of UOy fuel, one can see a significant
increase in decay heat between cases 1 and 2, especially for
cooling time from 1 to 100 years. This has consequences for
the storage of SNF assemblies, as during this period, such
assemblies may potentially be moved from one place to
another and eventually from cask to canisters, with can-
isters going into long-term repository. Accordingly, new
calculations are needed, implying new validation efforts,
hopefully, based on new decay heat measurements. As pre-
sented in the same figure (bottom part), the decay heat
coming from MOX fuel is also higher than UQO; fuel (in
the presented cases, for cooling periods longer than one
month). In this case, there are no available direct decay
heat measurements at the assembly level, making the val-
idation of calculations with direct measurements unfeasi-
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Fig. 1. Examples of calculated decay heat for typical UO2
assemblies (top), having different burnup and enrichment val-
ues; bottom: comparison between typical MOX and UO2 SNF
assemblies.

ble. These examples illustrate today’s need with respect
to the SNF characterization, including among other quan-
tities, nuclide concentrations and decay heat. The precise
knowledge of the decay heat for fuel with low and high
initial 23°U enrichments, low and high burnup values, and
short and long cooling times, directly affect the safety and
economy of the back-end of the fuel cycle.

The second justification for new efforts in the pre-
diction of SNF decay heat comes from the need for
smaller uncertainties and well-assessed biases in measure-
ments and calculations. This stems from stringent safety
rules and higher economic constraints. An example of the
impact of the knowledge of SNF decay heat concerns the
number of required canisters for the final geological dis-
posal. In a simplistic approach, each canister, for instance
containing four PWR SNF assemblies, must have a total
decay heat value lower than a given limit; high uncertain-
ties or biases on the SNF decay heat values will increase
the number of required canisters. Considering that 1%
change in the estimation of the SNF decay heat can change
the number of required canisters roughly by the same
amount, the economical implications of the decay heat
knowledge become straightforward.

A third justification for the re-assessment of the
SNF decay heat originates from the need for a larger
experimental database for validation. As mentioned in
Section 5, the majority of measurements for SNF decay
heat come from the Clab facility in Sweden, with addition-
ally a limited number of cases from two decommissioned
American facilities. Due to their high quality and small
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uncertainties, the values from the Clab facility represent
the current state of the art with respect to measurements
and are used for all code validations. While it is a tremen-
dous advantage to be able to access these measurements
and all necessary information on the irradiated assemblies,
there is an inherent risk in using experimental values com-
ing from a single facility, as possible correlations between
measured values are not mitigated with other experimen-
tal sources. Additionally, these measurements do not cover
all characteristics of today’s SNF assemblies, in terms of
initial enrichment, burnup, and fuel type.

In this context, the working group SG12 has been orga-
nized under the auspice of the OECD Nuclear Energy
Agency (NEA) and the Working Party on Criticality
Safety (WPNCS) [8], and is dedicated to “Spent nuclear
fuel decay heat: assessing the confidence level in exper-
imental and computational estimations (SNF-DH)”. In
order to narrow the field of study of SG12, the primary
focus is the existing SNF assemblies from current LWRs,
and the main goals of SG12 are as follows:

e Allowing interested participants to exchange their
experience related to the prediction of SNF decay heat
(current knowledge, interests, and needs).

e Provide a state-of-the-art report for the estimation of
the decay heat from existing SNF (the present report),
including an overview on the calculation capabilities,
possible sources of uncertainties and a description of
the available experimental data.

e When applicable, raise awareness for relevant needs, in
terms of calculations and measurements.

e Finally, provide recommendations for improving the
SNF decay heat estimation, with respect to mea-
surements, simulations, input information, and best
practices.

Such studies are part of other international efforts, such as
the International Atomic Energy Agency (IAEA) Coordi-
nated Research Project on Spent Fuel Characterization
(running from 2020 to 2024), as well as the European
Union joint Strategic Programme of Research and knowl-
edge management activities, dedicated to supporting
radioactive waste management studies, called EURAD
(running from 2019 to 2024). Another important interna-
tional project concerns the measurements and the eval-
uations of decay heat at Clab, Sweden, between SKB,
Vattenfall, and EPRI. When completed, one of the out-
comes of this project will be the measured decay heat for
a number of new SNF assemblies as well as the necessary
information to perform decay heat calculations.

2 Motivation

As mentioned in the introduction, the estimation of the
SNF decay heat is important at various cooling periods,
from seconds after a reactor shutdown, up to millions of
years later for the safety case of geological repositories.
Our capability to calculate this quantity (linked to other
ones such as nuclide inventory), as well as to provide well-
justified uncertainties and biases has direct implications
on the simulations of accident scenarios, as well on the

safety of the back-end of the fuel cycle, and naturally on
involved cost. Our ability to excel in such estimations,
and to improve safety and cost are the main motivations
for presenting the state of the art from the aspects of
measurement, simulation, and validation.

The availability of a limited number of measurements
for SNF decay heat is directly affecting the confidence
level of simulations. Such experiments are expensive and
currently only one facility exists worldwide. The domain
of validation is therefore restrained, potentially leading to
increased safety margins. Raising awareness of the need
for new and independent measurements is consequently
the first priority of this work.

Understanding and informing about the different pos-
sibilities in simulations and the impact of different param-
eters is the second priority. Various methods, guidelines,
and recommendations exist among institutes and coun-
tries, leading to different calculated decay heat values,
even when starting from the same measurement database.
Such variations of results should be made visible and
explained to specialists and non-specialists.

Both previous points directly affect validation results.
The scarcity of experimental values, as well as different
simulation methods, may lead to different consequences
for the outcome of a validation procedure (such as safety
factors, confidence intervals, or uncertainties). Addition-
ally, different validation procedures can also have differ-
ent impacts on application quantities. Again, making such
differences explicit, and understanding them is the third
priority of this work.

Additional details are given in the following para-
graphs, articulated around these three axes: measure-
ments, simulations and validation.

2.1 General observations on current knowledge

Validation of the existing codes with measured SNF decay
heat is currently considered a necessity by most existing
national and international regulations (see for instance the
TAEA Safety Guide Refs. [9,10]). Part of the motivation to
continue performing analysis and measurements for SNF
decay heat is due to today’s trend of increasing burnup
and initial enrichment values, and also due to the need
to improve current predictions. To illustrate our current
capabilities for predictions, Figure 2 represents one aspect
of the validation of codes used in the calculations of SNF
decay heat.

This figure presents the histogram for C/E ratios
(being Calculated over Experimental values) for SNF
decay heat coming from calorimetric studies. All (tab-
ulated) values from the open literature are used for
this figure, mixing PWR and BWR assemblies, differ-
ent simulation codes, nuclear data libraries, calculation
procedures, and experimental sources. Such results do
not represent the outcome of a validated procedure, but
rather a snapshot on the existing published data. In total,
1490 calculated over experimental ratios were found, and
the average of such histogram is 1.003, with a standard
deviation of 0.059. Such figures indicate at first sight
that the simulation capabilities can satisfactory reproduce



D. Rochman et al.: EPJ Nuclear Sci. Technol. 10, 9 (2024) 5

120

n: 1490
Average: 1.00 + 5.9 %

100 -

Counts/bin

0.9 1 1.1
Decay heat C/E values

1.2 1.3

Fig. 2. Histogram of the ratios of calculated (C) over experi-
mental (E) decay heat values from literature studies for calori-
metric measurements of full fuel assemblies. Both PWR and
BWR assemblies are included.

measured decay values for SNF with calorimetric measure-
ments. One standard deviation is found to be close to 6%,
and almost 86% of the data are within +10. By consider-
ing two standard deviations, almost 97% of the cases are
covered; a three-sigma interval leads to 98.8% of the cases
(five sigmas cover 99.6%). Numbers are changing if ones
differentiate between PWR and BWR SNF assemblies, as
indicated in Table 1.

As observed in previous work, the spread of C/FE is
larger for BWR than for PWR. This is certainly linked
to the fact that BWR cases are more challenging to simu-
late, for instance, due to the heterogeneity of the irradia-
tion conditions (such as radial and axial void variations).
Depending on the application, such numbers can be con-
sidered as adequate or not. It is nevertheless important to
understand the limitations of the experimental database
used to perform such validation. In some cases, consid-
ering one standard deviation is not enough, as too many
cases are left outside the +10 band. Table 2 is presenting
the number of C/E cases (from Tab. 1) which are included
in various multipliers of +o.

It can be seen that if a specific application requires
that more than 99% of the cases are covered, one needs
to consider 3o for the PWR SNF assemblies (correspond-
ing to 1.000£0.138), and 5¢ for the BWR SNF assemblies
(corresponding to almost 1.009+0.395). Such large uncer-
tainties, in terms of standard deviations, can have impor-
tant consequences on facility designs, and it is therefore
of high interest to improve the prediction capabilities.

Another quantity of high interest is the average value
presented in Table 1. It can be defined as an average simu-
lation bias, which is for instance of less than 2% in the case
of the PWR SNF assemblies. The mentioned references
are based on calculations performed with available mea-
sured SNF cases, implying a strong correlation between
the presented values. More recently, a blind benchmark
performed with 5 PWR SNF assemblies at the Clab facil-
ity, with more than 30 participants, has indicated an aver-

age bias of 0.978 (£ 0.022) [15]. Later re-analysis of the
experimental values (as of mid-2023) indicates an overesti-
mation of the measurements, but such original value based
on a blind exercise is in disagreement with the average
values from Table 1. It is indicating that a more adequate
understanding of possible bias sources is required.

2.2 Limitations

The main impediment to the results presented in the pre-
vious section lies in the limits of the application of the
existing experimental database. Such validation (average
C/E values and standard deviations) is based on a very
limited set of measurements:

e Three facilities worldwide delivered 268 publicly avail-
able measurements for 164 SNF assemblies, up to the
year 2006 (see for instance lists in Refs. [13,14])!. See
Tables 11 and 12 for details,

e among these three facilities, two do not exist nowadays
(GE-Morris and HEDL-EMAD),

e out of 268 measurements, more than 50% come from
the Swedish Clab facility and 40% from the American
GE-Morris facility (currently shutdown),

e only UOy; SNF assemblies for PWR and BWR were
measured (no MOX fuel, no other design such as for
VVER),

e the highest enrichment is 4%, which is lower than the
ones typically used in current reactors,

e the highest assembly average burnup is 51 MWd /kgU,
which is also lower than the values reached in current
reactors,

e the cooling time ranges from 2 to 27 years, which does
not cover all cooling ranges of interest.

As mentioned, the estimation of decay heat is relevant for
fuel management over a large period of cooling periods:
short (e.g. for Loss Of Coolant Accident or Reactivity
Insertion Accident), intermediate (for on-site SNF stor-
age) and long (for off-site storage or disposal such as deep
geological repository); some general information related to
such needs is provided in the following section.

2.3 Needs

Note that the influential parameters (see the bullet list in
the introduction) do not have the same weight depending
on whether one considers the SNF just after the reactor
shutdown or after a long cooling period in the SNF pool.

2.3.1 Decay heat for short cooling times

A conservative evaluation of decay heat is paramount for
the proper design of heat removal systems of nuclear power
plants (for an adequate mitigation of loss of coolant acci-
dents for instance). The typical period of interest in safety
studies goes from the reactor shutdown to about ten days.

1A number of measurements are not yet fully available, at
the time of this report, such as from references [12,15].
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Table 1. Calculated over experimental ratios for LWR SNF assemblies (average and 1 standard deviation).

LWR PWR BWR Cases (PWR+BWR)
Figure 2 1.003 £ 0.059 1.000 £ 0.046 1.009 £ 0.079 1490 (980+510)
Reference [11]  0.989 + 0.059 0.999 + 0.021 0.982 + 0.074 236
Reference [12]  0.999 + 0.018 1.001 + 0.012 0.999 + 0.024 121
Reference [13]  0.992 + 0.055 1.020 + 0.015 0.981 + 0.077 199
Reference [14] 1.007 £ 0.071 1.014 + 0.018 1.001 + 0.097 263

Table 2. Coverage factors for PWR and BWR SNF
assemblies correspond to the cases from Figure 2.

LWR PWR BWR °
Average 10 1.003 £+ 0.059 1.000 4+ 0.046 1.009 + 0.079
1o coverage 86% 91% 79%
20 coverage 97% 98.4% 93.1%
30 coverage 98.8% 99.5% 97.5%
40 coverage 99.4% 99.7% 98.8%
50 coverage 99.6% 99.9% 99.1%

The number of contributing radionuclides is well over a
thousand just after the reactor shutdown, and that num-
ber decreases rapidly, as presented in Figure 3 reproduced
from reference [16].

During this short cooling time period, the decay heat is
nearly proportional to the reactor power before the reactor
shutdown (“thumb rule” to be used with caution), as most
of the contributing radionuclides are short-lived. For the
same reason, it depends less on fuel burnup.

2.3.2 Decay heat for intermediate cooling times

In the 5 to 25-day period after reactor shutdown, the main
application of decay heat evaluation is the safe unload-
ing of the core into the nearby pool. Systems must take
into account penalized values to cover fuel variability in
power and irradiation during the fuel transfer. In case of
suspected fuel leakage, the assembly decay heat must be
lower than a given threshold to enable a vacuum-canister
sipping procedure. In this intermediate period, the decay
heat is still strongly linked to the assembly power before
the reactor shutdown. However, the irradiation level has
an increasing influence on cooling time.

Safety systems must be able to remove the decay heat
of the complete unloaded core added to one of the fuel
assemblies already stored in the pool. Once the fuel is
partially reloaded back into the core, the safety systems
still have to remove the decay heat from the definitively
unloaded assembly batch and the fuel already stored in
the pool.

2.3.3 Decay heat for long cooling times

Long cooling times correspond to fuel assemblies that have
cooled down several months or years. Typical needs for
decay heat evaluation are:

e Design of spent fuel pool heat exchangers,

e design of canisters and cylinders for fuel managing and
fuel storage,

design of casks for fuel transport,

verification of fuel compliance with the heat thresholds
of the mentioned containers.

The decay heat for long cooling times is not very sensitive
to the fuel power before shutdown. It is mainly dependent
on fuel burnup. Other decay heat evaluation needs for long
cooling times are related to fuel reprocessing, radioactive
material vitrification and naturally radioactive waste stor-
age or repository. As mentioned in the introduction, the
estimation of the SNF decay heat is important at various
cooling periods, from seconds after a reactor shutdown,
up to millions of years later for the safety case of geolog-
ical repositories. Our capability to calculate this quantity
(linked to other ones such as nuclide inventory), as well as
to provide well-justified uncertainties and biases has direct
implications on the simulations of accident scenarios, as
well on the safety of the back-end of the fuel cycle, and
naturally on involved cost. Our ability to excel in such
estimations, and to improve safety and cost are the main
motivations for presenting the state of the art from the
aspects of measurement, simulation and validation.

The availability of a limited number of measurements
for SNF decay heat is directly affecting the confidence
level of simulations. Such experiments are expensive and
currently only one facility exists worldwide. The domain
of validation is therefore restrained, potentially leading to
increased safety margins. Raising awareness on the need
of new and independent measurements is consequently the
first priority of this work.

Understanding and informing about the different pos-

sibilities in simulations and the impact of different param-
eters is the second priority. Various methods, guidelines
and recommendations exist among institutes and coun-
tries, leading to different calculated decay heat values,
even when starting from the same measurement database.
Such variation of results should be made visible and
explained for specialists and non specialists.
Both previous points directly affect validation results. The
scarcity of experimental values, as well as different simu-
lation methods may lead to different consequences for the
outcome of a validation procedure (such as safety factors,
confidence intervals or uncertainties). Additionally, differ-
ent validation procedures can also have different impacts
on application quantities. Again, making such differences
explicit, and understanding them is the third priority of
this work.
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Additional details are given in the following para-
graphs, articulated around these three axes: measure-
ments, simulations, and validation.

2.4 General observations on current knowledge

Validation of the existing codes with measured SNF decay
heat is currently considered as a necessity by most of exist-
ing national and international regulations (see for instance
the TAEA Safety guide Refs. [9,10]). Part of the motiva-
tion to continue performing analysis and measurements for
SNF decay heat is due to today’s trend of increasing bur-
nup and initial enrichment values, and also due to the need
in improving current predictions. To illustrate our current
capabilities for predictions, Figure 2 represents one aspect
of the validation of codes used in the calculations of SNF
decay heat.

This figure presents the histogram for C/E ratios
(being Calculated over Experimental values) for SNF
decay heat coming from calorimetric studies. All (tabu-
lated) values from the open literature are used for this
figure, mixing PWR and BWR assemblies, different sim-
ulation codes, nuclear data libraries, calculation proce-
dures, and experimental sources. Such results do not rep-
resent the outcome of a validated procedure, but rather
a snapshot of the existing published data. In total, 1490
calculated over experimental ratios were found, and the
average of such histogram is 1.003, with a standard devi-
ation of 0.059. Such figures indicate at first sight that the
simulation capabilities can satisfactorily reproduce mea-
sured decay values for SNF with calorimetric measure-
ments. One standard deviation is found to be close to 6%,
and almost 86% of the data are within +10. By consider-
ing two standard deviations, almost 97% of the cases are
covered; a three-sigmas interval leads to 98.8% of the cases
(five sigmas cover 99.6%). Numbers are changing if ones
differentiate between PWR and BWR SNF assemblies, as
indicated in Table 1.

As observed in previous work, the spread of C/FE is
larger for BWR than for PWR. This is certainly linked
to the fact that BWR cases are more challenging to sim-

ulate, for instance due to the heterogeneity of the irradia-
tion conditions (such as radial and axial void variations).
Depending on the application, such numbers can be con-
sidered adequate or not. It is nevertheless important to
understand the limitations of the experimental database
used to perform such validation. In some cases, consid-
ering one standard deviation is not enough, as too many
cases are left outside the +1¢ band. Table 2 is presents the
number of C'/E cases (from Tab. 1) which are included in
various multipliers of +o.

It can be seen that if a specific application requires
that more than 99% of the cases are covered, one needs
to consider 3o for the PWR SNF assemblies (correspond-
ing to 1.00040.138), and 50 for the BWR SNF assemblies
(corresponding to almost 1.00940.395). Such large uncer-
tainties, in terms of standard deviations, can have impor-
tant consequences on facility designs, and it is therefore
of high interest to improve the prediction capabilities.

Another quantity of high interest is the average value
presented in Table 1. It can be defined as an average sim-
ulation bias, which is for instance less than 2% in the case
of the PWR SNF assemblies. The mentioned references
are based on calculations performed with available mea-
sured SNF cases, implying a strong correlation between
the presented values. More recently, a blind benchmark
performed with 5 PWR SNF assemblies at the Clab facil-
ity, with more than 30 participants, has indicated an aver-
age bias of 0.978 (£ 0.022) [15]. Later re-analysis of the
experimental values (as of mid 2023) indicates an over esti-
mation of the measurements, but such original value based
on a blind exercise is in disagreement with the average
values from Table 1. It is indicating that a more adequate
understanding of possible bias sources is required.

2.5 Limitations

The main impediment of the results presented in the pre-
vious section lies in the limits of application of the existing
experimental database. Such validation (average C/E val-
ues and standard deviations) is based on a very limited
set of measurements:
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e Three facilities worldwide delivered 268 publicly avail-
able measurements for 164 SNF assemblies, up to the
year 2006 (see for instance lists in Refs. [13,14])2. See
Tables 11 and 12 for details,

e among these three facilities, two do not exist nowadays
(GE-Morris and HEDL-EMAD),

e out of 268 measurements, more than 50% come from
the Swedish Clab facility and 40% from the American
GE-Morris facility (currently shutdown),

e only UO, SNF assemblies for PWR and BWR were
measured (no MOX fuel, no other design such as for
VVER),

e the highest enrichment is 4%, which is lower than the
ones typically used in current reactors,

e the highest assembly average burnup is 51 MWd/kgU,
which is also lower than the values reached in current
reactors,

e the cooling time ranges from 2 to 27 years, which does
not cover all cooling ranges of interest.

As mentioned, the estimation of decay heat is rele-
vant for fuel management over a large period of cooling
periods: short (e.g. for Loss Of Coolant Accident or Reac-
tivity Insertion Accident), intermediate (for on-site SNF
storage), and long (for off-site storage or disposal such
as deep geological repository); some general information
related to such needs is provided in the following section.

2.6 Needs

Note that the influential parameters (see the bullet list in
the introduction) do not have the same weight depending
on whether one considers the SNF just after the reactor
shutdown or after a long cooling period in the SNF pool.

2.6.1 Decay heat for short cooling times

A conservative evaluation of decay heat is paramount
for the proper design of heat removal systems of nuclear
power plants (for an adequate mitigation of loss of coolant
accidents for instance). The typical period of interest in
safety studies goes from the reactor shutdown to about
ten days. The number of contributing radionuclides is well
over thousand just after the reactor shutdown, and that
number decreases rapidly, as presented in Figure 3 repro-
duced from reference [16].

During this short cooling time period, the decay heat is
nearly proportional to the reactor power before the reactor
shutdown (“thumb rule” to be used with caution), as most
of the contributing radionuclides are short-lived. For the
same reason, it depends less on fuel burnup.

2.6.2 Decay heat for intermediate cooling times

In the 5 to 25 days period after reactor shutdown, the main
application of decay heat evaluation is the safe unloading
of the core into the nearby pool. Systems must take in
account penalized values to cover fuel variability in power

2 A number of measurements are not yet fully available, at
the time of this report, such as from references [12,15].

and irradiation during the fuel transfer. In case of sus-
pected fuel leakage, the assembly decay heat must be lower
than a given threshold to enable a vacuum-canister sipping
procedure. In this intermediate period, the decay heat is
still strongly linked to the assembly power before reactor
shutdown. However, the irradiation level has an increasing
influence with cooling time.

Safety systems must be able to remove the decay heat of
the complete unloaded core added to the one of the fuel
assemblies already stored in the pool. Once the fuel is
partially reloaded back into the core, the safety systems
still have to remove the decay heat from the definitively
unloaded assembly batch and the fuel already stored in
the pool.

2.6.3 Decay heat for long cooling times

Long cooling times correspond to fuel assemblies that have
cooled down several months or years. Typical needs for
decay heat evaluation are:

e design of spent fuel pool heat exchangers,

e design of canisters and cylinders for fuel management
and fuel storage,

e design of casks for fuel transport,

e verification of fuel compliance with the heat thresholds
of the mentioned containers.

The decay heat for long cooling times is not very sensitive
to the fuel power before shutdown. It is mainly depen-
dent on fuel burnup. Other decay heat evaluation needs for
long cooling times are related to fuel reprocessing, radioac-
tive material vitrification, and naturally radioactive waste
storage or repository.

3 Definition

In the following, the meaning of a number of quantities
related to decay heat is explained. Even though the level of
details can be appreciably extended, a minimum amount
of information is provided in the following, allowing the
reader to understand each term, and possibly to explore
mentioned citations for additional details.

3.1 Spent nuclear fuel

In the present context, several complementary definitions
of “Spent Nuclear Fuel” assembly (or simply SNF') can be
used:

e SNF, also called spent fuel or depleted fuel, is a nuclear
fuel that has been irradiated in a nuclear reactor (usu-
ally at a nuclear power plant or an experimental reac-
tor) and that may be replaced by fresh fuel if it can no
longer sustain fission in that environment due to phys-
ical, regulatory/licensing or economical limitations.
Nuclear fuel becomes spent when its fissionable
nuclides have been partially consumed and fission-
product poisons have accumulated in it. SNF' is charac-
terized by its burnup (see Sect. 3.5) which is a measure
of its utilization level.
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e SNF is a nuclear fuel withdrawn from a nuclear reac-
tor following irradiation. SNF has not been chemically
separated from its constituent elements by reprocess-
ing: it includes the special nuclear material, by-product
material, source material, and other radioactive mate-
rials associated with fuel assemblies.

SNF can also be called “Used Nuclear Fuel” (or UNF) and
both terms are often interchangeable. They nevertheless
do not refer to the same views, as the term SNF implies the
concept of waste to be disposed of, whereas UNF suggests
a possible reuse. Different institutions use either terms
(NRC [17], TAEA [18], NWMO [19]), or a mix of both (US
DOE). In this document, SNF is used with the broader
meaning “nuclear fuel that has been irradiated in a nuclear
reactor”.

3.2 Spent nuclear fuel characterization

Decay heat is one of the most important quantities for
SNF characterization (or SFC for Spent Fuel Characteri-
zation). There is not a unique definition for the SFC, and
one can refer to the ASTM C 1682:21 Standard Guide
for Characterization of Spent Nuclear Fuel in Support of
Interim Storage, Transportation, and Geologic Repository
Disposal [20], which guides testing (involved in character-
izing the physical and chemical nature of SNF) in support
of its interim storage, transport, and disposal in a geologic
repository. In this context, the experimental and compu-
tational characterization efforts can be defined as:

Any test conducted principally to furnish informa-
tion for a mechanistic understanding of alteration (for
example, electrochemical polarization tests, leach tests,
solubility tests, etc)

where the “alteration” is defined as any change to the
form, state, or properties of the material under consider-
ation. A non-exhaustive list of possible test fields is given
below:

e Physical appearance, Extent, and distribution of visi-
ble cladding damage

Weight /size/dimensions of SNF assemblies
Radionuclide and fissile content
Criticality-safety

Metallography /optical microscopy

Water content and drying characteristics
Oxidation kinetics

Ignition characteristics

Dissolution characteristics

Deliquescence and advective flow.

One of the challenging aspects of the SFC is the change
of the SNF characteristics as a function of cooling time.
Several experimental tests can be done at a certain time,
and they need to be combined with theoretical models
to understand the long-term evolution of given observ-
ables. Typical examples concern the change in the nuclide
concentrations (due to natural decay), or in oxidation,
directly affecting criticality values for hundreds of thou-
sands of years.

Understanding the characteristics of SNF' is essential in
all spent fuel management activities, the SFC being a
prerequisite for such safe and economical management.
The IAEA Joint Convention on the Safety of Spent Fuel
Management and the Safety of Radioactive Waste Man-
agement in 1997 defines spent fuel management as fol-
lows [21]:

“spent fuel management” means all activities that
relate to the handling or storage of spent fuel, exclud-
ing off-site transportation.

One can also note that the important characteristics in
spent fuel management mainly depend on the evaluated
quantities. Important characteristics for criticality-safety
in spent fuel pools may differ from those important in
transport, dry storage, or final disposal repository.

3.3 Decay heat

The term “decay heat’, generally expressing the recov-
erable energy generated by the decay of nuclides from
nuclear fuel, does not correspond to the correct modern
terminology. The term heat is nowadays used to describe
energy transfer, for instance, based on the mechanism of
conduction or radiation (without the transfer of matter).
As an energy, the proper unit of heat is Joule, or some-
times calorie. A better designation is “decay power”, there-
fore correctly expressed in Watts, or eventually in Watt
per ton (of matter). As the term “decay heat” was his-
torically used from the 1940s, it is still employed today,
with the understanding that the quantity of interest is
expressed in Watt.

The term “thermal power” ( or “residual thermal
power”) is also sometimes used (as in the DIN stan-
dard [22]), although the word “thermal” refers to the
power generated in the reactor core, commonly called ther-
mal power (to differentiate it from the electrical power).
Specific definitions can be found in different guides or
countries:

e US DOE: it is considered that decay heat is a par-
ticular problem associated with nuclear reactors. Even
though the reactor is shut down, heat is produced from
the decay of fission fragments (note that this definition
does not include the contribution from actinides). Lim-
its for each particular reactor are established to pre-
vent damage to fuel assemblies due to decay heat [23].
This reference provides two definitions of decay heat
generation rate. The first definition is related to the
physical process of decay heat generation as a result of
a fission reaction and obtained products that contain
excess energy. The second definition is related to the
energy excess in the form of heat, which appears to be
a safety feature. There should be established limits,
based on the engineering design, not to be exceeded.
Therefore, the decay heat generation rate is not only
a physics feature but also an engineering concept.

e US NRC: the heat produced by the decay of radioac-
tive fission products after a reactor has been shut down
(March 2021). As mentioned, it should be noted that
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such a definition does not include the contribution of
actinides.

e US NRC Regulatory guide 3.54, revision 2: the heat
generation rate of the spent fuel assembly is the recov-
erable thermal energy (from radioactive decay) of the
assembly per unit of time and per unit of fuel mass.
Heat generation rate has also been referred to as decay
heat rate, afterheat, or afterheat power.

e ASN, (France, not translated to avoid modifications):
La puissance résiduelle est la puissance thermique
développée par un réacteur nucléaire apres l’arrét,
provenant essentiellement de la radioactivité du com-
bustible nucléaire et des autres matériaux ainsi que des
fissions résiduelles.

e According to the ISO standard of 1992 [24], “The decay
heat power of nuclear fuels is the thermal power pro-
duced by radioactive decay of fission and activation
products of the nuclear fuel following the shutdown of
a nuclear reactor” (note that the contribution from
actinides is also missing).

— In the German DIN standard [22,25], the decay power
is defined as the “thermal power generated by the decay
of nuclides in the nuclear fuel’.

It should be noted that if these definitions differ in their
formulation and on some specific points, they all agree
on the physical phenomenon: released energy from the
nuclear components and other materials after the reac-
tor shutdown (although many definitions do not include
the contribution from actinides, and one can consider as
well that the decay heat is also produced during a reactor
cycle).

3.4 Decay heat standards

Standard methods and reference guides for the calcula-
tion of SNF decay heat have been established in differ-
ent countries; details can be found in Section 6.3. They
provide acceptable procedures for calculating such decay
heat (mathematical methods, range of applications, and
often examples), which sensibly differ from the summation
method (see Sect. 6.4.1). The main advantages of these
methods are that they can be applied given a limited set
of parameters representing the SNF and its irradiation,
such as average burnup, cooling time, initial enrichment,
and partial fission contributions from the main actinides.
They do not necessitate neutron transport and fuel deple-
tion calculations and can provide values a short calcula-
tion time. Examples of such methods are the ANS-5.1 [26],
ISO [27], NRC-3.54 [28], and the DIN 25463-1 [22] stan-
dards.

3.5 Burn up (or burnup)

The burnup is a measure (not in the experimental mean-
ing) of the utilization level of the fuel. Depending on the
perspective of the final user, different approaches are com-
monly encountered to quantify the burnup. One of them
reflects the number of fissions that have taken place:

e It can be expressed as the fission density, i.e. the
number of fissions in a given volume. Units such as
fiss./cm? or fiss./m? are commonly used in the research
reactor community; those are simply obtained by inte-
grating, over time, the fission rate, itself being the
product of neutron flux with the fuel macroscopic fis-
sion cross-section.

e It may also be described as the relative fraction of
actinides that has fissioned. Radiochemists often use
the term “Fissions per Initial Heavy Metal Atom”, or
FIMA, unit in spent fuel assays, before converting that
to more practical units for the end-users.

However, by far, the most common approach to commer-
cial fuel burnup is to describe its specific thermal energy
output. Indeed, for commercial reactor operations, the
total thermal core power is known through the thermal
balance at the core inlet and outlet. Integrated over time
for a given cycle, one obtains the cycle thermal energy
generation, which translates into the cycle performance.
That latter quantity is often characterized by the number
of effective full-power days i.e., the equivalent number of
days at nominal power corresponding to the cycle thermal
energy output. The relative distribution of fissions and,
hence, the nominal power in the core is known from core
physics calculations and/or from in-core instrumentation.
The product of the fuel assembly nominal power, for exam-
ple in MW, with the number of effective full-power days
enables a fast evaluation of the thermal power output of
each assembly, as well as its specific thermal output if
divided by the fuel mass or by the initial heavy-metal
mass. The natural units to express the burnup level for
commercial reactors are therefore MWd/kgpn, or vari-
ants involving GW or tyyv (HM refers to Heavy Metals).
Those units are also often used from licensing and/or reg-
ulatory perspectives.

An equivalence, or conversion factors, between those
units, can easily be established if one assumes an effective
energy release of 200 MeV per fission event and a density
of 10 960 kg/m? for UOs fuel:

1% FIMA « 2.310% fiss./m®
— 9.4 MWd/kgg,,

~ 10 MWd/kgy- (1)
As presented in reference [29], “fuel burnup measures how
much energy is extracted from nuclear fuel and is a mea-
sure of fuel depletion.”.

As a simple representative example of this quantity,
it can be considered that the fission of a single nucleus
of 23°U induced by a thermal neutron releases about 200
MeV of recoverable energy. To produce 1 Watts of power, a
total of 3.1 x 100 fissions per second is needed. To reach
an energy (or burnup) of 1 MWd (megawatt-day), one
needs about 2.5 x 102! fissions. If every nucleus undergoes
fission, the same amount of nuclei is necessary, which is
roughly contained in 1 gram of any fissile material.

It is important to note that this relation between burnup
and the number of fissions is only a rough approxima-
tion. The average recoverable energy per fission depends
on the fissioned nuclide as well as on the contribution
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from other, non-fission, neutron-induced reactions, which
depends also on system design and operational param-
eters. The actual value may vary by up to about 5%. In
addition to these definitions, the following distinctions are
often useful:

e Core burnup: averaged burnup over entire core (for all
fuel assemblies).

e Assembly burnup: averaged burnup over a single fuel
assembly.

e Assembly node burnup: average burnup value for a ver-
tical segment of an assembly. A vertical segment usu-
ally represents 10 cm to 20 cm.

e Pin burnup: averaged burnup over a single fuel pin or
fuel rod.

e Local burnup: burnup values within a single fuel pellet.

The assembly burnup is one of the most important quan-
tities for the determination of the assembly decay heat. It
can unfortunately not be directly measured and is either
calculated or derived from the measurements of related
quantities. Due to its importance for the estimation of
assembly decay heat, some general information is pro-
vided hereafter. Details can be found for instance in ref-
erences [30,31].

3.5.1 Calculated burnup

As indicated in the following, the assembly burnup can be
calculated by performing a full-core calculation (such as
in core follow-up calculations), or part of the rod burnup
can be assessed with a single-assembly calculation (such
as during lattice code validation). The second one still
depends on the information provided by the core simula-
tor, implying that the knowledge of the calculated assem-
bly burnup cannot be better than the performance of the
core simulator. Biases and uncertainties for the calculated
burnup should not be assumed negligible.

From lattice code

Lattice codes are often used for the calculation of nuclide
concentrations in specific samples obtained from irradi-
ated rods or assemblies (in Post Irradiation Examination,
or PIE). Such calculations are of importance as they are
often used in code validation (see Sect. 8), which may
eventually impact the conditions of SNF transport and
storage. These calculated concentrations are then com-
pared to measured ones, for instance for samples contained
in the SFCOMPO database [32]. In such lattice calcula-
tions, the sample burnup is first obtained based on core
simulator data (see next paragraph). The accepted prac-
tice is that to compensate for the lack of knowledge of
the full irradiation conditions, the sample burnup can be
modified so that the calculated concentration of a spe-
cific nuclide matches its measured value, for instance for
a burnup indicator, such as "8Nd.

In this approach, the sample burnup value cannot be
known better than the concentration uncertainty of the
selected nuclides (varying from tens of a percent, up to
5%). Such sample value is of course different from assem-
bly burnup, and the extrapolation is not straightforward,
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Fig. 4. Comparison between the CASMOS5 (single-assembly
calculation, left) and SIMULATE (full-core calculation right)
pin burnup values for the GU3 sample. The sample location is
indicated with an orange square [33].

due to the normalization effect to a measured nuclide con-
centration, and to the axial and radial burnup distribu-
tions. An example of the radial burnup distribution is pre-
sented in Figure 4 for the ARIANE sample GU3 [33].

On the left is a lattice calculation performed with the
code CASMOb5, assuming reflective boundaries outside the
assembly of interest (usually, no information for the neigh-
boring assemblies is provided for PIE analysis). Conse-
quently, there is a symmetry for the burnup distribution
of the concerned segment. On the right is the calculated
burnup distribution from the code SIMULATE, consider-
ing the realistic assemblies surrounding the assembly of
interest. It can be observed that the two burnup distribu-
tions are different, illustrating the burnup simplification
obtained in lattice calculations.

Concerning the normalization of the lattice calcula-
tion to the measured concentration of burnup indicators
(18Nd, 137Cs, or a few Nd isotopes), helps assess solely
the effect of a specific code, its nuclear data library and
the modeling method, based on irradiation parameters
(usually) provided by a core simulator. The normalization
removes the effect observed on the right side of Figure 4
(neighboring assemblies). But it also does not allow to
disentangle fission contributors (such as 23°U and 23°Pu,
as their productions of 148Nd are roughly equivalent); the
power history (and the sample burnup) can consequently
be incorrect, even if the agreement with specific nuclide
concentrations is acceptable. A way to bypass this issue is
to normalize the power history to match the ratio of mea-
sured nuclides concentrations which are differently pro-
duced from 235U and 23°Pu, such as 2°Sr over °ONd [34]
(different fission yields for the two main fission contribu-
tors can help to better assess if individual contributions
are correctly captured during the simulation).

From core simulator

The assembly burnup, as well as the assembly node bur-
nup profile, can be calculated based on various in-core
detectors (e.g. fission chambers), measured core thermal
output (based on temperature and flow measurements),
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Table 3. Example of single assembly burnup calculations

D. Rochman et al.: EPJ Nuclear Sci. Technol. 10, 9 (2024)

for a UO2 and a MOX assembly. Both are initially enriched

at 4% in fissile materials. Calculations are performed with CASMO5. “Fis.” corresponds to the fissile nuclides and

“Fer.” to the fertile nuclides.

U0, MOX

Assembly Contribution from Total mass Contribution from Total mass
burnup 25y 238y 239Pu 24'Pu Fis.4Fer. 23U 238y 2¥py  24py  Fis.+Fer.
MWd/kgHM % %

0 0 0 0 0 100 0 0 0 0 100

1 0.9 0.1 0 0 99.8 0 0.1 0.8 0.1 99.7

2 1.9 0.1 0 0 99.7 0 0.1 1.7 0.2 99.6

5 4.5 0.2 0.3 0 99.3 0.1 04 3.9 0.6 99.2
10 8.1 0.7 1.2 0 98.7 0.3 0.7 7.8 1.2 98.7
15 114 1.0 2.5 0.1 98.1 0.4 1.2 11.3 2.1 98.2
20 14.4 14 3.9 0.3 97.6 0.5 1.7 14.6 3.2 97.7
25 170 1.8 5.6 0.6 96.9 0.6 2.0 18.0 4.1 97.1
30 194 21 7.6 0.9 96.4 0.8 24 21.2 5.4 96.5
35 21.5 2.5 9.6 1.4 95.8 0.9 2.9 24.2 6.7 96.0

and validated core simulator. Alternatively, the methods
to calculate the assembly burnup may vary from one code
to another, and have evolved over time (a possible con-
sequence is a change of attributed assembly burnup over
time).

Because the estimation of the burnup often relies on
core simulators for the vast majority of burned assem-
blies, the decay heat of such SNF can be directly affected
by the burnup values obtained from such simulations. A
recent analysis of the possible errors in assembly reactiv-
ity, based on in-core measurements can be found in ref-
erence [35]. Such analysis provides an estimated error in
assembly reactivity as a function of the assembly node
burnup, using in-core flux map measurements for differ-
ent PWR cores. The method is based on varying assembly
burnup values and calculating the impact on the compar-
ison between the measured and calculated power maps.
The impact of such variations is compared to the nominal
values (best estimate burnup values) and possible biases
are derived. The conclusion of this study mainly concerns
the reactivity biases at hot full power (HFP) and cold
conditions. Assembly burnup values were modified by a
factor between 0.85 and 1.15, but a agreement between
calculated and measured in-core flux was found with fac-
tors generally within +5%.

Although a detailed study should be performed to ana-
lyze the distribution of such factors (not available from
the mentioned reference), this study indicates that a cer-
tain degree of freedom exists for the estimation of the
assembly burnup, probably within the range of a few
percent.

3.5.2 Example of calculated burnup

As presented earlier, a very simple calculation indicates
that the fission of all nuclei contained in 1 gram of fissile
material provides about 1 MWd. This is naturally a sim-

plification, as other reactions happen in the fuel, due to
the mixture of initial nuclides (***U and 238U, and in some
cases Pu isotopes), and the build-up of fission products.
Neutron capture on actinide nuclides and fission products
also produces energy, which modifies the simple previous
account. Two examples of calculated burnup values from
realistic assemblies are presented in Table 3: one UO5 and
one MOX assembly, both initially enriched at 4% in fis-
sile materials. These examples were obtained from lattice
calculation (single assembly) with the code CASMO5.

One can then observe that for realistic assemblies and
irradiation conditions, more than one nuclide contributes
to the total released energy. Modern depletion codes can
consider the contribution from different nuclides and pro-
vide relatively precise burnup values. Naturally, the under-
lying nuclear data used for these calculations (Q-values,
energy release as a function of the neutron energy, fission
and capture cross sections) are not perfectly known, which
can modify the calculated assembly burnup. As previously
mentioned, changes in an assembly burnup value directly
affect the assembly decay heat.

As a last example of calculated burnup, the case of
burnup values from core simulators is considered in the
following. For a realistic PWR cycle, two different calcu-
lations are performed with the same core simulation code,
but different versions (nonetheless the same nuclear data
library), called in the following V1 and V2. Often, a new
code version implies an additional update in the input file
for the cycle description, and the input file was therefore
modified. Both calculations were validated against in-core
data and showed similar performances. There were never-
theless changes in the calculated burnup values, both for
assembly average and pin-wise values, and differences in
percent are presented in Figure 5.

As observed, the changes for the average assembly bur-
nup are within 2%, with higher deviations at low burnup.
The pin burnup values present a larger spread. This is an
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Fig. 5. Burnup differences for assembly and pin values, for
a realistic cycle calculation, from two different versions of the
same core simulator.

indication that the assembly burnup values from a core
simulator are not uniquely defined, and a certain amount
of uncertainty is also propagated to decay heat values.

3.5.3 Measured burnup

The term “measured burnup” is by itself not correct, as
burnup or fissile content values are not directly measured,
but can be derived from other measured quantities com-
bined with specific calculations and assumptions. Such
measurements concern the neutron and gamma radiations
emitted from an assembly. The build-up of minor actinides
during the depletion of the assembly leads to the emission
of a number of « particles due to the relatively short half-
life of such nuclides (e.g. isotopes of Am, Cm). The rate
of o emission is generally high enough to produce a sig-
nificant amount of neutrons and gamma rays from (o,n)
reactions and spontaneous fission. A strong dependence
between the neutron emission rate and the burnup exits
can be used to infer the assembly’s average burnup [36].
In practice, complications can arise as the measurements
of gamma-ray spectra represent a mixture of fission prod-
ucts, activation products, and actinides that have built up
during the assembly irradiation.

Different techniques exist to measure gamma-ray or
neutron emissions (see for instance Ref. [37]). In active
neutron detection, an external neutron source is used,
consequently increasing the neutron flux from neutron-
induced fission events occurring in the residual fissile
material; the time dependence of the neutron count rate is
used to infer the quantify the amount of fissile material. In
the case of gamma-ray measurements, specific gamma-ray
energies are measured, corresponding to the decay of well-
known fission products. Such fission products need to be
produced in significant amounts (high fission yield), hav-
ing a half-life long enough to allow gamma-ray measure-
ments, and gamma-ray energies which are easy to identify.
137Cs is consequently a good candidate (half-life of 30.07
years, with a gamma-ray energy of 661.7 keV), being the
main gamma-ray emitter after a few years of cooling time.

During this type of measurement, background subtrac-
tion can be significant, implying long counting times to
reach adequate statistical accuracy. Details can be found
in Section 5.2.2 and in Appendix C. A third method used
to experimentally infer the assembly burnup is the pas-
sive neutron measurement technique. It consists in detect-
ing emitted neutrons from spontaneous fission of minor
actinides, mainly from 24*Cm, with a half-life of 18.1 years.
244Cm emits more than 90% of the neutrons from an irra-
diated assembly for cooling times ranging from 10 years
to 100 years. Its concentration is highly sensitive to the
assembly burnup, but also measurement factors (such as
detector positioning). Additionally, the SNF irradiation
conditions need to be well known to correctly calculate
the concentration of 244Cm.

4 Physical origin of decay heat, key
contributors

The complexity of the decay heat process originates from
the fact that one handles with byproducts of radioac-
tive decay, which can be understood from the quantum
mechanics theory. In particular, one refers to the internal
energy levels of the nuclei. As the density of those levels
increases with the atomic mass (with an important depen-
dence on nuclear structure [38]), one expects an enhanced
number of decay transitions mainly for mid and heavy
nuclides. Such decays are subject to uncertainties, proba-
bilities, and half-life definitions of decay patterns, which
are not obvious.

The decay process and its uncertainties become more
cumbersome as far as decay heat is concerned as very often
the daughter product is also radioactive and can generate
even more heat by further shorter decay processes. Ulti-
mately, as will be shown in this section one has to deal with
some unique decay pairs, or even to some extent decay
chains, each of which, with its branching ratios and own
heat production over different time scales.

As mentioned in the introduction, the integral amount
of heat is well known to be around 7% of the operational
power and a detailed analysis is not relevant. For long stor-
age periods, the contribution of specific nuclides becomes
considerably important. Considering again the quantum
mechanics nature of the decay phenomenon, one has to
separate the radioactive nuclides into different groups
according to their decay types. Such an analysis includes
the half-life time and decay mode. Further, one can ana-
lyze the mobility of such radioactive elements within and
out of the repository. In the following subsections, the rel-
evant elements are divided into actinides, fission products,
and activation products. In addition, the specific pairs of
radioactive materials with enhanced importance at differ-
ent periods after shutdown are presented. The last part of
this section demonstrates a quantitative analysis of those
nuclides, which dominate the decay heat during the first
100 years, the realistic foreseen time of the temporary
storage. The simulation is based upon a decay process of
a PWR fuel assembly. For completeness, the decay heat
at 300 years cooling time shows that the actinides are
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Table 4. Fission Energy Release from the ENDF/B-VIIL.1 evaluated library. The neutron capture value is obtained

from reference [39].

Energy modes Fractions 23U 28y WIpy Hlpy Time
(MeV) (MeV) (MeV) (MeV)

FEyiy, fission fragments 80% 169.1 169.8 175.5 175.3 Instant

Fy;, Fission Neutrons 2-3% 4.8 4.6 6.2 6.0 Instant

Beta decay of FPs 3-4% 6.5 8.5 6.7 7.6 Delayed

Gamma-rays prompt 3-4% 6.6 6.7 5.2 6.4 Instant

Gamma-rays delayed 3-4% 6.3 8.2 5.3 6.6 Delayed

Neutrinos 4-5% 8.7 11.4 7.1 8.8 Delayed (unrecoverable)

Neutron capture 3-5% 6-11 Instant/Delayed
practically dominating more than 95% of the decay 50 —
heat from that time slot, and the importance of other o Cs3
nuclides, in particular 137Cs/13"mBa and °Sr/?°Y, fade %40 S e
away. Table 4 presents a list of the main energy frac- 2 S
tions for each production mode during irradiation in a §30 i i 5 B
typical LWR. § " ; g g o cmam

It is relatively clear that the available energy from 3% | . ? : -

3 decays and isomeric transitions represents about 7 to £ 3 e 1 |
8% of the total energy (approximately corresponding to € hd f : i 3 o
the calculated decay heat from the Borst-Wheeler equa- o 3'0 w0 © o SR

tion at the time of the reactor shutdown, see Eq. (6) in
Sect. 6).

4.1 Overview

Several publications prior to the year 2000s and the older
regulatory guides considered decay heat as a single inte-
gral quantity, see, for instance, references [40,41]. More
recently, as detailed in Section 6.4.1, the implementation
of the summation method in computer codes for decay
heat predictions provides a means to further isolate the
nuclides responsible for most of the SNF decay heat power
as a function of cooling time. Additionally, current decay
heat standards treat the decay heat as a sum of individual
components based on the physics of the decay process and
nuclide generation under neutron irradiation (see details
in Sect. 6.3).

Several studies have determined the most important
medium-to-long-term decay heat contributors for spent
LWR fuel and were used as a source in the following, see
for instance reference [42]. This reference ranks individual
nuclides by their contribution to the decay heat power.
It also addresses the need for accurate source term pre-
dictions in commercial LWRs with higher levels of fuel
enrichment and burnup.

Figure 6 summarizes the findings from reference [42]
for 5 years following reactor shutdown.

As indicated in the figure, the decay heat power frac-
tions of 29Sr and ?°Y are added up as the two nuclides
quickly reach a secular equilibrium. The same holds for
137Cs and '3""Ba and '**Ce and '#4Pr. The fractions
of the total decay heat power produced by individual
nuclides are displayed as a function of burnup and ini-

burnup / GWd/tym

Fig. 6. Contributions to the UOs SNF decay heat for 5 years
of cooling time. Numbers 3, 4, and 5 correspond to the initial
235U enrichment.

tial enrichment. Results are equivalent for both BWR and
PWR and suggest a marginal dependence of the nuclide
importance to decay heat on the LWR reactor type for
cooling times longer than 1 year.

In the following paragraphs, the key nuclides con-
tributing to the total decay heat of spent LWR, uranium-
fuel are discussed. Their production routes in a typical
LWR are highlighted based on summation calculations
using the simplified PWR model, as proposed in refer-
ence [43].

4.2 Delayed fission

A part of the decay heat comes from delayed fission events,
induced by delayed neutrons. As delayed neutron precur-
sors have relatively short half-lives, the delayed fission con-
tribution is limited to the first 100 seconds after shutdown
(in the case of a heavy water reactor, the photo-neutron
source due to deuterium is large enough to affect the neu-
tron population immediately after shutdown). The impor-
tance of delayed fission for decay heat after shutdown is
presented in references [44,45]. In reference [39], it was
also shown that taking into account the delayed fission
in reactivity-initiated accident (RIA) simulations signifi-
cantly changes the calculated decay heat for a short time
(a few seconds).
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Fig. 7. Actinide production scheme in irradiated reactor fuel.
4.3 Actinides days up to more than 200 years from discharge is produced

During the irradiation of uranium fuel, transuranic
nuclides build up mostly as a combination of multiple
neutron capture reactions (n,y) in the initial uranium and
radioactive decay. Other threshold reactions such as (n,2n)
or (n,p) occur at a much lower rate, making these pro-
duction routes often negligible. In low-enriched uranium
fuel, most of the neutron captures occur in 238U, pro-
ducing fissile nuclide 23°Pu from the rapid decay of 239U
and 2**Np. Many of the actinides created as a result of
nuclear transmutation have much shorter half-lives than
those of the uranium isotopes present in fresh fuel and can
significantly contribute to the decay heat of spent LWR
fuel. An overview of the transmutation mechanisms for
the actinides buildup in irradiated nuclear fuel is shown
in Figure 7. Only a few actinides are responsible for decay
heat in UO fuel at any cooling time in comparison with a
large amount of significantly contributing fission products.

Within the first few years following reactor shutdown
fission products are the primary source of decay heat and
the radioactive decay of actinides only generates a small
fraction of it. In the first few hours/days of cooling this
contribution comes mainly from the radioactive decay of
the 239U and 23°Np produced from the transmutation® of
2387 [47,48]. As for other short-lived nuclides, their con-
centration and their role in decay heat is a function of
problem-specific parameters such as the reactor-specific
power. The 239U /?3*Np contribution dies out within a
few days, after which alpha-emitter 242Cm, with a half-life
of 142 days, contributes up to 90% of the actinide decay
heat power up to 1 year. All other actinides with a non-
negligible concentration at shutdown decay with longer
half-lives and their contribution is only relevant for the
long-term decay heat. In general in MOX fuel the actinide
contribution exceeds the fission product decay heat power
already after a few years of cooling. More than 99.5% of
the total actinide decay heat in spent LWR fuel from 30

3 For uranium fuel with high ?**U enrichment, the actinide’s
short-term contribution to decay heat power comes from the
transmutation products of 2*>U, i.e. 2*7U and 2**Np [46].

by seven actinides: 24 Am, 242Cm, ?4*Cm, 238Pu, 239Pu,
240Pu and ?*1Pu [28].

239u/239Np

Days after discharge the actinide decay contribution
comes primarily from the decay of short-lived nuclides
239U and ?*°Np, which have radioactive half-lives of 23.46
min and 2.356 days, respectively. 23°U is produced from
neutron capture in 23®U and quickly beta decays into
239Np emitting beta and gamma radiation. The daughter
nuclide 2**Np further beta decays into 23Pu also releas-
ing beta-electrons and gamma-rays. This decay sequence
is reported in equation (2) and not only it represent the
only significant production route of 22°U and 23*°Np during
irradiation, but also of the fissile nuclide 239Pu.

23875 (n,y) 23977 B 239Np B 239p,,.
(23.46 min) (2.356 day)

(2)
The 239U and ?*°Pu decay heat power was derived analyt-
ically in the decay heat standards [24,26,49], which cover
explicitly their contribution to the decay heat of LWRs.
A value for the 23°U and 23°Np short-term decay heat of
spent LWR fuel strongly depends on the reactor operation
condition. However, publications from the early 2000s and
earlier show that it can represent up to more than 90%
of the actinide decay heat power fraction (equivalent to
about 20% of the total decay heat power) after the first
day of cooling and it goes down to about 70% within 5 to
10 days [44,47,48].

239Pu/240 Pu

239Py is continuously created from the irradiation of 233U
following the production route already presented in equa-
tion (2). Further irradiation of the nuclear fuel gives rise
to plutonium isotopes 24°Pu, 24Py, and ?42Pu as a result
of neutron captures starting with 239Pu.

During nuclear fuel irradiation in a LWR this is essen-
tially the only plutonium production route. 23°Pu build-
up gradually saturates with burnup as its fission rate
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Fig. 8. Build-up of the Pu isotopes in a LWR as a function of
the assembly burnup.

increases. On the other hand, the production of the heav-
ier plutonium isotopes accelerates at higher burnup values:
an effect that is visible in Figure 8 for 242Pu because of
its lower disappearance rate.

For 29Pu and 2*'Pu, which have respectively large
capture and fission cross sections in a thermal LWR, the
production and disappearance rates already balance out
for burnup values of the order of a few tens of GWd/tHM
or lower, depending on the fuel’s initial enrichment.

239Pu and 24°Pu are both long-lived alpha-particle
emitters with half-lives, of 24 110 and 6560 years, respec-
tively. They release alpha particles with average energies
of 5.156 MeV and 5.238 MeV. Because of the magnitude of
these half-lives the decay of 239Pu and 2%°Pu is irrelevant
during the fuel irradiation but becomes important to the
SNF decay heat power already after 100 years of cooling
with a contribution of a few percent and up to 20% after
one thousand years. These numbers do not significantly
vary with burnup and initial enrichment.

241Am

241 Am naturally decays into long-lived 23”Np with a half-
life of 432.8 years. For one disintegration of 2*!Am an
alpha particle is emitted with an average energy of about
5.48 MeV. Independently on whether the fuel is irradiated
in a reactor or left to decay, the only significant production
route of 24! Am is from the radioactive beta decay of 24! Pu
(half-life of 14.33 years).

About 70 years after shutdown 24'Am becomes the
largest source of decay heat power in spent LWR fuel
and it remains as such for a few thousand years. After
one hundred years it generates almost half of the total
decay heat power [42,43], and about 70% of the actinide
decay heat power fraction [44]. Its relative importance
to decay heat is significantly affected by the SNF bur-
nup. At high burnup and depending on the fuel’s ini-
tial enrichment the 2*'Am buildup during irradiation
slows down as the 24'Pu loss via neutron-induced fission
increases. The 24! Am relative contribution to the decay
heat power in SNF with 70 GWd/tHM burnup and 5% ini-
tial enrichment drops to about 30% at 100 years of cooling
time [42].

242Cm

The only significant production process of ?2Cm in an
LWR is from the neutron irradiation of ! Am. Neutron
capture reactions in 2*'Am create ?*2Am, in its ground
state with a probability higher than 90%. 2*?Am either
beta decays into 2*2Cm or produces ?*?Pu from elec-
tron capture with a ratio of 83/17% and a half-life of
16.01 hours. The amount of 242Am in its first metastable
state (i.e. 242™Am at 48.6 keV) formed during irradi-
ation decays by internal conversion to its ground state
with a probability of 99.5% and a longer half-life of 141
years. Despite being the only production process of 242Cm
after shutdown, the decay chain of 242Am is negligible
to decay heat. ?*2Cm decays with a half-life of 162.9 days
and emits alpha particles with a peak energy of 6.11 MeV
(74% emission probability) which constitutes the majority
of the recoverable decay energy. Already a few years after
discharge essentially all of the 242Cm would be converted
into 23%Pu.

As for the other curium isotopes, 242Cm in nuclear fuel
is generated from multiple neutron captures and, as such,
its production accelerates at higher burnup levels. The
242Cm decay heat power fraction in spent LWR fuel is the
highest after several hundred days of decay and it consti-
tutes 80-90% of the actinides share [47]. This contribution
remains below 5% of the total decay heat power [43,50]
as fission products are still the largest decay heat source
within this time scale. For irradiated MOX fuel, 242Cm can
contribute to more than 15% of the total decay heat at 1
year of cooling. For both fuel types, the relative impor-
tance of 242Cm for decay heat drops already a couple of
years after discharge.

238Pu

238Py naturally decays with a relatively long half-life of
87.7 years, principally by emitting alpha radiation and by
a marginal fraction undergoing spontaneous fission. The
emitted alpha particles have an average energy of 5.58
MeV per disintegration making 238Pu a considerable heat
source with a specific power of about 0.55 W/g [51]. More
than 90% of the 238Pu content in spent LWR fuel is pro-
duced via the neutron activation of 22’ Np shown in equa-
tion (3).

27Np ) ossng, B 2s8p 3)
(2.1 days)

In turn, 23“Np builds up either from a series of neutron
capture reactions in 23°U or as a result of the (n,2n)
reaction in 23®U. The fraction of decay heat power pro-
duced by 238Pu strongly increases with burnup. This effect
is enhanced at longer cooling times to the detriment of
241 Am, which ultimately saturates. The 238Pu contribu-
tion after 5 years of cooling varies from a few percent
at low burnup up to more than 8% at high burnup.
After 100 years it produces from 20% to 30% of the total
decay heat power for a burnup range between 50 and
70 GWd/tHM.



D. Rochman et al.: EPJ Nuclear Sci. Technol. 10, 9 (2024) 17

244Cm

At burnup higher than 30-40 GWd/tHM (or lower bur-
nup for initial enrichments below 5%) 244Cm becomes the
most present curium isotope in irradiated nuclear fuel. In
SNF, 244Cm is practically entirely generated from neutron
captures at 243Am, followed by the disintegration of the
resulting 2**Am in equation (4). Both isomers of 2#4Am
beta decay into 24*Cm with similar half-lives (i.e. 10.1
hours the ground state and 26 min the metastable state).

24300 (W) 244 B 2aac (4)

(10.1 h/26 min)

Basically, all the ?43Am in irradiated fuel is created from
the sequence of neutron captures in the plutonium iso-
topes reported in equation (5).

241py, (n,y) 242p (n,y)

243py _P 243 A, (5)

Other production routes including ?42Am electron capture
decay, neutron captures in americium or lighter curium
isotopes are negligible. 2*4Cm decays with a half-life of
18.1 years emitting alpha particles with an average energy
of 5.9 MeV.

4.4 Fission products

Radioactive fission products are mainly neutron-rich
nuclides that carry most of the energy generated by the
fission reaction in the form of kinetic energy. The majority
of these fission products decay to more stable states via a
combination of isomeric transitions and beta radioactive
decays within seconds from their creation and up to a few
hundred years. The gamma and beta-radiation released
in the decay process is much smaller than that of a fis-
sion reaction, but it represents the largest share of decay
heat load in uranium fuel up to nearly 100 years of cool-
ing time. For typical LWRs the fission products generate
up to 80% of the integrated decay energy between 1 and
10 years, that is when the decay heat power release is
still large and a limiting factor for the licensing of storage
installations [52].

For low-enriched uranium fuels in LWRs, more than
99% of the fission products contributing to the SNF
decay heat are generated from neutron-induced fissions
of four major fissioning nuclides: 23U, 23°Pu, 233U, and
241y [28]. For each of these four nuclides, Figure 9 and
Table 3 show how their fission rate fraction evolves as a
function of burnup.

Up to more than 90% of fission events at the begin-
ning of irradiation happens in the driver fissile nuclide
2357 [53]. As 235U is consumed with burnup, more and
more fissions occur in the 23°Pu (and in a later stage in
241pq) produced by neutron capture in 238U. For a lower
initial enrichment, the fraction of fissions in plutonium
becomes dominant at lower burnups. About 10% or fewer
fission events occur in 22*U because of its large abundance
of uranium fuel, a figure that remains essentially constant
with burnup.

1.0
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Fig. 9. Fission rate fraction as a function of burnup for the
UO2 model in reference [43].

Fission products contribute to the spent fuel ther-
mal output to an extent that depends on their half-life
and density in the fuel. Their decay heat power rapidly
degrades because of the radioactive decay of the more
significant energy emitters. Several decay steps along a
decay chain are generally involved before reaching a sta-
ble nuclide. For cooling times longer than 30 days (and up
to a few tens of years) about 95% of the total decay heat
power is produced by 10 to 15 fission products, i.e. 8Sr,
91Y, 95ZI‘, 95Nb, 103Ru, 106Rh, 140Ba, 140La, 141Ce, 144Ce,
144py [54,55]. By the end of the decay chains, longer-lived
{g;iioactive nuclides are typically formed such as “°Sr and

Cs.

At cooling times between 1 and 70 years following
shutdown, the fission products responsible for most of the
decay heat power are only a handful. The dominant con-
tributors are mostly parent-daughter pairs in secular equi-
librium including 37Cs/'3"™Ba, %9Sr/%0Y, 106Rh /196 Ry,
and 44Ce/4Pr [56]. Since their precursors have fully
decayed out along their decay chains, the content of these
fission products in SNF can be qualitatively assessed from
the analysis of their cumulative fission yields.

A significant decay heat power contribution also comes
from nuclides created by neutron capture reactions in fis-
sion products during the irradiation of the fuel, such as
154Fu and '34Cs. The latter is identified by the decay
heat standards as the dominant decay heat-generating
nuclide resulting from neutron capture by fission prod-
ucts [24,26,57].

For cooling times between 1 and 5 years, the largest
share of decay heat is produced by the decay chains of
the relatively short-lived fission products '44Ce and '%6Ru,
and by the decay of activation product '3*Cs generated by
neutron irradiation of the stable fission product 33Cs. 10
to 30 years after shutdown the decay chains of '3Cs and
99Gr alone generate more than half of the decay heat rate
of spent LWR fuel. 137Cs and ?°Sr have similar half-lives
and contribute in almost equal parts to the decay heat
power for several decades until the role of the actinides
becomes dominant. The '37Cs and ?°Sr relative contribu-
tion increases marginally for less irradiated fuel because
of the lower 34Cs buildup. For irradiated MOX fuel, the
importance of these two nuclides drops by a factor of three
because of the coincident contribution of actinides such as
238pPy and 2*Cm.
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Fig. 10. Build up of the °Rh nuclide in a LWR as a function
of the assembly burnup, for the main four fissioning nuclides.

106Ru/106 Rh

106R 1 is a short-lived fission product that emits beta radi-
ation with a half-life of about one year. Practically the
whole '%Ru content in spent LWR fuel is produced from
fission reactions with cumulative product yields of 0.41%
and 4.34% L58], respectively for thermal neutron-induced
fissions in 2*°U and 239Pu (see Fig. 10).

The heat generation from '°6Ru is for a large majority
produced by the radioactive decay of its daughter 'Rh.
106Ru disintegrates to the ground state of '°Rh emitting
low-energy beta particles, and without releasing gamma
radiation [59]. Its disintegration via neutron-induced reac-
tions is negligible. The '°Rh half-life of only 30.1 seconds,
much shorter than the half-life of '°6Ru, implies a secular
equilibrium between the two radionuclides. '°°Rh decays
by beta decay into '°°Pd. About 10% of the decays goes
to excited states that further decay releasing gamma rays.
The recoverable energy released with the radioactive decay
of 1%Rh is 1.41 MeV and 0.21 MeV, respectively for light
particles and electromagnetic radiation. The radioactive
chain 1%6Ru/!%Rh is ranked second amongst the decay
heat power contributors for UO4 fuel at one year of cool-
ing. The fraction of the total decay heat power after 5
years of cooling slightly increases with lower burnup and
initial enrichment.

144Ce/144 Pr

The 44Ce/!**Pr decay chain produces the largest con-
tribution to the decay heat power of spent LWR fuel 1
year after shutdown, with a growing relative importance
for fuel with lower burnup. With cumulative yields of
5.48% and 3.76%, respectively for 23U and 23°Pu ther-
mal neutron-induced fissions, 44Ce is generated mostly
as a fission product, see Figure 11.

Only a relatively small fraction results from the activa-
tion of fission product *3Ce. 144Ce decays by beta decay
into the ground state of 4*Pr with a branching ratio of
98.85%, while the remaining 1.15% goes into the *4™Pm
(half-life of 7.2 minutes) at 59 keV above the ground state.
In turn, '**Pr beta decays into long-lived 44Nd (half-life
of 2.29 x 10'® years). Since the half-life of the daughter
nuclide ™*Pr is much shorter than the one of its parent
144 (e, i.e. respectively 17.29 min and 284.89 days, the
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Fig. 11. Build up of the ***Ce nuclide in a LWR as a function
of the assembly burnup, for the main four fissioning nuclides.

two nuclides attain a secular equilibrium within about
two hours [60]. The radioactive decay of both nuclides
involves gamma-ray transitions of low intensity, and while
144Ce emits low energy beta electrons, the largest decay
heat recoverable energy is associated with the high energy
beta electrons of 44Pr, i.e. average recoverable energy of
light particles of 1.026 MeV.

134CS

Since 34Cs comes after the stable nuclide 3*Xe in the
A = 134 decay chain, its generation as a fission product
from the A = 134 chain is limited to the direct contri-
bution from fission, i.e. its cumulative fission yield equals
its independent fission yield. In practice, because of the
small value of this fission yield, the only significant 34Cs
production path in a nuclear reactor is from neutron cap-
ture in the stable fission product '33Cs. Being at the end
of the A = 133 mass chain, which only includes short-
lived nuclides, the 33Cs cumulative fission product yield
is relatively well known, especially for a thermal neutron-
induced fission of 23°U, i.e. 6.653%. Its cumulative yield for
a 239Pu thermal neutron-induced fission is 6.844%, thus
making the '33Cs production relatively invariant to the
type of the fissioning system. '33Cs is an effective neutron
absorber with a sufficiently large capture cross section for
the formation of the 34Cs in its ground state and, with a
probability lower than 1%, of its first metastable state at
138.7 keV [61]. 131Cs is constantly removed via radioac-
tive decay and, during irradiation, additionally by neutron
capture (see Fig. 12).

134Cs mainly beta decays with a relatively short half-
life of 2.064 years into excited states of 13*Ba. Electron
capture transition is also possible with very low prob-
ability, but it is irrelevant for practical purposes. The
recoverable energy per disintegration consists of 163.5 keV
and 1.555 MeV, respectively for light particles and elec-
tromagnetic radiation, with signature energies of 1365.2
keV (emission probability 3.02%) and 604.7 keV (emis-
sion probability 97.6%).

The '34Cs relative contribution to the decay heat rate
of spent LWR fuel is the highest after about 3 years of cool-
ing. After 5 years it ranks third, behind the decay chains of
908r/99Y and 137Cs /137" Ba. Its production scheme makes
its dependence on burnup close to quadratic (Fig. 12). As
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Fig. 12. Build up of the **Cs nuclide in a LWR as a function
of the assembly burnup, for the main four fissioning nuclides.
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Fig. 13. Build up of the **”Cs nuclide in a LWR as a function
of the assembly burnup, for the main four fissioning nuclides.

a consequence, its relative importance increases for higher
burnup. In irradiated MOX fuel, the 34Cs fractional con-
tribution is about two-fold lower compared to UOs fuel.

137Cs/137m Ba

137Cs has a low neutron capture cross-section (0.27 b at
thermal energy), a relatively long half-life of about 30
years and large cumulative fission product yields that are
only marginally dependent on the fissioning nuclide and
neutron energy (i.e. 6.09% and 6.58% respectively for 235U
and #*9Pu thermal neutron-induced fission, see Fig. 13).
Production from neutron capture by fission products in
the A = 136 mass chains is excluded because of the low
neutron absorption cross sections.

These characteristics, together with the possibility
of its clear identification via non-destructive gamma-ray
measurements, make '7Cs universally used for fuel bur-
nup measurements [62], as its concentration shows a near-
linear dependence on burnup [53]. The only decay mode
of 37Cs is via beta transition, with average recoverable
energy for light particles of 179.89 keV, and the release
of low-energy gammas-rays. The decay process yields sta-
ble nuclide ¥7Ba in its ground state with a probabil-
ity of 5.64% and short-lived 3" Ba with a probability
of 94.36%. With a half-life of 2.552 min, '3"™Ba transi-
tions into its ground state emitting a signature 661.7 keV
gamma-ray with an emission probability of 85.1%, whose
magnitude surpasses any generated bremsstrahlung [63].
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Fig. 14. Build up of the °°Sr nuclide in a LWR as a function
of the assembly burnup, for the main four fissioning nuclides.

Due to its short half-life, 13"™Ba cannot be treated sepa-
rately and always in equilibrium with '37Cs.

Already after 5 years of cooling the '37Cs decay chain
contributes to at least 20% of the total decay heat power
in irradiated spent LWR fuel. This figure is only weakly
affected by the initial enrichment and slightly decreases for
higher burnup because of the growing importance of 34Cs.
The 37Cs decay chain remains central for the characteri-
zation of SNF decay heat rate up to 100 years of cooling.
In MOX fuel its relative importance diminishes to a max-
imum of 10% because of the larger actinides build-up and
because of the contribution of the 238Pu, already present
in the fresh fuel, to the decay heat power.

QOSI,/QOY

The only significant production path of ?°Sr in nuclear
reactors is via neutron-induced fission reactions. The ?°Sr
production strongly depends on the fissioning system,
with a larger cumulative product yield for a 235U thermal
neutron-induced fission (5.68%) than for a 239Pu thermal
neutron-induced fission (2.08%), see Figure 14.

Because of its negligible absorption cross-section, ?°Sr

builds up almost linearly for small burnup, that is when
the number of fissions in 239Pu is significantly smaller than
the number of fissions in 23°U.
With a half-life of 28.8 years, “°Sr undergoes beta decay
without the emission of gamma rays. Its daughter product
(Y in its ground state) also beta decays into the stable
nuclide ?°Zr, with a half-life of 2.67 days and a negligible
gamma-ray yield. The average recoverable energy of light
particles from the decay chain includes both contributions
of 99Sr and °°Y, respectively of 193.5 keV and 933.8 keV.
As the half-life of °°Y is much shorter than that of %Sr,
both nuclides are normally in secular equilibrium. As for
137Cg /13" Ba, also 9Sr/2°Y contributes to slightly higher
fractions to the total decay heat for less irradiated fuel. In
irradiated MOX fuel, the fraction of decay heat coming
from the ?°Sr decay chain is much less significant because
of the lower 239Pu fission product yield.

154Eu

154FEu has a negligible direct fission product yield as its
decay chain is blocked by the stable nuclide '*4Sm. Then,
its production is almost exclusively driven by the neutron
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Fig. 15. Build up of the ®*Eu nuclide in a LWR as a function

of the assembly burnup, for the main four fissioning nuclides.

absorption in ®*Eu (312.6 b at thermal energy), whose
production from thermal neutron-induced fission in 239Pu
is larger than in 23°U: cumulative fission yields of 0.38%
and 0.15%, respectively (see Fig. 15). *Eu has a large
neutron-absorption cross-section of 1353.1 b at thermal
energies and it is continuously depleted during irradiation.
Because of the '%4Eu relatively long half-life of 8.6 years,
radioactive decay plays a minor role in the nuclide loss
during the reactor operation, with the primary destruction
channel being neutron-induced capture reactions. '°*Eu
disintegrates almost entirely (>99.9%) via beta decay to
excited states of the stable nuclide **Gd. Of the emit-
ted beta decay energy, on average 270.242 keV and 1.244
MeV are recoverable respectively from light particles and
electromagnetic radiation. Given its relatively long half-
life and strong gamma-ray signature, '°*Eu is frequently
used as a burnup monitor for long cooling times [64,65].

4.5 Activation products

Light elements are also present together with the nuclear
fuel inside the core, in the form of rod cladding (usually
made of zirconium alloys), or grids (also called spacers)
to hold together rods (usually also made of zirconium
alloys, or stainless steel). These elements were selected for
their neutronic characteristics (low absorption) and also
because they are corrosion-resistant materials. But still,
neutrons can interact with these structural materials, via
neutron capture, and create radionuclides which will even-
tually decay and produce an amount of decay heat.

Additionally, in the case of some older generation 3
loop PWR, part of the reactor internals are made of hard
metal alloys, which contain a substantial amount of cobalt.
Specific fuel assembly spacers can also be found with
cobalt impurities, as high as 10 000 ppm. The nuclide
60Co is therefore of time, both for immediate dose rate,
but also as an activation product.

4.6 Example of nuclide contributions for typical PWR
burnup simulation

To illustrate the contributions described in the previous
paragraphs, a number of examples are provided in the fol-
lowing. The relevant nuclides are shown from 6 months

Table 5. Heat generated by the most dominant nuclides
(98.2% of the generated heat), 6 months after reactor shut
down for a representative 55 MWd/kgHM burnup.

Z Nuclide Half-life  Decay heat (kW)
59 M4Pr  17.28 min 107.4
45 106R K 30 sec 101.6
55 134Cs  2.06509 y 53.5
41  9Nb  34.9907 d 40.1
96 2%2Cm  162.928 d 36.0
40 97y 64.0324 d 21.5
56 13™Ba  2.552 m 12.4
39 0y 2.67083 d 12.2
58  M4Ce 285. d 9.6
39 Ny 58.5104 d 8.1
96 2%Cm  18.0004 y 7.1
94 238Pu 87.698 y 4.8
44 103Ruy  39.2604 d 4.7
38  8¢or 50.5706 d 4.1
55 17Cs  30.0406 y 3.8
63 "Eu  8.59302y 3.5
38 90gr 28.7898 y 2.3

to several tens of years of cooling. The main charac-
teristic calculations were performed for a typical theo-
retical PWR operating up to 55 MWd/kgHM (with an
average enrichment of 4% and a total mass of 20 tons).
The calculations employed the standard option of the
NUCLEONICA Program [66] for the spent fuel inven-
tory, using the JEFF-3.1 nuclear data library. The list of
nuclides in Table 5 presents more than 98% of the nuclides
contributing to the decay heat at 6 months cooling time
and therefore are the main nuclides to be looked at for
cooling times in this range.

Four nuclides have a very short half-life and their pre-
cursors should be examined too. 4Pr with a half-life time
of 17.28 min is a decay product of '#*Ce, which appears
also on the list and has thereafter a particular importance,
contributing about 25% to the total generated heat. This
pair is mentioned in Section 4.4.

Another important nuclide is rhodium '°°Rh with a
half-life time of 30 seconds. Its precursor is ruthenium
106 Ry with a half-life time of 1.02 years. At such time after
shutdown, the decay of 1°°Ru is of crucial importance and,
through the daughter decay of '°°Rh, accounts for about
22% of the whole generated heat. This pair is mentioned
as well in Section 4.4.

The third nuclide is the isomer '37"Ba. This is a
daughter product of 137Cs. Its importance is not as large
as the contributions of the above-mentioned two nuclides,
as it represents only about 4% of the heat at this period
of time. Nevertheless, the *"Cs have a half-life time of
about 30 years and, through '3"™Ba, the main contrib-
utor to heat production at later time periods as will be
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Table 6. Same as Table 5, but for 2 years of cooling
time.

Z Nuclide Half-life  Decay heat (kW)

45  106Rh 30 s 36.7

55  131Cs  2.06509 y 32.3

59 MPr 1728 m 28.3

56 3"mBa 2552 m 12.0

39 MY 267083 d 11.8

96 2¥Cm  18.0004 y 6.7

94 28¥pPu  87.6984 y 4.9

55 137Cs  30.0406 y 3.6

96 22Cm  162.928 d 3.5

63 19Eu  8.59302y 3.1

58 144Ce 285 d 2.5

38 908y 28.7898 y 2.2

51  1258b 2.758 y 0.9

discussed below. Further details of the pair 137Cs/3"mBa
are also found in Section 4.4.

The same arguments mentioned above for *7Cs are
also valid for ?°Y and its precursor ?°Sr. Again, as for
137Cs, the 2°Sr has a half-life time of about 28 years, which
increases its importance at longer decay times (see also
908r /%Y in Sect. 4.4).

The calculations for the same operational conditions as
in Table 5 were repeated for a cooling time of 2 years. In
this case, Table 6 shows the growing importance of 37Cs
and 2°Sr while the nuclides with half-lives of up to a few
months like 3Sr, 1°3Ru etc. die away. Table 6 presents
the spent fuel vector after 2 years for elements contribut-
ing about 98.2% of the heat produced, where indeed the
contributions of 89Sr and '"*Ru are marginally small and
the contributions from these nuclides are neglected.

Past 5 years of decay time, 37Cs and “°Sr become the

most dominating nuclides as far as the generated heat is
concerned.
In a benchmark calculation led by SKB Sweden [15], the
nuclides that contribute to the decay heat were isolated
and analyzed by several codes. The importance of the
main nuclides can be seen for five cases, from 4 years,
up to 22 years of cooling time, in Table 7. The pairs
137Cg /13" Ba and 2°Sr/?Y generate about 40% up to
61% of the decay heat at the time range of 4.5 to 21.5 y
respectively. Again, as shown by the former calculation,
the contribution of 134Cs (half-life time 2 y) vanishes in
this period as well as the contribution of '%6Ru.

After 20 years, the importance of the decay heat has
a direct impact on the geological disposal beyond the
interim storage. As far as the nuclides are concerned, the
minor actinides become more dominant. Nevertheless, the
pairs 137Cs/13™Ba and %°Sr/?°Y generate about 50% of
the heat. However, the overall heat is about two orders of
magnitude smaller in comparison with the decay heat after
2 years. With half-lives of about 30 years, the influence of
137Cs and ?°Sr decreases strongly towards 300 years, while

Table 7. The main decay heat generators between 4.5
and 20 years cooling time based on the SKB Bench-
mark [15]. The percent number given each nuclide empha-
sizes the partial contribution of heat of only one specific
nuclide to the total heat produced at a certain time after
shutdown.

~4.5y ~8.5y
Decay time Decay time
134Cs 21% 137Cs/13"™Ba  29%
137Cs/13"mBa  20% 908y /90y 26%
908y /90y 19% 24Cm 15%
106Ru/%Rh  11% 238Pu 12%
244C0m 10% 134Cs 8%
28py ™% 241 Am 4%
144 Ce/144Py 6% 154y 3%
154Ey 2%
21 Am 1%
~10y ~13.5y
Decay time Decay time
1370 /137mBa 31% 137Cs/137mBa 20%
90Gr /90y 29% 908y /90Y 26%
244Cm 13% 238py 18%
28pu 11% 244C0m 13%
134Cs 5% 241 Am ™%
241 Am 5% 154Ey 2%
154Ey 2% 134Cs 1%
240py 1% 240py 0%
~21.5y
Decay time
137Cs/13"mBa 32%
908y /90y 29%
28py 14%
244Cm 12%
241 Am 9%
240py 2%
154 Ey 1%

as mentioned above, the actinides start to dominate the
heat generation of the spent fuel.

At periods of about 40 to 50 years, the quantity of SNF
that can be disposed of together depends on its heat load
and on the geological conditions. Salt rocks can conduct
heat better than clay. However, for the safety of a waste
disposal, the mobility of potential radioactive materials
within the hosting rock becomes one of the crucial criteria
for the loading scheme within the disposal casks, with the
aim of controlled heat removal and radioactive dose in the
storage gallery. Those issues are beyond the scope of this
chapter.

However, the change of the governing nuclides as far
as their heat decay is concerned is emphasized in Tables 8
to 10, for 40, 100 and finally 300 years of decay time. The
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Table 8. Same as Table 5, but for 40 years of cooling time.

Z  Nuclide Half-life  Decay heat (kW) Z Nuclide Half-life  Decay heat (kW)

56 13"MmBa 2,552 m 5.0 39 0y 2.67083 d 4.7

94  28Pu  87.6984 y 3.6 95 ZAm  432.804 y 34

96 2*Cm  18.0004 y 1.5 55 B7Cs  30.0406 y 1.5

38 908y 28.7898 y 0.9 94 24Pu  6563.04 y 04

94  29Pu 241135y 0.2 63 PYEu 859302 v 0.1
Table 9. Same as Table 5, but for 100 years of cooling time.

Z  Nuclide Half-life  Decay heat (kW) Z Nuclide Half-life = Decay heat (kW)

95 24Am 432804y 3.6 94  28Pu  87.6984 y 2.2

56 13"mBa  2.552m 1.3 39 %9Y 267083 d 1.1

94  20Pu  6563.04 y 04 55  137Cs  30.0406 y 04

94  29pu 241135y 0.2 38 908y 28.7898 y 0.2

96 2*Cm  18.0004 y 0.2 95 2%Am  7365.09 y 0.03
Table 10. Same as Table 5, but for 300 years of cooling time.

Z  Nuclide Half-life  Decay heat (kW) Z Nuclide  Half-life = Decay heat (kW)

95 24Am 432804y 2.6 94  2¥pu 87.6984 y 0.4

94  20Pu  6563.04 y 0.4 94  29Pu 241135y 0.2

95 243Am  7365.09 v 0.03 56 137mBa 2552 m 0.01

39 Y 267083 d 0.009 55 137Cs  30.0406 y 0.004

93 29Np  2.35498 d 0.003 94  242Py  3.735e45y 0.002

daughter products *°Y and 3" Ba from °Sr and '37Cs
respectively die away after 300 years equal to about 10
half-life time periods of those pairs.

5 Measurements

Measured data of decay heat are of prime interest for the
understanding of the energy released by SNF and for the
validation of decay heat codes, standard methods, and
nuclear data. The quality of such data ultimately deter-
mines the confidence users have in their simulation tools.
Substantial efforts to measure total energy releases from
irradiated samples, and also separated contributions from
isomeric transitions and 3 decays, were made more than
50 years ago: pulse and long irradiations on small enriched
actinides samples, using thermal or fast neutrons, from
0.1 seconds to tens of thousands of minutes of cooling
time, and more recently on full scale irradiated spent fuel
assemblies.

Despite these extensive campaigns, limited experimen-
tal data are available for the validation of simulation codes
and nuclear data libraries. Some of the first measure-
ments suffer from large uncertainties (concerning today’s
capabilities), inconsistencies, and more recently, integral
decay heat measurements on full SNF present high cor-

relations between themselves due to the limited number
of facilities and studied cases. It was also noticed that
the existing set of measured SNF decay heat values does
not cover the characteristics of today’s fuel: high enrich-
ment, high burnup, and interest in short and long cooling
times.

In the following, a list of the most representative exper-
iments is presented, with some details. Readers will notice
that pulse irradiation of small samples were not performed
for decades and that integral SNF decay heat measure-
ments nowadays rely on a unique facility (Clab, Swe-
den), notwithstanding the worldwide importance of SNF
storage.

5.1 Calorimetric measurements

First calorimetric measurements were performed in the 50s
using galvanometers and ion chambers for irradiated ura-
nium rods, or the decay energy absorbed by the full-scale
reactor, see references [67,68] for details. These experi-
ments were able to cover a cooling range from 0.1 to 10%
seconds. These types of measurements are not described
in the following but are the predecessor of more modern
calorimetric measurements for SNF assemblies. A general
overview of more recent integral measurements of decay
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Table 11. Summary of existing integral decay heat measurements using calorimetric methods.

Facility Fuel Cooling Burnup Enrichment Reactor  Measured  Reference
type years MWd/kgU  wt.%23°U type Watt

Clab SNF UOq 11 —-27 20 — 47 21-3.1 BWR 55 — 285 [76]
Clab SNF UOq 13 — 26 20 — 51 21-34 PWR 210 — 715 [76]
Clab SNF UOq 4-21 50 — 55 3.6 —3.95 PWR 660 — 1660 [15,80]
Clab SNF UOq - - - LWR - [12]
GE-Morris SNF UOq 2-11 15 —47 3.4-4.0 BWR 45 — 390 [52,72,73]
GE-Morris SNF UOq 3-8 27 -39 1.1-25 PWR 360 — 930  [52,72,73]
HEDL SNF UOq 3-5 26 — 28 2.5 PWR 640 — 1550 [70,74]
SuperPhenix  full core 3 — 24 hours - - SFR 1—-2x107 [85]
JOYO SNF MOX 0.1-2 58 — 66 13-19 SFR 150 — 1400 [81-84]
MERCI rod UOy  0.02 — 43 days 3.5 3.7 PWR 4.6 — 172 [86]

heat for entire SNF assemblies, using calorimeters is pre-
sented in Table 11. Some details are provided below.

5.1.1 General information
United States

Comprehensive summary of measurements performed in
the U.S. has been compiled by Roddy and Mailen in 1987,
representing the HEDL and GE-Morris Operation facil-
ities [69]. A schematic overview of both calorimeters is
presented in Figure 16 [70,71].

The General Electric spent fuel storage facility in
Morris, Illinois (GE-Morris facility) used a pool calorime-
ter and in total 111 different decay heat measurements
were performed between 1980 and 1985 on 14 PWR fuel
assemblies (reactors Point Beach 2 and San Onofre 1)
and 61 BWR assemblies (reactors Cooper, Dresden and
Monticello) [52,72,73]. Seven decay heat measurements
were also reported on five PWR assemblies from the
Turkey Point 3 reactor. These measurements were per-
formed between 1980 and 1983 using a boil-off calorimeter
operated at the Engine Maintenance Assembly and Dis-
assembly facility (EMAD) on the Nevada Test site of the
Handford Engineering Development Laboratory (HEDL
facility) [70,74]. No measurements were reported in the
USA after the decay heat measurements of spent fuel com-
ing from the Monticello reactor and the calorimeters have
been decommissioned since.

A summary of the US decay heat measurements asso-
ciated with fuel design description, and reactor operating
data needed to perform decay heat calculations bench-
marks are given in the validation report of the SCALE
code for LWR Spent Nuclear Fuel by Gauld et al. in ref-
erence [52]. This validation study is based on the data
compiled by the Energy Information Administration of
the U.S. Department in Nuclear Fuel Data Survey Form
RW-859 of 2004. Complementary information is also avail-
able in the Schmittroth and Roddy reports published by
HEDL and ORNL laboratories [69,70,74].

The systematic bias for the GE-Morris measurements
is about +4% in the 200 W range and +2% around 700
W. For the HEDL decay heat measurements, +10% in the

Fig. 16. Sketch of the HEDL [70] (left) and GE-Morris
calorimeter [71] (right).

100 W range was reported and drops to 5% for values
greater than 1000 W, as mentioned in reference [52].
Finally, it is worth noticing the use of an underwater
calorimeter at the Bettis Atomic Power Laboratory [75]
for the measurements on small samples (a few grams for

233,235U and 239Pu)

Sweden

In 2004, SKB initiated a program at the Clab facility
(Central Interim Storage Facility for Spent Nuclear Fuel)
to provide decay heat data in support of the characteriza-
tion of spent fuel applicable to the design and operation of
wet and dry facilities and also for the future national fuel
repository at Forsmark [76]. The Clab calorimeter used
a design similar to the GE-Morris one. Up to 2006, 145
calorimeter measurements on full-length assemblies were
reported for 34 PWR assemblies (reactors Ringhals 2 and
Ringhals 3) and 50 BWR assemblies (reactors Barsebéck
1, Barsebédck 2, Forsmark 1, Forsmark 2, Forsmark 3,
Oskarshamn 2, Oskarshamn 3, Ringhals 1); experimental
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Table 12. Summary of existing decay heat measurements using calorimetric methods on LWR SNF assemblies.

Facility Reactor Reactor SNF  Enrichment Burnup Cooling  Number of Number of
type design (**°U wt.%) (MWd/kgU) time (years) assemblies measurements
GE-Morris PWR  Point Beach 2 14 x 14 34 32 -39 4 6 6
PWR San Onofre 1 14x14 3.9-4.0 27 — 32 3-8 8 8
BWR Monticello X7 2.3 9-21 10 - 11 6 13
BWR Cooper TxT7 1.1-2.5 12 - 28 2-7 56 81
BWR Dresden 2 TXT7 2.1 5 8 1 2
HEDL PWR Turkey Point 15 x 15 2.5 26 — 28 2-6 4 6
Clab PWR Ringhals 2 15x15 3.1-3.3 34 - 51 16 — 27 18 33
PWR Ringhals 3 17x17  2.1-34 20 — 47 13 - 26 16 38
BWR Ringhals 1 8x8 23-29 21 - 45 13 -24 17 45
BWR Oskarshamn 2, 3 Many 2.2-29 15 — 47 12 - 27 14 15
BWR  Forsmark 1,2,3 Many 2.1-3.0 20 - 38 11-15 11 12
BWR  Barseback 1, 2 8x8 2.3-3.2 20 - 41 11 - 25 7 9

values, assembly data and operation history were reported
in reference [76], as well as in SCALE analysis [76-78].

In 2014, additional measurements performed between
2006 and 2010 were reported by Ilas et al. [79]. They
mainly concern the same SNF as in previous references
but with more recent measurements. These cases (not yet
publicly available at the time of writing) would be inter-
esting as they represent multi-measurements over a few
years.

In 2017, five new measurements for 5 different PWR
assemblies were proposed by SKB for the so-called “blind
decay heat calculation benchmark”, and results were pub-
lished in reference [15,80]. These PWR assemblies corre-
sponded to higher enrichments and burnup values com-
pared to the previous Clab reported data in reference [76],
therefore nicely complementing the existing set. More
recently, reference [12] is referring to new Clab measure-
ments performed from 2015 to the present. It is also indi-
cated that the description of such 60 new measurements
will be published soon.

Japan

These Japanese-reported experiments are the only ones
currently performed on MOX assemblies [81-84]. Such
assemblies were designed to be used in the experimental
sodium-cooled fast reactor JOYO and therefore do not
correspond to designs of LWR MOX fuel. Enrichments
in 2%°U and Pu were reported sensibly higher than for
LWR for the measured assemblies (13 to almost 30%).
These measurements are reported in Table 11 but cannot
simply be used or compared to measurements for LWR
assemblies.

France

In France, two different types of measurements were real-
ized: one on the decay heat for the full core of the sodium-
cooled fast reactors Phénix and Superphénix [85] and one
on a single UO2 rod [86]. One can add measurements per-
formed at the ZOE reactor on small samples (a few grams)
with a dedicated calorimeter [87].

In the case of Phénix and Superphénix, experiments on
decay heat measurements on French Sodium Fast Reac-
tors (SFR) were performed between 1979 and 1996. How-
ever, due to the final shutdown of Phénix scheduled in
2010, it was decided to perform a new test as part of
the Phénix end-of-life experiments: the PUIREX exper-
iment [88]. A calorimetric method based on the ther-
mal balance of the reactor circuits was used. No actual
calorimeter such as in Clab or GE-Morris was needed.
The decay heat of the full core was deduced for low power
(about 10 MW) and predicted calculations were validated.
This type of experiment, giving access to the decay heat of
the entire reactor is only feasible in sodium-fast reactors
thanks to the sodium inertia in the pool configuration of
the reactor. As in the case of the JOYO measurements,
such results are not of relevance to the present work but
correspond to the only published decay heat data for a
full core.

The second published measurement, part of the
MERCI program, concerns the irradiation of a single
UOs rod, at the periphery of the experimental reactor
OSIRIS [86]. Characteristics of the irradiation can be
seen in Table 11. The decay heat was measured using the
MOSAIC calorimeter (by means of heat transfer to water).
The main advantage of this case consists of its short cool-
ing time and low burnup, helping to validate decay heat
calculations linked to 23°U fission products.

The experimental uncertainties for the measured decay
heat are also relatively low: between 1 and 3%.

5.1.2 Details
MERCI-1 experiment (France)

A fresh PWR UOg fuel rod sample (active length of 40 cm)
with a 3.7 wt.% content in 23°U and zircaloy-4 cladding,
within a stainless steel containment, was irradiated dur-
ing 55 equivalent full power days in the periphery of the
OSIRIS reactor [86]. The layout of the MERCI device in
the OSIRIS pool is reported in Figure 17.

The discharge burnup of the MERCI fuel rod was
about 3.6 GWd/tHM. The fuel rod was transferred in 26
min from its irradiation location to a hot cell to be inserted
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Fig. 17. Layout of the MERCI device at the OSIRIS facil-
ity [86].

into the MOSAIC calorimeter. The released decay heat
was measured from 27 min to 45 days after shutdown.
Over this period the decay heat decreases from about
200 W to 4 W. Post-irradiation examinations were also
performed at the CEA /LECI laboratory in order to mea-
sure the concentrations of the main actinides (uranium,
plutonium) and burnup trackers (neodymium, cesium) in
a sample located at the middle of the fuel rod. These post-
irradiated examinations allowed an accurate evaluation of
the fuel rod burnup and axial distribution. The fuel rod
axial distribution was also measured by gamma-ray scan-
ning inside the OSIRIS pool with a high-purity germanium
detector system.

The OSIRIS reactor is an experimental reactor with
a thermal power of 70 MW. It is a light water reactor,
open-core pool type. The MERCI device was located in
the periphery of the OSIRIS reactor core and was made
up of two mechanical components: the fuel rod to be
transferred and its support structure, equipped with core
instrumentation, i.e. rhodium self-powered neutron detec-
tors to measure the thermal neutron flux, cobalt detec-
tors for safety purposes, one removable fission chamber,
and activation dosimeters to measure the axial neutron
fluence profile.

The MOSAIC calorimeter was designed [89] and

patented by the CEA [90]. The MOSAIC calorimeter
design is based upon the heat pipe principle where the
cold element is the condenser and the warm element is a
tungsten cylinder, which also reduces gamma-ray leakage
thanks to its high density (about 18 g/cm?), see Figure 18.
The tungsten absorbs about 96% of the total gamma-ray
emission. The gamma-ray leakage was evaluated by calcu-
lation. The MOSAIC calorimeter was designed with the
particular goal to have a precision of 1% and to have mini-

Vacuum Enclosure
(secondary system)

Condenser
(primary system)

i
Two-phase

4 primary 1Rod
enclosure

.

Water

Fig. 18. Sketch of the MOSAIC calorimeter [89).

mal heat losses. The residual heat is deduced by a heat bal-
ance measurement on the secondary system using accurate
instrumentation such as platinum resistance thermome-
ters and Coriolis flowmeters.

Two analysis of the MERCI-1 experiment were per-
formed, one with the 3D full pointwise Monte Carlo code
TRIPOLI-4® [91] and one with the deterministic 2D lat-
tice code APOLLO2 [92] coupled with the depletion code
PEPIN2 [93], which performs the depletion calculation
with very precise depletion chains describing the buildup
and disappearance of more than 3800 nuclides and the
exact depletion history of the MERCI-1 experiment.

The axial neutron flux calculated by TRIPOLI-4 is cor-
rected in order to fit with the measured axial gamma-ray
scanning. At the end of the depletion and cooling period,
the nuclide concentrations are compared to the measured
ones, and the neutron fluence is adjusted in order to min-
imize the discrepancies on the main actinides and burnup
trackers.

In addition to this calculation, the gamma-ray leak-
age and the activation of the structural components are
also evaluated by computation. The gamma-ray leakage
has been evaluated with TRIPOLI-4 and PEPIN2 (JEFF-
3.1.1 nuclear data library) by integrating the energy of
the gamma-rays that escape the first enclosure of the
MOSAIC device. The calculated gamma-ray heat loss
fraction (gamma-ray heat loss/total decay heat) is plot-
ted in Figure 19. The gamma-ray leakage is comprised
between 2% (around 42 days) and 4% (around 30 min).
The gamma-ray leakage follows mainly the gamma heat
loss of the '49La, which has high gamma-ray energy
(1.6 MeV). The La is also the main contributor to
the decay heat between 17 hours and the end of the
measurement period. The energy produced by the acti-
vation of the cladding has also been evaluated with
PEPIN2 calculations. It appeared that the contribution
of the cladding to the total decay heat is comprised of
between 0 and 2.25% at the maximum around 1.5 hours of
cooling.

Between 27 min and 45 min a measurement bias was
observed due to an unexpected thermal transient after the
introduction of the MERCI fuel rod inside the calorime-
ter: the MERCI fuel rod stored heat during the trans-
fer phase from the reactor pool to the hot cell. Thus,
during the first 800 seconds, the measurement overesti-
mates the effective residual heat produced by the MERCI
fuel. This unforeseen energy storage amount cannot be
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Fig. 19. Gamma-ray heat loss fraction [86].

calculated or estimated because of a lack of appropriate
instrumentation. .

The measurement uncertainty with the MOSAIC
calorimeter is between +1% and +2% depending on the
cooling time. This uncertainty has been evaluated from
the propagation through the MOSAIC calorimeter numer-
ical model of measurement errors (temperature, mass
flow rate) and thermo-physical properties (density, specific
heat, enthalpy, thermal conductivity). The uncertainty
due to the neutron flux adjustment is 4-0.7%. Bias due
to the calculation scheme has been estimated to be under
+0.2%. This point has been checked by using two differ-
ent methods for the neutron calculation (Monte Carlo and
deterministic), in addition to several sensitivity studies on
the calculation scheme choices.

The nuclear data uncertainties were recently reevalu-
ated with both deterministic and stochastic methods that
produced very similar results [94]. The nuclear data uncer-
tainty on the decay heat of the MERCI fuel is about 4%
at the beginning of the measurement period and rises up
to 11% at the end of the measurement period. The main
contributors to the variance of the decay heat are the
independent fission yields of 23°U in the thermal range
(for this calculation, independent fission yields are not
correlated, which maximizes the total uncertainty in this
time period). All these uncertainties are independent of
each other and result in a global uncertainty calculated
by quadratic summation comprised between 5% and 12%
at 2 standard deviations.

The calculation-over-experiment discrepancies
(C/E —1) are plotted in Figure 20. The gray area
represents the total uncertainty at two standard devi-
ations. A satisfactory agreement is observed between
5 and 42 days of cooling where the discrepancies are
under +1%. The maximum discrepancy is about 6% at
12.5 hours of cooling. Between 45 min and 36 hours, the
discrepancies are included in the analysis uncertainty at
2 standard deviations. Between 36 hours and 42 days,
the discrepancies are within the analysis uncertainty at 1
standard deviation.

MERCI-1 is the first experiment that enables the inte-
gral validation of decay heat issued from the disintegration
of 235Uy, fission products and the 239U /239Np decay. This
program demonstrated the feasibility of such an experi-
ment, at very short cooling times and with a very low
experimental uncertainty. Nevertheless, additional experi-
ments at higher burnup or with depleted UO4 fuel or MOX
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Fig. 20. Calculation over measurement discrepancies (red line)
associated with the total uncertainty (measurement, modeling,
and nuclear data) at two standard deviations [94].

fuel are mandatory. Indeed, a recent work has been per-
formed on the MERCI-1 experiment in order to quantify
the similarity of this experiment to a UOs fuel irradiated
in a PWR regarding nuclear data [95]. The results show
that the similarity of the MERCI-1 experiment with the
UQOs fuel decreases drastically with the burnup of the UO,
fuel. Even at 10 GWd/tHM, the contributions of the 2*Pu
fission products cannot be neglected, which makes the
MERCI-1 experiment not appropriate to validate codes
for the decay heat of PWR UQO; fuels at burnup higher
than 10 GWd/tHM.

Concerning additional decay heat measurements per-
formed at the PHENIX reactor (France), called the
PUIREX experiment, details can be found in Appendix A.

The Clab experiments (Sweden)

The intermediate fuel storage facility at Clab allows
for performing calorimetric measurements of nuclear fuel
assemblies for BWRs and PWRs [76]. As mentioned, the
design of the Clab calorimeter is similar to that used at
GE-Morris. A five-meter-long cylinder is placed inside a
water pool and can contain the full length of a nuclear
fuel assembly, thus allowing for a non-destructive mea-
surement, see Figure 21. The calorimeter is hermetically
sealed to prevent water in the pool from comeing into
contact with the water inside the calorimeter during the
measurement. A centrifugal pump circulates water in the
calorimeter to maintain a homogeneous temperature in
the measurement chamber. Sixteen temperature sensors
are located in the water inside the calorimeter, on the
internal and external surfaces of the calorimeter, and in
the water outside the calorimeter to measure the increase
in temperature. The calorimeter is calibrated with an elec-
tric heater with well-known power. Dose rate monitors are
placed outside the calorimeter to measure the quantity
and radial distribution of the gamma-ray radiation that
escapes from the calorimeter. Corrections are applied for
the fraction of the released gamma-ray heat absorbed out-
side of the calorimeter.

The decay heat of a nuclear fuel assembly is deter-
mined with the temperature increase method. The mea-
sured increase rate of the temperature is compared to the
corresponding calibration measurements and the decay
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power is determined. The gamma-ray radiation field is
also measured and the power escaped gamma-ray heat is
determined. The total decay heat power is derived from
the sum of the measured decay power and the measured
power from the escaped gamma rays. This method has the
advantage of being relatively independent of the gamma-
ray heat leakage since leakage also occurs during calibra-
tion. On the other hand, compensating factors must be
added to account for the fact that fuel assemblies have
a different volume, mass, and material composition than
the electric heater. The realistic measurement time neces-
sary to carry out a calorimetric measurement for one fuel
assembly is one day.

After the measurement campaign involving the “blind
decay heat benchmark” in 2017, a new analysis of the
experiments, including calibration, escaped gamma-rays
(simulations) and detectors was undertaken until 2023,
in collaboration with EPRI. New measured decay heat
values are planned to be publicly distributed, with low
uncertainties (in the vicinity of a few percent).

The calorimeter project in Switzerland

The development, installation, and commissioning of a
new full-scale calorimeter to measure the decay heat of
spent fuel assemblies at Gosgen Nuclear Power Plant
(KKG) is currently under consideration. This calorime-
ter would allow the measurement of UO, PWR fuel with
very high burnup (up to ~70 GWd/t) and high enrich-
ment (up to 5%), as well as MOX fuel. The concept of the
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Fig. 22. Layout of KKG calorimeter (left) and cross-section
of the shielding design (right).

calorimeter is aimed at achieving a high level of measure-
ment precision.

The mechanical structure of the Gosgen calorimeter
is shown in Figure 22 and consists of a shaft for hold-
ing the fuel assembly, with vacuum insulation to mini-
mize heat transfer between the calorimeter and the ves-
sel basin and a lid that is closed to perform the mea-
surement. The lid is made of polyethylene and is pressed
against a seal by a slight underpressure, preventing uncon-
trolled mass transfer with the basin contents. This implies
that if there is no active circulation, the lid is released,
and the fuel is cooled by natural convection (internal
KKG safety condition). The calorimeter has a modu-
lar design and can be operated in three different modes
(three main feed/intake points, as illustrated in Fig. 22).
One of the three possible functionalities is depicted in
Figure 22, where the mass flow is depicted by arrows
(mass flow from the lower inlet line to the upper section
line). A lead, steel-coated, shielding is also designed to
absorb almost 100% of the gamma-ray losses (to increase
the measurement accuracy). The decay heat is deter-
mined by temperature differences between outlet and inlet
lines and the water mass flow, in a reached steady-state
system.

The measuring station will be set up at the edge of the
container basin of the external wet storage facility. The
calorimeter will be mounted on a fuel rack normally used
for fuel inspection, under ~7 m water. More details will be
published in the coming years if the project successfully
continues.

5.2 Gamma-ray and beta-particle measurements

Apart from the calorimetric measurements presented in
the previous section, for “large” samples, a number of
other experiments, using specific calorimeters were also
performed on small samples (as previously mentioned at
Bettis [75], ZOE [87], but also in the UK [96]). Dedicated
~v-ray and B-electron emission detectors were also used.
Some details are provided in the following.
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5.2.1 Historical measurements

In the 1960s and 1970s, a number of experiments were
performed to measure the decay energy release rates from
fission events, from short irradiation of small samples.
These data are extremely useful for code validation (see
for instance Ref. [97]), as presented later in Section 6.4.4.
Additionally, a number of experiments, with some code
inputs were compiled by the IAEA under the CONDERC
project. A summary of some measurements is presented
in Table 13 and in mentioned references.

Note that additional measurements were performed
on other actinides, such as 232Th, 23323807 and 23"Np.
Depending on the type of experiment, the total energy
release rates, with or without the [-electron and ~-
ray components are measured and presented. Selected
measurements are presented in this section and a more
detailed description of a number of experiments can be
found in reference [118].

Liquid scintillator

A number of measurements for the total energy release
were performed with a large absorption scintillator,
absorbing virtually all beta-electrons and gamma-rays [75,
103,105,110,119]. Typically, such calorimeters were very
large (a few thousand liters), and made of different mod-
ules of plastic cylinders coupled to photomultiplier tubes.
A rabbit system was used to bring irradiated samples
to this instrument in a matter of seconds. Samples (for
instance enriched uranium deposited on aluminum back-
ing) were irradiated with a moderated neutron source (for
instance 2°2Cf surrounded by water) for various periods,
each of them followed by a calorimetric measurement.

Separated (3-electron and ~-ray measurements

In order to obtain the contributions from the (-electron
and ~-ray emissions, some measurements were performed
with scintillators such as Nal for v-ray detection, and
with Si(Li) detectors for (-electrons. Small samples were
irradiated with thermal or fast neutrons, and transported
with a pneumatic system in front of the dedicated detec-
tors. Measurements were separately performed for (-
electron and for «-ray detection, see, for instance, refer-
ences [108,120,121]. A different approach is followed in
reference [96], based on Calvet microcalorimeter measure-
ments: it corresponds to a multicel calorimeter using a
uranium shell surrounding the sample and absorbing a
large part of the emitted ~y-rays.

Compilation and data selection

The previous experiments for the total or (-electron and
v-ray energy release rates are currently extensively used
for code and nuclear data validation (mainly fission yields
and decay data), as presented in Figures 28, 31 and 32.
They are nevertheless not directly compared to calcula-
tions, but the comparisons are based on specific com-
pilations, or evaluations, as from Tobias et al. [122], on
selected and trusted sets of measurements from Dickens,
Akiyama, and Schier (Lowell) [107,123-127]. For more

details on the validation of nuclear data with these data,
see Sections 6.4.3 and 6.4.4.

5.2.2 Detection of gamma-rays from short-lived fission
products

The description provided in the following concerns the
detection of gamma rays from short-lived fission products
at KUCA and KURNS-LINAC in Japan. More details on
these studies can be found in reference [128].

Introduction

For new types of reactor cores, the residual heat removal
system must be designed carefully to prevent elevation
of the temperature of fuel cladding. For the design, the
residual heat during the initial quarter of an hour after
the shutdown of the core is naturally of high relevance.
The residual heat is mainly determined by the decays of
fission products (FPs) with a half-life of less than an hour.
The yields of FPs and their decay data (yields and decay
types) have comprehensively been evaluated up to now.
However, isotopic validations of those yields and data are
not trivial.

Recently, radiations were measured at Kyoto Univer-
sity Critical Assembly facility (KUCA) and at Kyoto Uni-
versity LINAC pulsed neutron source facility for specific
purposes. As byproducts, gamma rays from short-lived
FPs were measured. In the following, the measurements
were reported.

Critical experiments

Some of neutron-induced reactions are followed by emis-
sions of gamma rays of intrinsic spectra to the reactions.
Thus, gamma-ray spectrometry would give information on
the ratio of rates of some reactions occurring in neutron
multiplication systems including a critical core. Then a
mocked-up was built for the critical core in a light water
tank at KUCA and the gamma rays outside the tank were
measured as shown in Figure 23 left.

428 sheets of plate-type fuel of uranium (U) and alu-
minum (Al) alloy were loaded vertically to the core bot-
tom base made of stainless steel. The 23U enrichment
of the fuel is 93 wt.%. An HPGe with 30% relative effi-
ciency was used for the gamma-ray detection. The photo-
electric (PE) peaks of gamma-rays from capture reactions
of 1H, 27Al, °3Cr, °%Fe, and 5®Ni and 23°U were detected as
well as the single and the double escape peaks (DE, SE)
of those. Gamma-ray peaks from de-excitation of '6™Q
are also found. The pulse height spectrum from 2900 to
4900 keV is shown in Figure 23 right. The base contin-
uum spectrum is due to the prompt gamma-rays from
fission of 23°U. Above the continuum part, small peaks
stick out. Except for PE, DE, and SE components origi-
nated in the 27Al(n,y) reaction, more than ten peaks are
found. The spectrum was compared to the evaluation in
JENDL/FPY+FPD-2011, followed by the identification of
peaks of which the count rate is dominated by the decay
of 88Br, 89K, 90.90m.91.92R}, 95,9798y and 136,

The peak-to-base ratio is small due to the intense
prompt fission gamma-rays and the statistical errors of
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Table 13. Summary of existing differential decay heat measurements for neutron-induced fission on specific systems.

Measurements are given in MeV /s /fission.

System Measurement ~ Cooling time  Publication Reference
sec. year

25U (ngp, f) B & v 0.3—10° 1964-1981  [98-114]
Z9Pu(ngy, f) B & v 3106 1973-1978  [103,115]

21 Pu(ng,, f) B & v 3—12x10? 1978 [116]

25U (n14 Mev, f) 8 &~ 20 — 14 x 103 1984 [117]

B9Pu(nig Mev, f) B & v 35— 14 x 103 1984 [117]

P R
ol \W“
3000 zsmPu\seHsg‘tx()beVi 4500 w——

Fig. 23. Left: Side view of the critical core and HPGe detec-
tor. Yellow lines are of aluminum alloy. Right: Measured ~-ray
spectrum for critical core.

those peaks range from 2 to 20% for four hours of mea-
surement with a power of 4.6 mW. In this measurement,
the FP gamma-ray was measured during neutron irradia-
tion so that FP of half-lives shorter than 4 seconds (°7Y)
was detected.

Out-of-phase measurement for small sample

Gamma-ray spectra were measured for a small U sam-
ple of the natural 23°U enrichment irradiated by a pulsed
neutron source at KU-LINAC. The neutron was generated
by photo-interactions with a tungsten target and the fast
neutron was slowed down in light water moderator. The
pulse frequency was 50 Hz and the time from pulse genera-
tion to a gamma-ray detection was measured to determine
incident neutron energy for the gamma-ray emission reac-
tion. The flight path length was approximately 11 m. The
time spectrum for the gamma-ray detection is shown in
Figure 24 left.

The original purpose of this experiment was to detect
238U(n,y) gamma-rays for the thermal and the resonance
energy neutrons and so peak structures are found in
Figure 24 left. However, after decay out of the thermal
neutrons, gamma-ray events were still detected, corre-
sponding to out-of-phase events. In such a case, there
is no neutron, indicating that the fission and capture
reactions would not be induced. Such events are there-
fore due to some radioactive decay. Currently, it is
expected that those decay were from FPs originating
in 2%°U in the sample although the initial enrichment
was 0.72 wt.%. The gamma-ray spectra for the out-of-
phase events are shown in Figure 24 right, where peak
components can be observed. By the attenuation of the

10"
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Fig. 24. Left: Time of flight spectrum for estimation of energy
of incident neutron. Right: y-ray spectrum at time background.
Nuclides in labels denote [3-decay parents of delayed ~-rays.

prompt fission component, the peak-to-base ratio of them
is better than those in Figure 23 right. Comparing the
measured data to the JENDL/FPY+FPD-2011, peaks
dominated by 3Kr, 9091Rb, 959798y were identified.
Gamma-rays were also measured during neutron irradia-
tion, the gamma rays from 7Y were also measured by this
method.

Future plan

The new techniques are potentially useful for the valida-
tion of fission product yields and their associated decay
data. In these critical experiments, the estimation of the
detection efficiency of the FP gamma-rays needs to be
determined. A possible method is to rely on gamma-ray
transport calculation with the PHITS or the MCNP-6
codes assuming or calculating spatial fission distribution.
Currently, the normalization of the calculated efficiency is
under study. Another issue is related to the background
from 27Al(n,y) gamma-rays. Accordingly, critical experi-
ments with fuels with different ratios of Al/U in another
facility might be beneficial.

In the out-of-phase measurement, an open question
is related to the amount of 238U fission events since
the neutron spectrum above 30 eV was not measured
at the facility. To remedy this, it is planned to perform
Cd filtered and non-filtered measurements were scheduled
with enriched U samples. Those decay data have recently
been re-evaluated in the JENDL-5 nuclear data library,
and comparisons between the measured and calculated
gamma-ray spectra will be highly beneficial.
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6 Calculation methods

As the decay heat of SNF is seldom measured, the impor-
tance of its estimation through calculations is crucial.
There are globally three different possibilities:

1. based on a single formula, with various degrees of com-
plexity,

2. based on more advanced methods presented in various
national and international standards,

3. and based on the summation method.

Historically, the first developments have led to the deriva-
tion of formulas, which depended on a limited number
of parameters, and are therefore labeled in the follow-
ing as “simple formula”. Such an approach followed the
calculation capabilities at that time, as well as the past
needs. Valuable information was obtained (such as the
well-accepted value of “7%” residual heat after a reactor
shutdown, or general aspects of exponential decay of the
decay heat), and allowed some finer developments inte-
grated into the decay heat standard methods. Such meth-
ods were developed over decades (from the 1970s to today)
and will be presented in the following. Both simple for-
mulas and standard approaches generally have a range of
applicability and cannot be applied to any cooling time
and fuel type.

More recently, the ability to perform accurate decay
heat calculations based on a summation approach (cou-
pled with a precise neutron transport and depletion cal-
culations) has sensibly improved, mostly due to the avail-
ability of evaluated nuclear data as well as more affordable
computer power. Such developments will also be presented
in this section.

6.1 Simple formula
Under specific needs, the decay heat can sufficiently be

well approximated by the known Borst Wheeler formal-
ism [2] (see Appendix B for details):

2.7P
Pt,T) =
(*.T) 200 x 1.6 x 10—13

=41x10"Py [t7°% — (t+ 1)

t+7T
/ r~12dr MeV/s (6)
t

MeV/s
(7)

=0.065P [t™°% — (t+T)" %] W, (8)

where the Borst Wheeler function definition contains
P(t,T), the power emitted at time ¢ after the shutdown
of a reactor that operated for time T', as well as Py, the
reactor power.

The origin of this expression comes from the idea of
dealing with the heat contribution of isomeric transitions
and 3 decays. Borst and Wheeler (as well as Glasstone
and Sasonke [129]) use the classical approach based on
Way and Wigner [38]. The difference is the weight given
to the B(t) and the v(t) decay. Nevertheless, by combining
both contributions of the () and the §(¢) decay, one can
get very similar results.

It is of course “tempting” to adjust this formula to
measured values. The 200 MeV /fission used in the above

Cooling time (days)
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Fig. 25. Decay heat ratio P/P, as presented in equations (8)—
(B.12), compared to the early ANS-5.1/N18.6 standard from
1971. The irradiation time 7T is considered infinite (10'* sec-
onds).

equation can be adjusted to the more correct energy
release per fission 202 MeV /fission (for 23°U thermal neu-
tron induced fission in a typical LWR), etc., the 2.7 MeV /s
can also be changed to other numbers beyond the 2.8
MeV/s as proposed by Glasstone [129]. Further ideas
appear in more complicated expressions.

In reference [129], Glasstone introduces a more general
method where two parameters, a (multiplier) and b (power
parameter), can be changed. One can explain this pro-
cedure by the fact that the a decay is not included in
the original considerations and as compensation, a bet-
ter fitting to measured data occurs by tuning the existing
parameters (see Fig. 25 for a simple comparison with dif-
ferent approaches).

Todreas and Kazimi [130] proposed a more detailed
approach for the exact evaluation of the decay heat, at
the very beginning of the shutdown phase.

They additionally define the heat generated by delayed
neutrons in a very short time (0-80 seconds) after shut-
down. In parallel, a more fundamental approach for the
shutdown is given by Duderstadt & Hamilton [131], based
on the point kinetic equation and derive the decay heat
power by integrating the time over the changing reactivity
during the fall of the shutdown control rods.

Except for the very sophisticated approach mentioned
above, the approach of Way & Wigner [38] that was
adopted by Borst Wheeler, Glasstone, and others to pro-
vide a very good solution for times from 0 to about 10°
seconds. Beyond that period, the impact of the o decay is
noticeably growing, and as it is not included, the results
are expected to be worse. In addition, the fact that most
of the reactors are idle for maintenance for about 30 days
between successive cycles is also a source of inaccuracy, as
it is not taken into account in the formula shown above.
In view of the mentioned limitations, the Borst Wheeler
formula was tested against several measurements obtained
from reference [15]. The decay time was between 108 and
10? seconds. The maintenance time between the cycles was
ignored which indeed showed more conservative results.
Overall, the decay heat ratio (decay heat to nominal power
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heat of the reactor) was over-estimated by a maximum of
60%. Using the solution of Glasstone [129,132] (which is
supposed to be applicable up to 8 x 10® seconds) underesti-
mates the results by up to 60%, which is for safety reasons
not conservative, and hence not recommended. Full adap-
tion to the measurable results can also be mathematically
achieved by further adjustments of the time parameters,
albeit without physical foundation.

Consequently, the safety considerations for waste disposal
afford much higher accuracy, which can be only achieved
by “tedious” burnup calculations. Nevertheless, some of
these early studies of the pioneers of the nuclear technol-
ogy can support and provide useful guidance for the range
of decay heat one is concerned with, even at relevant long-
time disposal.

6.2 Delayed fission

After a reactor shutdown, fission events can continue to
happen, not initiated by prompt neutrons (emitted about
10714 seconds after a fission event), but due to neutrons
emitted by fission products after § decays (delayed neu-
trons), by (a,n) or (,n) reactions, or simply from spon-
taneous fission. Delayed neutrons can be emitted from
milliseconds up to a few hundred seconds (for the longest-
lived precursor 87Br), as long as precursors are produced.
These sources of delayed neutrons can also induce fission
events, called delayed fission, therefore contributing to
decay heat. In practice, such contribution from 3 decays is
rapidly vanishing compared to other sources, as indicated
in Figure 26.

In the present context, delayed fission is therefore dif-
ferent from the definition given in references [134,135],
where it corresponds to a nuclear decay process that cou-
ples 18 decay and fission, mainly corresponding to an
exotic decay mode of excited heavy actinides.

In reference [133], two examples for different fuel
assemblies (one UOy and one MOX) are presented, with
the calculated contributions from delayed fission to the
total decay heat (see Fig. 26). As observed, although
delayed fission is the main contributor shortly after shut-
down, its contribution becomes negligible after about
100 seconds. It can be considered that delayed fission is
of no importance for SNF storage, but on the contrary,
it can be of high importance in the case or slow or fast
transients [39].

6.3 Standards

Standard methods for decay heat calculation were orig-
inally developed to provide a means to determine decay
heat values with an accuracy comparable to that of sum-
mation methods but with less computational effort and
without the need for excessive nuclear data libraries.
Due to the limited number of input quantities the
standard methods are often easier to use than summa-
tion methods, especially for users who are not experts in
the field of decay heat. Some methods also provide guid-
ance for a specific application. With regards to licensing
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Fig. 26. Example of decay heat (with delayed fission); Top:
for a UO;y fuel, enriched at 3.5%, with a burnup value of
33 MWd/kgU. Bottom: Same for a MOX fuel enriched at
5.30% (Pu content) with a burnup value of 60 MWd/kgHM.
Extracted from a French REP900 [133].

procedures, depending on the regulatory framework in a
given country, the usage of decay heat standards may also
reduce the effort in a license application or in some cases
even be mandatory.

Nowadays, calculations based on best-estimate codes,
using the summation method, are more easily accessi-
ble than historically, rendering the use of standards less
unavoidable. As presented in the following and in the
example in Section 6.3.7, standard values can sensibly
depart from values based on the summation method. It
is also interesting to realize that standard methods often
require as inputs quantities such as “power per irradia-
tion steps”, or fission fractions per irradiation steps (frac-
tion of 23°U, 238U, 239Pu and ?*'Pu to the total fis-
sion rates, for each irradiation steps), which can only
be accurately obtained from best-estimate codes (e.g.
SCALE/POLARIS, CASMOS5, Serpent).

6.3.1 Overview

A variety of standards (or standard methods) was devel-
oped over time, with numerous releases and updates.
The latest releases at the time of the present work are
as follows: the JAERI-M 91-034 from 1991 [57], the
ANSI/ANS-5.1 from 2014 [136], the DIN 25462-1 and -
2 from 2014 [22,25], the U.S. NRC RG 3.54, Rev. 2, from
2018 [28], and finally the ISO 10645, from 2022 [27].
Despite some differences in the methods and the level
of self-sufficiency, the latest revisions of the standards
adopted a common approach. The total decay heat power
is computed as a sum of contributing sources instead of
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the empirical formulation based on tabulated correction
factors used in the earlier revisions. The identified major
decay heat sources considered in the latest releases are:

e Fission products,
e actinides, and
e neutron capture (n,y) on fission products.

The standards usually neglect spacial effects of energy dis-
position (from + radiation) and the decay heat contribu-
tion from delayed neutrons and activated structural com-
ponents. Each of these standards presents limits on the
applicability, defined based on

Reactor type (PWR or BWR),

fuel type (UO2 or MOX),

decay time after irradiation,

fuel properties, burnup, and enrichment.

The mentioned standards apply almost identical methods
for the evaluation of the decay heat due to the decay of fis-
sion products, except those generated by neutron capture
on fission products.

Similar semi-empirical methods are used, except in
DIN 25463 1/2 (2014), for the decay heat due to neu-
tron capture in fission products and fully empirical for the
decay heat from the actinides. Indeed, the DIN standard
is using explicit analytical methods for the evaluation of
the decay heat from the decay of fission products gener-
ated by neutron capture in fission products as well as from
the decay of the actinides.

In terms of self-sufficiency, the standards can be
divided into entirely self-sufficient, such as the DIN 25463
1/2 (2014) and U.S. NRC RG 3.54 Rev.2 (2018), and stan-
dards requiring special input data, dependent on operat-
ing conditions, reactor type or fuel type, prepared by the
user: ANSI/ANS-5.1 (2014) and ISO 10645 (2022). For
example, the ANSI/ANS-5.1 (2014) requires knowledge
(and justification) of the fission fractions for the major
four fissionable nuclides 23°U, 238U, 239Pu and 24'Pu, at
each irradiation interval, the production rate of 23°U from
capture on 233U at end of irradiation, as well as the num-
ber of fissions per initial fissile atom (FIFA). Similarly,
the ISO 10645 (2022) requires the fission fractions how-
ever provides a formula for the production rate of 239U
from capture on 238U.

Tables 14 and 15 summarize the main standard char-
acteristics and applicability area; details will be provided
in the following sections, but readers are encouraged
to read the original standard publications for a full
understanding.

In the case of MOX fuel for the DIN standard, the
amount of Pu fissile content is defined as (?*°Pu+24!Pu)
divided by (U+Pu+Am). Therefore the amount of 241 Am
is indirectly included in the Pu fissile content. Increas-
ing the amount of ! Am may lead to leaving the area of
applicability by lowering the Pu fissile content. 24'Am is
not added to 2*Pu and ?*'Pu in the numerator since it
is not fissile in the sense that the capture cross section is
usually larger than the fission cross section in the thermal
spectrum (this is also reflected in cross-section data given
in the standard).

6.3.2 DIN 25463-1 and -2 standards, 2014

The standard provides the basis for calculating the decay
heat power of uranium oxide nuclear fuel in pressurized
water reactors by taking into account the contribution of
fission products from nuclear fission, the contribution of
actinides, and the contribution of decay heat power result-
ing from neutron capture in fission products. By its defini-
tion, the standard is entirely self-sufficient hence requires
no special, reactor, or fuel type, or operating conditions-
dependent data to be supplied by the user.

History

The history of the German standard for the calculation of
decay heat power, DIN-25463, begins in 1982:

e Fission products: from summation of 23 exponential
terms for 23°U, 238U and #*°Pu from ANSI/ANS-5.1-
1979,

e Actinides: 239U and 23°Np,

e Correction term to account for actinides other than
23977 and 239Np,

e Explicit formula with approximated neutron flux for
134Cs production,

e G-factor for neutron capture in fission products other
than 133Cs.

DIN 25463 1990:

e 24Py is added as fissionable nuclide

e Fission products: 24 exponential terms for 23°U, 238U,
239Py and 24'Pu,

e Minor corrections.

DIN 25463-2 2008:
e newly developed standard for PWR MOX fuel.
DIN 25463-1/2 2014:

e Decay time < 2 x 10% sec. (~63 years),

e MOX fuel

e Fission products: 24 exponential terms for 23°U, 238U,
239Py and 24!Pu,

e Actinides: explicit depletion chains,

e Neutron capture in fission products: explicit activation
chains,

e Extended range of applicability for enrichment and
burnup.

Besides the standards for light water reactor fuel, there is
also a DIN standard for nuclear fuels of high-temperature
reactors with spherical fuel elements [137]. This standard
will not be further discussed here since it is outside the
scope of the present paper and has been withdrawn lately.

Applicability and limitations

The standards are applicable UOs and MOX fuel irradi-
ated in pressure water reactors (PWR), under the follow-
ing conditions:

e Not applicable to fuel depleted in BWRs,
e Decay time shorter than 2 x 109 s (~ 63 years),
e Uranium enrichment: 3—5 wt.%,
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Table 14. Main standard characteristics concerning their latest releases.

Standard Fission Products (FP)

Capture in FP.

Actinides

ANSI/ANS-5.1 (2014)  23-term exponential fit

t < 10%*sec: G-factor
t > 10%sec: Explicit: 1337134Cs

Explicit: 23°U, 23°Np
Correction for the rest

Correction for the rest

DIN 25463 1/2 (2014)
RG 3.54 Rev.2 (2018)

24-term exponential fit
9-term exponential fit
ANSI/ANS-5.1 (2014)

ISO 10645 (2022) ANSI/ANS-5.1 (2014)

Depletion chains
Explicit: 1337134Cs
Correction for the rest
Explicit: 1337134Cs

Correction for the rest

Depletion chains
semi-empirical for

7 actinides

Explicit: 239U, 2%Np
Correction for the rest

Table 15. Main standard limits and applicability concerning their latest releases.

Standard Reactor Fuel Decay time Burnup Enrichment
(sec) (MWd/kgU) (wt.%)

ANSI/ANS-5.1 (2014) LWR U0, <1019 (~316 y) No limit No limit

DIN 25463 1/2 (2014) PWR U0, <2.10° (~62y) <80 3.0-5.0 (#°U)
MOX <60 1.8—7.5 (sPu)

RG 3.54, Rev. 2 (2018) PWR U0, 1—110 years  10—65 2.0—5.0 (23°U)

BWR 10—55
ISO 10645 (2022) LWR UOq <10% (~31y) <62 <5

Fissile plutonium in HM: 1.8—7.5 wt.%,

Fissile plutonium in total plutonium: 50—80 %,

Fuel to moderator ratio: 1.8—2.4,

Maximum burnup for UOg: 80 MWd/kgHM, and for
MOX: 60 MWd/kgHM,

Maximum 23°U in MOX fuel: 0.72 wt.%,

e Decay heat power from activation products in struc-
tural materials and fission power from delayed
neutron-induced fission are not included.

Methodology

The total decay heat rate/power P, after a decay time ¢
which follows a power period 7', is a sum of contributions
from fission products, actinides, and decay heat generated
by nuclides formed by neutron capture in fission products:

P.(t,T) = Ps(t,T) + Pr(t,T) (9)
with

e Pg: the decay heat rate from fission products from fis-
sion of 235U, 238U, 239Py, and #*!'Pu.

e Pp: the decay heat rate from actinides and neutron
capture in fission products.

The decay heat from fission products Ps is computed by
approximating a pulse power function by a sum of 24 expo-
nential terms multiplied by the reaction rates R; of the
four main fissile nuclides and integrated over the power
intervals k. The pulse power function, f;(t), represents the
decay heat power per fission, following an instantaneous
pulse of a significant number of fission events. The data

represent f;(t) and its assigned lo uncertainty for ther-
mal fission of 235U, 239Pu, and 24! Pu, and for fast fission of
238U. The decay heat power is obtained in (MeV /fission-s)
and converted to W-s by € = 1.6022 x 10~* W-.s/MeV:

N 24
Qi j L N
Ps(t,T) = ¢- ZRMZT; (1 _e AwTk) e Mtk
k=11=1 Jj=1
(10)
with
e ¢: conversion coefficient from MeV /s to W,
o )\;;, o : the coefficients in the 24-term exponential
fit for the fission products decay heat power,
e R; ;: the fission fractions of nuclide i (335U, 233U, 239Pu
and ?*'Pu) in step k,
— T, t: the time on power and cooling time, for the step
k.

The fission fractions, R; ;, are determined by burnup cal-
culations, depleting the actinides.

The decay heat due to radioactive decay of actinides
and decay of nuclides generated by neutron capture in fis-
sion products is treated explicitly by solving the burnup
equations for the nuclide atom densities IV,, via prescribed
depletion and decay paths, with cross sections, decay con-
stants \,, and recoverable energies ), provided by the
DIN documentation:

PR(taT):e'ZQn')\n'Nn(taT) (11)

with N, (t,T) the solution of system of burnup differential

. dN, (t)
equations for ——f7=.
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The actinides included explicitly are: 23472397,
237239, 238-243py 241,242,243, 244 Ay 2422440y The
nuclides included in the decay heat due to capture in fis-
sion products are: 110 Ag, 134Cs, 136(Cg, 140L,a, 148,148m Py
and 154156y,

The DIN provides a set of effective data: cross sec-
tions, neutron capture and fission along with the basic
decay data such as atomic masses, decay constants, fission
yields, and recoverable energies, in the form of interpola-
tion tables. The data interpolation for UO4 fuel is defined
by enrichment and moderator-to-fuel ratio. An additional
parameter, the fissile share in plutonium, is used in the
interpolations for MOX fuel. The standard provides a for-
mulation for the neutron flux which is determined for each
burnup step by an iterative procedure. The uncertainty in
the computed decay heat power is determined from the
uncertainties of the sources contributing to decay heat
power: fission products without neutron capture in fission
products, actinides, neutron capture in fission products,
and the uncertainty in the operating power. The uncer-
tainty of the computed total decay heat is calculated by:

A Pz(t,T) =n-

\/APQ(t T)+ APL(t,T) + PA(t,T) (APP> (12)

with

e n: the statistical uncertainty in term of [sigmal,

e APg: the uncertainty decay heat power from fission
products,

e APp: the uncertainty in decay heat power from
actinides and neutron capture in fission products,

. %: the relative uncertainty in the nominal thermal
power,

e (Q;, AQ;: nuclide energy per fission and uncertainty,

® )i j, B : coefficients in the 24-term exponential fit for
FP uncertainties,

e R;: fission rate fraction of isotope (*3°U, 238U, 239Pu
and ?4'Pu) in step k,

e ¢, T: time on power and cooling time (same for step k:
tr, Tk).

For the uncertainty decay heat power from fission prod-

ucts (APg), the expression is given by

4 2
APs(t,T) = \/ P2,(t,T)- <AQQ”) + APs(t,T)
l (13)

and

m 4

A Pgi(t,T) = e- ZZR”@Z

k=11i=1

(ﬁg (1 _ 67)\1‘7ka) . 6)\i‘jtk> . (14)
Ai.j

7

1
For the uncertainty due to the actinides and neutron cap-
ture in fission products, APg can be expressed as follows,
following the same definitions as previously mentioned:

t
m) -P.(t,T). (15)

<.

APg(t,T) = 0.05 - (1 +

6.3.3 US NRC RG 3.54, revision 2, 2018

It is stated that the regulatory guide (RG) provides meth-
ods that are acceptable to the U.S. Nuclear Regulatory
Commission (NRC) staff for calculating spent nuclear fuel
heat generation rates for use as design input for an inde-
pendent spent fuel storage installation (ISFSI). By its def-
inition, the regulatory guide is entirely self-sufficient hence
requires no special, reactor, fuel type, or operating condi-
tions (apart from the power history) dependent data to
be supplied by the user.

History
Revision 1, 1999

e Empirical formula with table interpolated factors with
dependency on burnup and enrichment,

e Maximum burnups of 45 MWd/kgU (BWR), and 50
MWd/kgU (PWR).

Revision 2, 2018

e Extended ranges for burnup and enrichment,

e The empirical procedure is replaced by sum of con-
tributing sources,

e Fission products: 9 exponential terms for 23°U, 2381,
239Py and 2 Pu from ANSI/ANS-5.1-2014,

e Actinides: semi-empirical procedure for 7 actinides,

e Neutron capture: explicit for 3*Cs production; tabu-
lated correction factor for the rest,

e Activation products in structural materials: tabulated
corrections factor.

Applicability and limitations

The methodology used in the guide is appropriate for com-
puting the heat generation rates of fuel assemblies from
LWRs as a function of burnup, specific power, decay time,
and enrichment up to 5 weight-percent (wt.%) 23°U in ura-
nium.

Applicable for UO; depleted in either PWR or BWR,
Not applicable for MOX fuel,

Decay times from 1 year to 110 years,

Initial 22°U enrichment : 2 to 5 wt.%,

PWR, burnup applicability range: 10 to 65 MWd /kgU,
BWR, burnup applicability range: 10 to 60 MWd /kgU,
Average power: from 12 to 50 kW /kgU.

Methodology

The total decay heat, Pr(t,T), after a decay time ¢ which
follows a power period T, is computed as a sum of the

following separate sources and corrected by a safety factor
F S

Pr(t,T) = [Pp(t,T) + P.(t,T) + Pg(t,T)

+ Pa(t,T) + Ps(t,T)] - Fs(t) (16)

with

e Pr: decay heat power from fission products,
e Pc: decay heat power from neutron capture in 133Cg
to product 34Cs,
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e Pp: decay heat power from neutron capture in other
fission products,

e P,: decay heat power from actinides,

e Pg: decay heat power from activated structural mate-
rials, and

e Fg: a safety factor.

The decay heat from fission products, Pg(t,T'), is com-
puted by approximating a pulse power function by a sum
of 9 exponential terms multiplied by the reaction rates R;
of the four main fissile nuclides and integrated over the
power intervals k. The pulse power function, f;(t), repre-
sents decay heat power per fission following an instanta-
neous pulse of a significant number of fission events. The
decay heat power is obtained in (MeV /fission-s) and con-
verted to W-s by € = 1.6022 x 10712 W.s/MeV:

k=1 i=1 =i

2

PF(t,T) =€

>

B (1 — g7 M Th) g Aiith,
o )

(17)
The method and the data are those developed for
ANSI/ANS-5.1-2014. The nine group coefficients \; ; and
aj j, provided by the standard, are applicable for SDC
times longer than 1 year. The Px(t,T'), the decay heat
due to radioactive decay of 3*Cs generated by neutron
capture in '33Cs is given by the following equation:

S [1— e~ (Aatoad)T
P.t,T)=Y -E-\j—
C( ) 4Q [ Ay + 040
—o3¢T _ ,—(Aa+049)T
+ £ ¢ }6)‘“ (18)
03¢ — (Mg + 049)

with

e Y: effective cumulative 133Cs yield per fission (in per-
cent),

e )\4: decay time constant 13*Cs (s71),

e 03: spectrum averaged (n,y) cross section in ?3Cs
(barn),

e 04 spectrum averaged absorption cross section in
134Cs (barn),

e E: recoverable energy per decay for 134Cs (MeV),

e ¢: total neutron flux (n/cm?.s),

e S: specific operating power (MeV),

e (;: specific energy per fission for the four fissionable

nuclides (MeV),
and
S 1 Sk
I — =T 19
QTTES ")
Szk:sk?i. (20)

The quantity .S; i, is the specific thermal operating power
generated by the fission of nuclide 7 for irradiation inter-
val k. The relative power fractions for each of the four
fissionable nuclides S;/S is tabulated as a function of ini-
tial enrichment and burnup, and reactor types PWR and

BWR. The average specific power during step k is deter-
mined from the burnup By and irradiation time T}.

864 % 10*- By

Sk T,

(21)

The Pg(t,T), the decay heat power from neutron capture
in fission products except for 1?3Cs is determined from the
decay heat of the fission products Pr and reactor indepen-
dent factors tabulated as a function of decay time H (¢):
The decay heat from actinides is calculated as the sum
of contributions from seven nuclides: 24 Am, 238-241py,
242Cm, and 2%4Cm, tabulated via time and power factors.
The time-dependent part is computed as:

Py(t) = 27: Ope At (23)
n=1
with /én are coefficients calculated as:
Br=p1— ﬂz% )\1/\_1)\2 (24)
B2 = B |:1+§‘;)\1)\_1>\2:| (25)
By =By forn=3-7 (26)

ﬁn are the tabulated constants depending on reactor, bur-
nup and enrichment, A; and Ao the decay time constant for
241Am and ?*'Pu, and E;, E, the recoverable energy for
241 Am and 2*'Pu. The decay heat power from the decay
of actinides is obtained by applying a correction factor to
the average power:

Pa(t,T) = P)(t) - 1.825,%% (27)
with Save the average power is computed as:
1 m
Save = T ; ST} (28)

The Ps(t,T) component, the decay heat power from
activation in structural materials is designed to account
mainly for the production of ®*Co. The decay heat power
is determined from the decay heat of the fission products
Pp and factors tabulated as a function of decay time A(t):

Py(t,T) = Pp(t,T) - A(t). (29)

As for the safety factor, Fg(t), the definition given by the
guide is: “An additional safety factor is applied to allow
for uncertainties in the predicted values of the decay heat
power obtained using the methods and data in this guide”.
The safety factor is tabulated as a functions of decay time.

The guide does not provide methods or data related to
the uncertainties. It is quoted: “The uncertainty is found
to be relatively small and largely independent of burnup
over the range of the data. The methods are found to
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yield conservative estimates of decay heat on average. The
safety factor includes additional statistical allowance to
ensure that the values obtained using the guide are con-
servative with respect to 95 percent of the measurement
data at a 95-percent confidence level. The safety factor
also addresses potential non conservatism resulting from
the procedures of the guide and other approximations”.

6.3.4 JAEA standard, JAERI-M 91-034, 1991

The decay heat and related quantities reported in this
work correspond to recommendations from the “Commit-
tee of Standardization of Decay Heat Power in Nuclear
Reactors”, organized by the “Atomic Energy Society of
Japan” [49,138]. It applies to LWR, (also to Fast Breeder
Reactors), and corresponds to decay heat from fission
products, including the decay of 23U and #*°Np, but
excluding the decay heat from actinides, from the acti-
vation products in structural materials, as well as from
delayed neutron-induced fission.

Fission products from five origins are considered in this
work: thermal neutron-induced fission of 232U, 239:241py
and fast neutron-induced fission of 238U and 24°Pu.

6.3.5 ANS standards

The standards provided by the American Nuclear Society
(ANS) have evolved and refined over the past decades. We
present here a very simplified history, to understand the
developments of such ANS standards. Because the ANS
standards are being developed using rules allowing each
standard to be approved by the American National Stan-
dards Institute (ANSI), the standards are often referred
to as ANSI/ANS, followed by a specific reference number
and year.

Prior to the standard released in 1979, the first draft
standard (ANS-5.1/N18.6) was based on predictions of fis-
sion products’ decay heat by Shure [139]. Such “evalua-
tion” effort was based on computational and experimen-
tal works [140,141]. The decay heat refers to reactors ini-
tially loaded with uranium fuels and operated at constant
power (FPp), as expressed by the previous functions pre-
sented in previous paragraphs; Figure 25 presents the cal-
culated decay heat as ratios of P/ Py, for the 1973 ANS-5.1
standard, as well as the calculated curves from the vari-
ous equations. A detailed history of the development of
the 1973 standard (as well as the following one of 1979)
can be found in reference [142].

Such draft standard was suffering from two main inac-
curacies: (1) that the decay heat contributions from differ-
ent fission products were equal, and (2) that the neutron
capture effects were negligible. The correction of such
deficiencies has led to a new standard, issued in 1979
(ANSI/ANS-5.1-1979), and reaffirmed* in 1985. Details of
the new standard can be found in reference [143]. It mainly
focuses on cooling time less than 10* seconds, although
it covers cooling periods up to 10° seconds, based on an
upper bound for the capture correction. It also explicitly
accounts for differences in the fission products from 23°U,

4 Reaffirmation means that no substantive changes are being
made to the current document.

238U, and 2%°Pu; neutron capture in fission products is
taken into account using a correction factor, as it will be
later done in many decay heat standards. Additionally,
this 1979 standard considered changes in fissile content
during the fuel life (this was a new development compared
to the previous standard and to the previous functions
presented in the above paragraphs). In the ANSI/ANS-
5.1-1979 standard, the decay heat from fission products is
represented in two ways.

Differences in the ANS standard versions (1979, 1994,
2005, 2014, and 2019) consist in the number of considered
fissioning systems (?4'Pu is taken into account from 1994),
the considered measured and calculated decay heat values.

o ANSI/ANS-5.1-1994
e ANSI/ANS-5.1-2005
o ANSI/ANS-5.1-2014 (reaffirmed in 2019)

History

This American National Standard provides values for the
decay heat power from fission products and actinides
following the shutdown of light water reactors operated
with nuclear fuel consisting of uranium. ANSI/ANS-5.1
was first proposed in 1971, the revised proposal submit-
ted in 1973, and officially released in 1979 notified as
ANSI/ANS-5.1-1979.

Applicable to t < 10 seconds,

Fission products: summation of 23 exponential terms
for 235U, 238U and 239Pu,

Actinides: 239U and 2%°Np, and

Neutron capture in fission products by a G-factor.

In the 1994 revision, the following changes were applied:

Applicable to ¢ < 1019 s,

241py is added as fissionable nuclide,
Updated 238U data, and

Revised uncertainty data.

For the ANSI/ANS-5.1-2005, minor corrections and rec-
ommendations were implemented, whereas in the latest
ANSI/ANS-5.1-2014 revision, correction terms to account
for actinides other than 23°U and 23°Np were added, and
the production of 34Cs was taken into account.

Applicability and limitations

The standard is applicable to LWRs containing 23°U as
the initial major fissile material and 238U as the fertile
material. The decay heat contributions from 235U, 238U,
239py, and 24'Pu are treated explicitly; other fissionable
nuclides are accounted for by treating them as 23°U:

— Applicable for decay times shorter than 10'° seconds
(about 316 years),

— Inapplicable for MOX fuel, and

— Decay heat power from activation products in struc-
tural materials and fission power from delayed
neutron-induced fission is not included.
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Methodology

The total decay heat power from the fission products and
actinides is calculated as:

PT(t,T) = Pl;(t,T) + Pdc(t,T) + PdHE(t,T)

+ PdA(t,T) (30)

where the contributing decay sources are from

— P)(t,T): fission products from fissions of 23°U, 238U,
?’%Pu7 and 241 Pu,
— Pyc(t,T): neutron capture in fission products

Pyt T) - G(t)

t < 10* seconds
P,c(t,T) = -
ac(t,T) {Pcs(t,T) + Pup(t,T)

t > 10%*seconds
(31)

G(t): correction factor,

Pcs(t,T): decay heat from capture in 133Cs,
Pyg(t,T): fission products other than 33Cs,
Parg(t,T): for 29U and 2*°Np, and
Pya(t,T): for other actinides.

The decay heat from fission products, Pj(¢,T'), is com-
puted by approximating a pulse power function by a sum
of 23 exponential terms (5 = 1,...,23) multiplied by the
fission fraction (R;) of fissile nuclide (i = 1,4) and inte-
grated over interval (k = 1, N) at constant power.

N 4
Pd t T = €- ZZRi7-j

k=1 i=1 =1 "bd

23

2

—Aijth

e_’\WT"‘) -e

>

(32)
with

e ¢: conversion factor from MeV/s to W,

e )\, (and «; ;): coefficients in the 23-term exponential
fit, (i = 4, j = 23),

e R;: fission rate fraction of nuclide i (?3°U, 38U,
239Py, 241Pu) in step k,

e T t: time on power and cooing time, step k.

The four sets of 23 coefficients «; ; and A; ;, are provided
by the standard for the thermal fissions of ***U, **Pu
and 24'Pu, and the fast fissions of 238U. The formulation

is derived from the analytical solution of the integral for

T
Pi(tk,Tk):/o RO fi(t+T —r)dr. (33)

The integral gives the decay heat power of fission products
resulting in of the fission of fissionable nuclide (7), during
irradiation interval at constant power (k). The function
fi(t) representing the decay heat power per fission fol-
lowing an instantaneous pulse of a significant number of
fission events is defined as:

23
t): E Oéiﬁjei)\i’jt.
j=1

(34)

The fission fractions R; depends on the fuel type and the
operating conditions and must be provided by the user.

The decay heat due to neutron capture in fission prod-
ucts, Pyc(t,T), for shutdown times ¢ < 10* seconds is
based on corrections to the decay heat of fission products
G(t)-factor calculated as:

G(t) = (3.24-107% +5.23-107'%) - T, (35)

The irradiation time 7 is limited to 1.2614 x 108 seconds
(about 4 years) and the Fissions per Initial Fissile Atom
(FIFA) should be ¥ < 3. The FIFA and ¥ must be evalu-
ated and supplied by the user. For shutdown times ¢ > 10%
seconds, the standard provides a tabulated correction fac-
tor H(t). In addition, the standard applies explicitly the
contribution from '3*Cs being produced by the neutron
capture in 33Cs:

Py(t,T) - G(t)
Pcs(t,T) + PdE(t,T)

t < 10*seconds
t > 10*seconds
(36)

Pyc(t,T) = {

with parameters as defined earlier:

. Pflé(t T): fission products from fissions of 235U, 238U,
289Py and 24 Pu,

e P,cs(t,T): decay heat from capture in 133Cs is defined
by

P [1— e Matosd)T
Paca(t.T) =¥ - B- A5 [e

A+ 040
03¢ — (Mg + 049)

with

e Y: effective cumulative 133Cs yield per fission (in per-
cent),

e )y decay constant of 134Cs (s71),

e 03 spectrum averaged (n,y) cross section in 133Cs
(barns),

e 04: spectrum averaged absorption cross-section in
131Cs (barns),

e E: average energy per decay for 134Cs (MeV),

e ¢: effective neutron flux (n/cm?.s):

| XN
= T
¢ T Z¢k k (38)
k=1
S
or = =& . 2.58-10% (39)
€Eeff
e Sj: specific power density (MW /tUipnitial)
e c.q: effective enrichment (wt % of initial 23°U)
e P/Q: effective fission rate defined as
Polyy 0

k=11=1

e P, ;: specific operating power for nuclide i (MeV),
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o c.f: specific energy per fission (MeV).

The Pyg(t,T), the decay heat power from neutron capture
in fission products except for 133Cs is determined from the
decay heat of the fission products P; and reactor indepen-
dent factors tabulated as a function of decay time H(t):

Pup(t,T) = Py(t,T) - H(t). (41)

The contribution to decay heat power from actinides is
computed by two separate sources. The decay heat power
from the decay of *U and #*Np, Pygg(t,T), and the
decay heat power from actinides other than 23°U and
*3Np, Paa(t,T):

Panp(t,T) = }Zz:‘ [Fy(t,T) + Fnp(t,T)] (42)
with
Fy(t,T)=Ey-R-(1—e ). et (43)
Fny(t,T) = Enp- R /\UiU)\Np 1— e weT) g At
- s vy (L) (44)

and

Ey: average energy from decay of 22U (MeV),

Enp: average energy from decay of 2*Np (MeV),

R: 239U production from capture in 238U at the end of
irradiation (at/s),

Ay decay constant of 23U (s71), and

e Ay, decay constant of 239Np (s71).

The production of 239U (R-factor) must be computed and
provided by the user. The contribution to decay heat of all
other actinides is accounted for by a tabulated correction
factor, and with dependence on burnup and initial enrich-
ment, applied to the uncorrected contribution for neutron
capture decay heat of fission products by the following
equation:

a(t)
Paa(t,T) = Py(t,T) - (104/1@25;) (45)

with A(¢) a tabulated correction factor, B the burnup, €.g
the effective 235U enrichment (wt.% of initial 23°U), and

at) =1.5-¢ 1. (46)
The total uncertainty is determined from the uncertainty
in the fission product decay heat power without neu-
tron capture in fission products and the uncertainty in
the operating power. The other terms in the total decay
heat, neutron capture in fission products and actinides,
are defined to provide conservative overestimates of their
contributions to the decay heat power, and the uncertain-
ties in these terms are therefore not included in the total
uncertainty:

-

P, P; P

with P, AP the reactor power and reactor power uncer-
tainty. The decay heat uncertainty of fission products AP;,
is defined by:

4 2
(APé(t,T))2 => (Ag") +
i=1
1 N 23 B, - 2
QP (k_lpi”“j; o (1=emr ))

2
(.e_Ai,jtk:) :| ) (48)
The four sets of 23 coefficients 3; ; used in the calculations
of the uncertainty are provided by the standard for the
thermal fissions of 23°U, 239Pu, and ?*'Pu, and the fast
fissions of 238U.

6.3.6 1SO 10645 (2022)

The standard provides procedures for calculating the
decay heat power of non-recycled nuclear fuel irradiated
in light water reactors. The methods apply to light water
reactors (pressurized water and boiling water reactors)
loaded with a nuclear fuel mixture consisting of 23°U and
2381J. By its implementation, the methods applied in this
standard are very similar to those in ANSI/ANS-5.1-2014.

History

The first released in 1992 is almost identical to DIN 25463
1990:

e applicable to PWR and BWR,

e for fission products: 24 exponential terms for 23°U,
238[j7 239Pu and 241Pu7

e with explicit formula with approximated neutron flux
for 134Cs production,

e based on a G-factor for neutron capture in fission prod-
ucts other than '33Cs,

e explicit description for both actinides 23°U and 2*°Np,

e correction factor to account for actinides other than
239U and 239Np,

e initial 23°U enrichment up to 4.1 wt.%,

e and a burnup limit of 52 MWd /kqU.

The 2022 implementation has the following characteris-
tics:

e Fission products: 23 exponential terms for 23°U, 2381,
239Pu and 24'Pu from ANSI/ANS-5.1-2014,

initial 225U enrichment increased up to 5 wt.%,
Burnup range is extended to 62 MWd/kgU,

Decay time less than 10° seconds,

New procedure for neutron capture in '33Cs, and
Updated formulations and nuclear data.

Applicability and limitations

The following limitations and range of applications need
to be considered:

e The methods in the standard are applicable to UO5
depleted in either PWR or BWR.
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e The standard is not applicable to MOX.
e The standard is applicable for cooling times from 0 to
10° seconds.
e The standard yields conservative results for:
— Initial enrichment ag, between 1.9 wt.% < ag < 5
wt. %,
— Burnup By < 12.5 ag MWd/kgU,
— Power density S > 5 ag kW /kgU.

Decay heat power from delayed neutron-induced fission
and activation of structural materials are not included.
The user is advised to evaluate those and appropriately
include them in any analysis of decay heat.

Methodology

The total decay heat Py after a decay time ¢ which follows
a power period T, is computed as a sum of the following
separate sources:

Pn(t,T) = Ps(t,T) + Pg(t,T) + Pa(t,T)
+ Poy(t,T) + Py(t,T), (49)

where

Pg: the decay heat power from fission products,

Pg: the contribution of 23U and 23°Np,

P4: the contribution of other nuclides,

Pc: the contribution of 134Cs, and

Pg: the decay heat power from neutron capture in
other fission products.

The decay heat from fission products is computed by
approximating a pulse power function by a sum of 23
exponential terms multiplied by the reaction rates of the
four main fissile nuclides and integrated over the power
intervals (k). The power function, the innermost sum in
the equation below, represents the decay heat power per
fission following an instantaneous pulse of a significant
number of fission events:

23
k

1) =33

i=1k=1 °" j=

g

Oéij

T i

(1 — exp*A“’T’“) Xexp
(50)
with the following factors:

® )\, a;;: the coefficients in the 23-term exponential fit
for the fission products decay heat power,

e P,;: the fission rate fraction of nuclide i (**°U, 2387,
239Py and 24'Pu) in step k,

e (;: the specific energy per nuclide 7 (23°U, 238U, 239Pu
and ?4'Pu), and

e ¢, T: the time on power and cooling time for step k.

The method and the data are those developed for
ANSI/ANS-5.1-2014. The 239U and #*Np contributions
to decay heat are treated separately from the rest of the
actinides:

=Y o BT + Pyt 0] (651
k=1

—Xijtk
b

The term Py /Q is the total fission rate in time interval k, and
the terms Fyy (tg, Tk ) and Fnp (¢, T)) are computed by:

Fy(ty,T) = By x R (1 —exp *7TF) x exp v (52)
Fnp(te, Tr) = Enp X R )\U)\U)\Np (1 - eXP_AN”Tk)
X exp ANtk
_ )\U/\—NKNP (1 — exp T
X exp_’\Ut"l (53)

with

e Fy, Ay: the mean decay energy and decay constant of
239U

e Enp, Anp: the mean decay energy and decay constant
of 239Np, and

e R the ratio of capture in 23°U to total fission rate at
the end of operating time.

An approximation for R is provided as a function of initial
enrichment ag and final burnup By:

R = 0.974a5**™ + B;(0.00883 — a0.000726).  (54)
For initial enrichments between 1.9 wt.% and 5 wt.%, the
approximation yields conservative results. The decay heat
from decay of actinides other than 23°U and 23°Np, is

determined from the decay heat power from fission prod-
ucts multiplied by tabulated vs decay time factor A(t):

Pau(t,T) = A(t) x Ps(t,T). (55)

It stated that it will “yield conservatively high results”,
provided the following conditions are fulfilled:

e Initial enrichment, 1.9 wt.% < a¢ < 5.0 wt.%,
e Burnup < 12.5x ag MWd/kgU, and
e Power density > 5.0 x ag kW /kgU.

The decay heat due to radioactive decay of 3*Cs gener-
ated by neutron capture in 33Cs is given by the following
equation:

P 1— eXp—(A4+U4¢eff)Teff
Po,(t,T) = =M Ecs
Cs( ) Q4cy{ M+ 04Pesy
exp7(03¢'effTeff) — expf()\4+04¢eff)Teff
03Peyy — (A1 + 04Peyy)
- exp M (56)
with .
P 1 & Py
5 Yo (57)
Q@ Ty k=1 i=1 Q’
and

e y the mean cumulative 33Cs yield per fission,

e )\, the decay time constant for 13*Cs (in sec™1),

e 03 the spectrum averaged (n,y) cross section in 33Cs
(in barn),
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Table 16. Measured and calculated decay heat value for the Ringhals-3 assembly 0E2.

Cooling time (days) 5823 6389 6390 7826 7837 7970
Measured DH (Watts) 587.9 £ 7.0 566.0+ 6.9 567.7+6.9 5224+ 6.6 525.6+ 6.6 520.1+ 6.6
Code 1 (Watts) 587.9 568.4 568.3 535.7 525.4 521.8
Code 2 590.7 571.6 571.5 528.9 528.6 525.0
Code 3 579.8 561.0 561.0 519.4 556.6 515.6
Code 4 591.1 572.1 572.1 529.9 529.9 526.2
Code 5 584.2 564.0 564.0 520.1 519.8 516.0
History 1
ANSI/ANS-5.1-2014 738.7 £ 22.2 716.4 716.4 671.2 670.9 667.2
DIN 25463 (2014) 573.1 £ 22.5 554.7 554.6 514.2 513.9 510.5
ISO 10645:2022 685.7 + 20.6 662.5 662.4 610.9 610.5 606.1
RG2 3.54 Rev2 (2018) 625.9 602.6 602.6 953.7 553.4 049.4
History 2
ANSI/ANS-5.1-2014 685.9 + 23.8 665.2 665.2 623.3 623.0 619.6
DIN 25463 (2014) 576.5 £ 22.8 557.9 557.8 517.0 516.7 513.2
ISO 10645:2022 635.8 + 22.7 614.2 614.2 566.6 566.2 562.2
RG2 3.54 Rev2 (2018) 605.8 583.3 583.2 536.1 535.8 532.0

e 0, the spectrum averaged absorption cross section in
134Cs (in barn),

e E¢c, the recoverable energy per decay for **Cs (in
MeV),

o Torr = 1oy Ty the effective irradiation time exclud-
ing outage periods,

e (); the specific energy per fission for the four fissionable
nuclides (in MeV),

o Dopp =1 1, DTy the effective neutron flux (given in
n/cm?/s).

The value of @y, is given by &, = Sy /a.y s x2.58x 1013 with
Sy the power density (in kW /kgU) and aerr = ag/2+1.0,
being the effective enrichment (in wt.%).

The approximate neutron flux yields conservative Pog
for typical LWR enrichments and burnups by up to 5%.
For burnup values less than 25 MWd/kgU, the approxi-
mate solution overestimates Pc, by up to 15%.

The P4, the decay heat power from neutron capture in
fission products except for 3Cs is determined from the
decay heat of the fission products P, and reactor indepen-
dent factors tabulated as a function of decay time H(t):

Pe(t,T) = H(t) x Py(t,T). (58)

The uncertainty of calculated decay heat power is defined
by:

2
APy (t,T) = n\/(PS(t,T))2 + (PN(t,T)AP> (59)

with

e 7 is the multiple of standard deviation for the chosen
confidence interval,

e AP, the uncertainty in decay heat from fission prod-
ucts, and

e AP/P is the uncertainty of relative thermal power.

“The other contributions to the decay heat power PB,
PA, PCs, and PE shall be determined conservatively
and therefore do not enter into the calculation of the
error bandwidth. Using the approximate methods of this
document for these contributions results in conservative
estimates of the total decay heat power. Alternative meth-
ods, such as those based on comparisons of code predic-
tions and isotopic measurements for the main nuclides
contributing to each of these decay heat terms, shall be
specified, and justified by the user”.

6.3.7 Example of application

The standards described in the previous sections can
be applied to a large number of cases (see for instance
Ref. [55]). They can nevertheless lead to different estima-
tions of decay heat and it is of interest to present an exam-
ple for a specific SNF case. To facilitate the comparison of
decay heat values from standards, some simulation codes
automatically include standard decay heat values during
depletion calculations (e.g. the SNF code). Additionally,
to help compare values within this community, Studsvik
made available for all SG12 participants a simplified ver-
sion of the SNF code, allowing them to calculate, with
the same input definition, decay heat values for four stan-
dards, as presented in Table 16 for the example of the
assembly OE2. At the time of writing, this code is avail-
able from the SG12 webpage [8].

A specific example is presented in the following, extracted
from the Clab data presented in the 2006 report [76].
The assembly named 0E2 corresponds to a PWR 17x17
assembly with 3.10% enriched 23°U fuel, and its burnup is
reported at 41.6 MWd/kgU. The full description can be
found in the report, together with the value of one mea-
surement, at a cooling of 5823 days (almost 16 years). Five
other measurements were later reported in reference [79],
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Fig. 27. Top: comparison of the data presented in Table 16
(dashed lines are the values from the code 1 to 5). Bottom:
Comparison for the standard only, with both irradiation histo-
ries.

for cooling time between 17 to 22 years. Measured and
calculated values from the standards are reported in
Table 16.

For these cooling periods, the important contributors
to the decay heat are fission products, i.e *""Ba/!37Cs
and 20Y/%Sr (almost 65% in total), and also 2**Cm
(10%), #8Pu (10%), and 2*'Am (another 10%). The
remaining parts originate in 24°Pu and '**Eu. Therefore,
given the similar cooling periods, these 6 measurements
are helping to validate the same nuclides.

Table 16 presents values from dedicated best esti-
mate calculations (called “code 1”7 to “code 5” to keep
anonymity), partly performed by different laboratories
using different nuclear data libraries. Such calculations
are very close to the measured values, and well within the
reported experimental one-standard deviation. Regarding
the application of the standards, two sets of histories are
used: one simplified and one more detailed. Both sets can
be accepted as corresponding to a good representation of
the realistic irradiation history. If one first considers a sin-
gle history (number 1 or 2), it can be observed that the val-
ues provided by the four standards present a large spread,
larger than the one from the best-estimate calculations.
As expected, three standards are conservative, and one
(the DIN standard) is closer to the experimental values
(see Fig. 27 top). Differences between standards are still
noticeable, especially given the experimental and standard
uncertainties. This example illustrates that standard val-
ues are not systematically coherent between themselves
and are generally conservative (except for the DIN stan-
dard, but the conservatism is not systematic, as presented
in Ref. [55]). The impact of the irradiation history (and
the underlying assumptions) is also not negligible, chang-

ing the calculated values by more than 5%, as presented
in Figure 27 bottom. A dedicated discussion is out of the
scope of this work, but the following remarks can be made
for this example:

1. Standard values can be sensibly different compared to
the ones from best-estimate codes.

2. Standard values are in general more conservative.

3. Standard values can disagree between themselves.

4. As for best-estimate calculations, standard values are
sensitive to assumptions made in simplified irradiation
histories.

6.4 Summation and best estimate methods

6.4.1 Summation method

Decay heat (rate) is a unique characteristic for any given
nuclide composition of nuclear fuel and in general of
radioactive matter. The decay rate (or activity) of a
radioactive nuclide 4 is the product of its number den-
sity N; and its decay constant )\;. Multiplying the decay
rate \; - N; by the recoverable energy e; released as radi-
ation during the decay process gives the decay heat rate
contributed by that nuclide,

Hi :ez)\zNZ (60)
Then, the total decay heat rate H is given by the sum of
each individual contribution

H=> H,
4

hence the name summation method. Among the different
methods to model the decay heat of radioactive nuclear
fuel after shutdown, the summation method is considered
the most general and comprehensive. Despite being widely
accepted and adopted in the earliest nuclear applications
especially, for crude predictions of the order of magni-
tudes in short-term decay heat analysis, simple semi-
empirical formulations such as those proposed in the pre-
vious section have been generally nowadays superseded
by the summation method [144]. The completeness of this
method stems from explicitly considering the contribu-
tions of all nuclides involved in the decay process, includ-
ing actinides in the nuclear fuel, fission, and activation
products. Despite its simplicity, an accurate knowledge of
a large number of nuclear parameters (decay constants,
beta-electron, and gamma-ray energies) is required.

Given the radioactive nature of nuclear fuel, its decay
heat rate inevitably varies with time according to the
nuclide content evolution in the system. For reactor spent
fuel it decreases following the time after shutdown, as
the majority of the short-lived fission products decay into
longer-lived ones. It follows that the accuracy of the sum-
mation method strictly depends on the correct solution of
the Bateman equations. This step is generally considered
more crucial than the summation calculation, as the com-
plexity of the process increases when the fuel is placed in
an irradiating environment.

(61)
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The radioactive decay law formulated in 1902 by

Ernest Rutherford and Frederick Soddy [145] indicates
that the density variation dN(t)/dt of radioactive matter
is proportional to its activity. Here, N(¢) is the nuclide
field vector containing each i*" nuclide number density. In
his publication at the beginning of the last century [146],
Henry Bateman reported the analytical solution of this set
of equations considering only natural decay and under the
assumption that only the first nuclide in the decay chain
had non-zero density.
Still, the concept can be generalized for radioactive mat-
ter placed in a particle-irradiating environment by adopt-
ing effective reaction rates (or simply reaction rates) that
take into account the transmutation caused by particle-
nucleus interactions. Each i*" ordinary differential equa-
tion (ODE) describes the time-balance of a nuclide ¢ as

dj\élit(t) =2 {(bj_’“\j +2p ¢P<az}7j~i>) N5 (¢)

- (A,; +22 ¢P<‘7Pvi>) ' Ni(t)}

(62)

where

e N;, N, are the number densities of nuclides 7 and j,
respectively,

e )\;,)\; are the decay constants of nuclides ¢ and j,
respectively,

e b;_; is the decay branching ratio for a nuclide j to
produce nuclide 4,

e (0,,) is the spectrum-averaged Doppler-broadened
disappearance cross-section for nuclide i induced by
particle p,

e (0, i) is the spectrum-averaged Doppler-broadened
cross section for nuclide ¢ induced by particle p and
that generates nuclide j,

® ¢, is the energy-integral of the flux for particle p, being
either neutrons, protons, or other particles®.

The spectrum-averaged cross-sections are

N J 0pi(E)pp(E)AE
i) = [ op(E)AE (63)
O i :) = Zrfpr,jﬂi,rUp,j’r(E)gDp(E)dE
o [ ep(E)AE (64)

where the energy distribution of the particle flux, i.e.
the particle spectrum, is denoted by ¢,(E). The pro-
duction rate includes all reactions r with cross-section
Op.j,r(F) with a non-zero yield ~, j_.; »(E) that generates
the nuclide i of interest. If nuclide 7 is a direct fission prod-
uct and nuclide j is an actinide, r represents the fission
reaction and 7y, j—;(E) corresponds to the independent
fission yield. An independent fission yield is defined as the
fraction of a specific nuclide produced directly from a sin-
gle neutron-induced fission event of a given parent nuclide
after the emission of prompt neutrons and gamma rays
and before the radioactive decay of the fission fragments.

5 For most SNF applications nuclear reactions induced by
particles other than neutrons are generally negligible.

The particle flux field, normalized to the requested
power production, follows the time-dependent neutron
transport equation (see Ref. [147]) and is nonlinearly cou-
pled to the calculation for the nuclide vector.

From the above description, the accuracy of the sum-
mation can depend on various approximations performed
during the irradiation (see next sections), and also on the
quality of nuclear data (see Sect. 6.4.3).

6.4.2 Case specific approximations

The transmutation or decay of fission products with large
absorption cross sections or in general of strong neutron
absorbers can significantly affect the spatial and energy
distribution of the neutron flux on a time scale on the
order of hours to days [148-150]. The buildup and deple-
tion of actinides have an analogous effect on a longer
time scale. Modifications of the irradiation conditions (e.g.
reactor power, control rod position, soluble boron concen-
tration) also alter the neutron flux. The dependence of
the flux distribution on the nuclide composition is han-
dled in burnup codes by decoupling the neutron transport
calculation from the nuclide depletion problem, exploit-
ing the slow variations of the neutron flux distribution
(energy distribution as well as spatial distribution) in
short time-scales. A quasi-static version of the space and
energy-dependent burnup equations assumes static flux
distribution that can be computed at the beginning of
the time interval of interest by a deterministic or Monte
Carlo-based particle transport solver. Then, this flux dis-
tribution and the resulting spectrum-averaged cross sec-
tions are used to integrate the depletion equations over
the time interval for which the transition matrix can be
assumed constant. This methodology reduces a nonlinear
process into a series of equations that appear to be linearly
coupled at given time instances.

There is a number of approximations, both physical
and computational, that need to be applied when the
burnup calculation is run. Computational approximations
include discretization applied to space and time, i.e. deple-
tion zone division and the number of depletion steps, as
well as the burnup algorithm used for obtaining the cou-
pled solution by iteration.

Physics approximations are related to the models used
for the interaction physics. For deterministic transport
codes this includes, for example, the methods applied for
self-shielding, and for Monte Carlo codes the treatment of
cross sections in the unresolved resonance range and the
elastic scattering kernel. Some approximations, such as the
definition of energy released per fission and the handling of
fuel temperature distributions, result from simplifications
in the computational model. The most significant uncer-
tainties in burnup calculation, however, typically originate
from the nuclear data libraries used in the calculation (see
Sect. 6.4.3).

Spatial discretization

Because of the large costs in terms of computational power
and memory necessary to run SNF depletion calculations
for LWRs at the core level, a number of customary prac-
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tices are nowadays accepted by the nuclear industry to
reduce the computational running time, such as:

e Scaling down the core geometrical model to the assem-
bly level with imposed boundary conditions,

e using a two-dimensional (2D) model,

e using a discrete number of depletion zones within the
assembly,

e and using a discrete number of depletion zones within
the pin.

The two last assumptions include grouping the depleted
materials into homogeneous sub-regions, or depletion
zones, inside which the reaction rates are assumed space-
independent. If the spatial discretization is not carefully
defined the local reaction rates may be under/over-
estimated in regions where the neutron flux gradients are
steep. This is a condition that typically occurs in pres-
ence of high-absorbing materials or at the core boundaries.
Refining the spatial sub-division reduces the discretization
bias, but in practice the total number of depletion zones
is limited by the available computer capacity.

Assembly model

To simulate the depletion of nuclear fuel in a fuel pel-
let, rod or fuel assembly (FA), computational models
focus/extend up to the assembly boundaries. The rest of
the core is defined by imposed boundary conditions. The
first reason is computational time memory and resources:
because of the large costs in terms of computational power
and memory necessary to run SNF depletion calcula-
tions for LWRs at the core level. A second reason is that
in many SNF-related benchmarks operational data are
only provided on the reference assembly selected for the
experimental campaign, whereas details on the adjacent
assemblies are not documented [151,152]. The assembly
shuffling is often not simulated when analyzed samples are
taken from interior fuel rods as the impacts of neighboring
assemblies on the nuclide contents in such rods were shown
to be small after 148Nd normalization, see for instance ref-
erence [153]. On the contrary, it has been shown that for
fuel rods at the periphery of an FA or if the reference FA is
located at one edge of the core, modeling the FA surround-
ing environment has a significant impact on the accurate
prediction of nuclide compositions as a function of bur-
nup [154]. Under these conditions a more accurate repre-
sentation of the rod environment is achieved by including
the adjacent assemblies in the simulation model [155,156].

The down-scaling of the core model to a single assem-
bly (or group of assemblies) is an acceptable approxi-
mation as long as the spatial boundary conditions are
representative of the assembly position in the reactor core
and evolve according to the fuel in-core reshuffling scheme.
For instance, the use of reflective boundary conditions
along all directions corresponds to an “infinite system”,
which is correct if the neutron flux does not have a spa-
tial gradient for several neutron mean free paths from the
domain boundaries. Reflective conditions corresponding
to a unitary albedo § = 1 (i.e. the ratio between the
neutron currents entering and leaving the FA) preserve
the neutronics environment of the reference assembly and

they are commonly used to represent a FA surrounded by
fuel with the same level of burnup [152]. Other albedo
boundary conditions are needed when a change of the
surrounding media is expected to take place (i.e. around
reflectors or strong absorbers such as control rod). Bound-
ary conditions with albedo § > 1 can be representative of
an FA surrounded by fuel with lower burnup or higher
enrichment. On the other hand, g < 1 is found for assem-
blies adjacent to moderator channels or reflectors. It is
actually common to find this strategy along in-core fuel
management depletion calculations of commercial reac-
tors in well established codes like CASMO-SIMULATE
and PHOENIX-POLCA. The constraint in defining a cer-
tain type of boundary condition might have an impact on
decay heat predictions and it is tightly connected to the
computational approximations introduced with a spatial
discretization.

Radial depletion zones

The spatial dependence of the depletion in equation (62) is
typically approximated by adopting a discrete number of
volumes (or depletion zones) in which the model is homog-
enized. Then, for each depletion zone, a set of ODEs is
defined using spatially-averaged reaction rates. If the spa-
tial discretization is not carefully defined the local reaction
rates may be under/over-estimated in regions where the
neutron flux gradients are steep.

The volume subdivision should be physically driven
by the system heterogeneities and by the spatial distribu-
tion of the neutron flux, e.g. at the model boundaries or
in presence of high-absorbing materials. In an FA, deple-
tion zones could follow the pin cell boundaries or include
several adjacent pins. In general, a trade-off is sought
between the computational time and the representative-
ness of the mode, knowing that refining the spatial sub-
division reduces the discretization bias. In particular, in
Monte Carlo burnup codes the smaller the depletion zones
are the longer it takes a transport calculation to achieve
a reliable estimate of the reaction rates.

In a FA model the flux distribution is affected by the
type of applied boundary conditions. Reflective bound-
aries along all directions (i.e. S = 1) define an infinite
medium with the nonphysical suppression of neutron leak-
age. Under these circumstances, it is foreseeable that a
limited number of depletion zones could correctly repro-
duce the nuclide buildup in the system, as the neutron
flux distribution is approximately flat. Conversely, white
boundary conditions in all directions (i.e. 8 = 0) impose a
steep gradient to the flux and more burnable zones should
be used.

A volume discretization based on physical metrics such
as the neutron flux or burnup spatial gradient can pro-
duce optimal results when it comes to accurately predict
the nuclide content in SNF. This is particularly true for
nuclides such as '34Cs, ?4'Am, and the curium isotopes
whose concentrations do not evolve linearly with burnup.
The same conclusions hold for decay heat calculations.
Adopting a single depletion zone appears to be a reason-
able option only in case of reflective boundary conditions,
or for medium-term cooling times, where the most of the
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decay heat is released by the decay chains of *7Cs and
908r, two nuclides whose concentration in SNF is almost
linearly dependent on burnup in the case of LWR.

2D vs. 3D

At the beginning of life, the axial distribution of the neu-
tron flux in a LWR FA approaches a cosine, with the neu-
tron leakage being responsible of the flux depression at
the vertical extremities of the assembly. Spectral effects
generally occur in the same regions and depend on the
core configuration above and below the fuel, e.g. presence
of cladding, structural components, fertile fuel, axial blan-
ket, coolant. An uneven axial flux distribution depletes the
fuel at a higher rate near the axial midsection than at the
ends. During operation, the burnup buildup decelerates at
the center because of the accumulation of fission products
and the depletion of the fissile material [157-160]. The
burnup axial profile in a fuel assembly at discharge is rel-
atively flat in the axial center with burnup peaks 1.1-fold
the assembly average burnup, and considerably low at the
extremities, down to about half the assembly average bur-
nup [161]. In addition, the higher moderator density in the
FA bottom half typically generates an axial offset with a
higher burnup towards the bottom of the fuel assembly
compared to the top. Some assemblies might display a
different offset due to the proximity of control rods dur-
ing their operational history, although this effect should
in principle disappear at the time of discharge [158].

Bounding burnup axial profiles have been established
for the criticality calculations of commercial LWR assem-
blies to maximize the effects that the low burnup regions
near the ends of spent fuel have on the system reactivity,
i.e. so-called “end effect”. However, such profiles do not
ensure a conservative generation of the spent fuel nuclide
concentrations with respect to decay heat applications.
For example, using non-irradiated fuel is a conservative
assumption for reactivity calculations, but not for decay
heat predictions [162].

An accurate determination of the burnup accumulated
axially in the fuel removes biases in the decay heat esti-
mates that are otherwise introduced with simplified mod-
eling assumptions. A typical approach to predict SNF inte-
gral quantities such as the decay heat rate of a FA implies
using two-dimensional (2D) lattice models, with corrections
to account for the axial flux variation [163]. On the other
hand, despite burnup codes coupled to 3D transport solvers
can accurately model the flux profile, often simplifications
areintroduced, either to reduce the complexity of the system
or for lack of information on the operating conditions [164].
Parameters such as the material composition, temperature,
and density in the FA are often homogenized to an aver-
age value, under the assumption that they have a linear
dependence with the observable of interest.

The parametric study reported in reference [165] for a
reference PWR FA assembly model (with an initial enrich-
ment of 3.1%, and an average burnup of 36.7 GWd/tHM)
shows that the decay heat rate does not scale linearly with
modeling parameters such as the moderator temperature
at long cooling times and the cycle power at shorter cool-
ing times (see for instance Ref. [166]).

Time discretization

Despite the latest enormous development in computer
technology, depletion codes coupled to Monte-Carlo trans-
port solvers are still considered computationally expen-
sive, primarily because of their more and more frequent
application to complex realistic problems such as a whole
fuel assembly or a full-core problem. The most common
solution adopted to reduce the computational burden
is to introduce approximations in the coupled problem.
In Monte Carlo burnup codes the solution for the neu-
tron flux field tends to be more computationally expen-
sive than the integration of the depletion equations.
Hence, the time steps for complex problems are gener-
ally long in order to minimize the number of steady-
state neutron transport calculations. Although the neu-
tron flux field generally varies in time at a lower rate com-
pared to many nuclide number densities, a coarse time-
discretization might lead to an under- or over-estimation
of the reaction rates at which individual nuclide con-
centrations are built up or depleted. This can result
in significant discretization errors. Time-dependent spec-
tral variations within a time step can be accounted for
by using predictor-corrector algorithms, with a consid-
erable improvement in the accuracy of the burnup solu-
tion [167,168]. It was demonstrated that the use of implicit
predictor-corrector algorithms such as the modified Euler
method can also prevent stability issues, e.g. spatial oscil-
lations of the neutron flux driven by the neutron cap-
ture in 13°Xe or, for longer time steps, by the fuel bur-
nup [148,169]. Adopting advanced burnup algorithms with
reaction rate interpolation/extrapolation capabilities can
overcome the bias introduced by longer time-steps. Then,
the time-dependence of the transition matrix in a deple-
tion time-step can either be inherently handled by the
ODE solver [170] or by further dividing the time-step into
a number of sub-intervals [171,172].

Shortening the time steps reduces the bias on the bur-
nup solutions, but since the total number of depletion
steps is increased, so is the overall computational cost.
The optimal time-step length is problem-dependent and,
as a rule of thumb, it increases as the irradiated mate-
rial is depleted. Numerical tests suggested that the com-
putational efficiency of Monte Carlo burnup calculations
might be actually improved by shortening the time steps
and running transport calculations with a larger statisti-
cal uncertainty [173]. Following these results, algorithms
are being developed to maximize the efficiency of the
Monte Carlo burnup simulation by optimizing the time-
step length [174].

DBRC

The scattering of neutrons in the epithermal energy range
can be significantly affected by thermal motion of target
nuclides [175]. The probability of change of a neutron’s
initial energy and direction as a consequence of an inter-
action with a target nucleus (i.e. sampling the scattering
kernel) is traditionally simulated in MC codes in refer-
ence [176]: (i) using a free gas model or pre-processed
thermal neutron scattering kernel tables S(a, ) consid-
ering internal changes in the molecule (crystal effect), in
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mal neutrons.

the thermal energy range; (ii) sampling the target nuclide
velocity from a Maxwellian distribution in the epithermal
energy range; and (iii) assuming the target to be station-
ary at sufficiently high neutron energies (400 kT).

While the traditional approach in the epithermal
energy range is valid for light nuclides, heavy nuclides,
in particular 238U, should include the fact that the cross
section is definitely not constant in the vicinity of the
resonances [177]. To take this effect into account, reso-
nant dependent probabilities (i.e. S(a, 3) tables) for heavy
nuclides were introduced [178]. However, this method is
limited since the anisotropy of the azimuth angle between
the interacting plane and the scattered neutron plane is
not considered, and this is needed for the accurate han-
dling of the scattering kernel [179]. Alternatively, Rothen-
stein [180] proposed a re-write of the elastic scattering
probability density function, which is suitable for numer-
ical calculations, and that it is implemented in state-of-
the-art neutron transport codes such as MCNP [181],
KENO [182] or SERPENT [183] to account for non-
constant scattering cross sections.

6.4.3 Nuclear data

Nuclear data provide important quantities for the calcu-
lation of decay heat following the summation method.
Precise information on cross sections (e.g. fission and
capture), decay data (such as half-lives, released ener-
gies, branching ratios) or fission yields are needed if one
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Fig. 29. Example of weighted cumulative fission yields, before
and at the end of irradiation, for two UO2 and MOX assem-
blies.

needs to rely on calculated decay heat. Over the past
decades, there have been numerous improvements from
the nuclear data libraries (improved cross sections, fis-
sion yields, decay data), supported by a large range of
validation, leading to more accurate summation calcula-
tions. Comparisons between various current nuclear data
libraries are presented in Figure 28, for the total and decay
heat (electromagnetic component) of 23°U and 39 Pu ther-
mal fission pulses.

The experimental values and calculations presented in
this figure are obtained from references [58,107,122,124].
Such better agreement between calculations, based on the
improvement of nuclear decay data along the years, and
experimental values provide confidence in the results from
the summation method for SNF.

A detailed study on the need for nuclear data related to
decay heat can be found in references [184] and [7]. From
equation (62), one can see that the quality of the nuclear
data directly affects the estimation of the nuclide concen-
tration, and therefore of the calculated decay heat. As an
example, the improvement of the decay heat calculations
thanks to the TAGS data (see Sect. 6.4.4) was highlighted
in many references (see for instance Refs. [185-187]). The
quality of fission yields (cumulative as well as indepen-
dent) also plays a prime role in the estimation of nuclide
concentrations. Figure 29 presents two examples of cumu-
lative fission yields, before and after irradiation of two
U005 and MOX assemblies in a realistic core environment.

These examples highlight the changes of the so-called
“double-hump curve” with burnup, and indicate the vari-
ety of nuclides to take into account to obtain an adequate
SNF characterization.
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6.4.4 TAGS data

Pandemonium effect

Decay heat calculations are based on summation calcula-
tions performed with evaluated decay data, as explained
in Section 6.4.1. The average B3~ and ~y-ray energies
released per decay (E-, E,) are obtained from the
individual beta decay schemes of the decaying fission
products using the Iz feeding to each individual state
in the daughter nucleus and their discrete v-rays ener-
gies. Usually, the I3 intensity distributions are obtained
from high-resolution spectroscopy measurements with Ge
detectors based on the y-ray intensity balance technique
which relies on the detection of all individual ~-rays
coming from the levels fed in the 8~ process and their
placement on the beta decay level scheme. This tech-
nique suffers from a well known systematic error called
Pandemonium effect pointed out by Hardy et al. in
1977 [188].

Using a fictional nucleus called Pandemonium with a
complex decay scheme, Hardy et al. showed that 14% of
the ~-ray intensity above 1.7 MeV remains undetected
under normal experimental conditions using a Ge(Li)
detector. Due to the limited peak efficiency of Ge detec-
tors, some -ray transitions from levels at high excita-
tion energy are missed and consequently extra S~ feed-
ing is incorrectly assigned to low lying states, shift-
ing the apparent Ig- distribution to lower excitation
energies, see Figure 30. This leads respectively to an
under-estimation of the «-ray and over-estimation of the
[~ energies released in the decay. The largest effect is
observed in the decays with large Qg- values because
the level density increases with the excitation energy
(providing many possible weak v decay paths that can
remain undetected) and those where the [~ strength
concentrates close to the end of the Q-value energy
window [189].

Total Absorption Gamma-ray Spectroscopy technique

A different experimental technique, the Total Absorption
~-ray Spectroscopy technique (TAGS), based on the detec-
tion of the full y-ray cascades which follow the 5~ decays
instead of detecting the individual v-rays was developed to

overcome the Pandemonium effect. This technique relies
on a large detection efficiency of 7-rays, almost 100%,
which is usually obtained with large scintillator crystals
with a geometry as close as possible to 47. In the 1990s, a
total absorption v-ray spectrometer coupled to a 2°2Cf-
based ISOL facility was used in a program of system-
atic study of the distributions of $~ decay intensities
of fission products by Greenwood et al. [190] aiming to
improve decay data needed for decay heat calculations.
Results were obtained for 48 nuclei on Rb, Sr, and Y
isotopes and the region of Z > 55, with half-lives rang-
ing, generally from more than 5 seconds to less than a
few hours. Twenty-nine nuclei had their mean decay ener-
gies updated in the JEFF-3.1.1 library using these mea-
surements. The nuclei updated, see Tables D.1 and D.2
(in Appendix D), were only those for which a detailed
evaluation was not available [191]. No details were given
on the analysis and a conservative 10% uncertainty was
applied to all mean energies. The evaluation of these
nuclei was also taken into account for the release of the
ENDF/B-VIL.1 library in 2011. Since then, the analy-
sis methodology of the TAGS technique was consider-
ably improved, especially by the Valencia group (see Refs.
[192-195]).

In 2005, a WPEC Subgroup 25 was focused on the
assessment and improvement of the evaluated decay data
sub-libraries in order to obtain more accurate estima-
tions of decay heat [7]. Recommendations were made
to focus on a list of 37 particular fission products that
merit measurement by TAGS in order to improve decay
heat calculations. Consultant’s meetings were also orga-
nized afterward by the Nuclear Data Section of TAEA to
improve/complete the initial list of proposed TAGS mea-
surements for decay heat both for U/Pu and Th/U fuel
cycles but also for other possible applications associated
with the determination of antineutrino spectra in reactors
and the study of beta-delayed neutron emitters [196-198].
The meetings also monitored the progress of the different
experimental campaigns and their impact. Four experi-
mental campaigns were performed in 2007, 2009, 2014,
and 2022 by the European TAS collaboration (CSIC-
University of Valencia) Spain and the University of Sur-
rey, UK, joined by the SUBATECH team, Nantes, France
in 2009) at the IGISOL facility in Jyvéskyld, Finland
(see Refs. [199-206]). TAGS experiments were also per-
formed on nuclei from the NEA list at the Holifield
Radioactive Ion Beam Facility at the Oak Ridge National
Laboratory by the MTAS collaboration (USA, Poland)
[207-209]. Tables D.3 and D.4 (Appendix D) list the nuclei
that were measured and published by the different teams
up to now from the NEA list. The gray cases are the
TAGS Ej3- and E, already evaluated and included in the
JEFF, JENDL, and ENDF libraries as ELP and EEM
values. It should be noted that '°2Tc and '°'Nb were
not included in JEFF-3.3 from the European TAGS mea-
surements because the mean decay energies were almost
identical to the values already in JEFF-3.1.1 for the first
one and for the second one there was almost 50% uncer-
tainty on the mean gamma-ray energy [191]. These cases
were shown to not suffer from the Pandemonium effect
(see Refs. [199,200]).
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Fig. 31. Left: light particles decay heat component for pulse irradiation of 23°U with thermal neutrons. Right: same for the

electromagnetic decay heat component.

Impact on fission pulse decay calculations

Recently, some decay heat calculations of the Light Parti-
cle (LP) and Electromagnetic (EEM) components both
for 235U and 2%°Pu thermal fission pulses were per-
formed using the Serpent code [183] to calculate the
impact of the TAGS measurements already included in
the JEFF, JENDL, and ENDF evaluated libraries [210].
Decay heat calculations based on different releases of the
JEFF library are compared in Figures 31 and 32 with the
Tobias evaluation, Dickens, and Lowell decay heat mea-
surements [107,122,124]. The decay heat calculations for
the thermal fission pulses of 22U and 239Pu obtained with
different versions of the series of JEFF libraries in their
chronological order illustrate clearly the growing impact
of the TAGS measurements with a decrease in the LP and
an increase in the EEM decay heat components. This is a
direct consequence of the adoption of Pandemonium-free
decay data.

Decay heat calculations were also performed on ther-
mal fission pulses in order to compare the performance
of the latest evaluated libraries: ENDF/B-VIIL.O [211],
JEFF-3.3 [58], and JENDL-5 [212]. The decay heat curves
for the Light Particle component, both for 23°U and
239Py thermal fissions, are in good agreement with the
decay heat measurements and their experimental uncer-
tainties. The electromagnetic decay heat component of
235U thermal fission from 2 to 100 seconds cooling times
is underestimated per the JEFF-3.3 calculation whereas
both ENDF/B-VIII.0 and JENDL-5 calculations agree.
At cooling times above 400 seconds, it is rather difficult
to conclude as the three sets of measurements exhibit dis-
crepancies that remain unresolved at this stage. For the
electromagnetic decay heat component of 239Pu, the peak

at cooling times from 30 to 200 seconds is overestimated
per the JENDL-5 calculation. Given the importance of
239Py thermal fission for decay heat, further investigations
were performed by repeating the same calculation using
the JEFF-3.3 decay data library combined with three dif-
ferent fission yield libraries: ENDF/B-VIIL.0, JEFF-3.3
and JENDL-5. As shown in Figure 33, both calculations
performed with the ENDF/B-VIIL.O and JEFF-3.3 fission
yield libraries reproduce the experimental data whereas
the adoption of the JENDL-5 fission yield library leads
similarly to an overestimation of the decay heat measure-
ments in the 30-200 seconds cooling range. This over-
estimation would appear to be associated with the fis-
sion yield library and is now studied in detail per the
JENDL team with respect to a release of fission yield
data [210].

6.5 Methods for depletion solvers

The analytical solution of the Bateman equation is the
matrix exponential function:

n(t) = exp(At) - n(to) (65)
where n(tg) is the nuclide density vector at time tq. The
part of the transition matrix A representative influencing
the natural decay or the neutron-induced activation of a
given nuclide usually contains reaction rates for only a
few dozen of nuclides. On the other hand, the time evolu-
tion of the fuel composition in a nuclear reactor requires
already 30—40 fission products and actinides that char-
acterize the major SNF observables. In addition, several
of these nuclides are generated via the decay or neutron-
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Fig. 32. Left: light particles decay heat component for pulse irradiation of *3°Pu with thermal neutrons. Right: same for the

electromagnetic decay heat component.

capture processes involving other nuclides, thus extend-
ing the list to several hundreds. Eventually, if one wanted
to consider all nuclides for which nuclear data are pro-
vided in the evaluated radioactive decay data libraries,
the number would increase to almost 4000, e.g. the JEFF-
3.3 radioactive decay data library provides data for 3852
nuclides.

The exponential of a matrix can be computed in many
ways involving different approximations [213], still in a
transmutation-rich environment their implementation is
not straightforward and requires to take into account the
following considerations:

1. half-lives (T3, = log(2)/)) can vary from billions of
years to small fractions of seconds, thus generating a
large spread in the transition matrix eigenvalues and
making the system numerically stiff;

2. the large decay constants associated with highly unsta-
ble nuclides (e.g. "B with a half-life Ty of about
10722 seconds) make the problem ill-conditioned, with
a matrix norm up to ||A|| ~ 102}

3. long time steps also drastically increase the condition-
ing of the problem.

The main challenge in solving the depletion problem lies
not in the mathematical form of the Bateman equations
governing the changes in the nuclide concentrations, but
rather in the large dimensions and the numerical charac-
teristics of the system. In practice, however, there exists
a wide range of state-of-the-art solvers that are capable
of handling the depletion problem with a sufficient level
of accuracy, and errors resulting from their limitations
can be considered negligible compared to other factors.
Comparisons of depletion algorithms in terms of perfor-
mance and numerical accuracy are also reported in ref-

erences [213,214]. A number of examples are presented
below.

Transmutation trajectory analysis (TTA)

The TTA method [215], also called the linear chain
method, implies the analytical solution of one Bateman
set of equations per each individual transmutation chain.
The time evolution of the nuclide vector is broken down
into chains that represent every possible reaction path.
This method is used also for non-linear chains after they
have been broken down into sets of linear chains. The total
nuclide number densities are obtained from the sum of
the results of each sub-chain for all the nuclides involved
in the problem. Examples of codes that use this method
are BISON [216], CINDER [217], MCB [218,219], and
Serpent [183].

The depletion of nuclear fuel involves an enormous net-
work of complex sub-chains that often happen to gener-
ate loops that cannot be linearized. As a consequence,
assumptions are made to terminate unimportant chains
based on multiple criteria, such as ignoring cyclic chains
or terminating them after the first few loops. The choice
of the termination criterion can play a role in the trade-off
between computational speed and accuracy.

Matrix exponential methods

The solution of the Bateman equation can by definition
be formally expanded as the Taylor series of the matrix
exponential:

(A1)
2!

exp(At) =T+ A-t+ +ee (66)
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The matrix exponential method includes an approx-
imation of the matrix exponential by a truncated
Taylor series. This is implemented in the depletion
code ORIGEN, available in the SCALE suite [220,
221], and adopted in many coupled neutron trans-
port and fuel depletion codes (see for instance
Monteburns [222], MOCUP [223], MCODE, ACAB [224],
EVOLVOCODE [225] or VESTA [226]).

The ORIGEN method involves solving the matrix
exponential in three phases, in which the contribution
of short- and long-lived nuclides is separated. The short-
lived nuclides initially present at time ¢y in the nuclide
vector are treated independently by constructing for each
nuclide all the populating chains consisting of only short-
lived nuclides and solving them in a way analogous to
the TTA method. In the second phase, the contributions
of short-lived nuclides to long-lived nuclides are added to
the initial densities of the latter. The transition matrix
A is then re-constructed by assuming that the short-
lived nuclides decay instantly, thus practically removing
them from the system. By having removed the instabilities
associated with short-lived nuclides, the matrix exponen-
tial can now be solved by using a power series. Eventu-
ally, the contributions of long-lived nuclides to short-lived
nuclides are obtained iteratively using the results of the
second phase as an initial guess and assuming a secular
equilibrium

dn(t)
dt
valid for short-lived nuclides.

=A-n(t)=0, (67)

Ordinary Differential Equation Methods

The Bateman equation adopted to describe the time evo-
lution of nuclear fuel composition in a reactor is a sys-
tem of ordinary differential equations (ODE), therefore it
is natural to consider its resolution via numerical inte-
gration methods [227]. Ready-to-use packages of ODE
solvers [228] are nowadays distributed for the most com-
mon computer programming languages.

Among the codes that rely on such methods, there
is ALEPH-2 [229], which uses the RADAU IITA implicit
Runge-Kutta method of order 5. This method, as well as

others involving numerical integration, is easy to use and
requires only minimal programming for its implementa-
tion. RADAU IIA showed excellent stability for systems
containing 3000 and more known nuclides, with the pri-
mary disadvantage being the relatively high cost in com-
puter time compared to other solvers like ORIGEN. Still,
these methods have been often developed for general non-
linear differential equations, and could potentially achieve
much shorter running times if optimized for specific ODE
problems.

Other numerical integration schemes (Runge-Kutta,
BDF) could be considered for depletion calculations, but
are limited by the nuclides with short half-lives that make
the problem stiff. Such methods could be used if the
short-lived nuclides were handled separately as done by
ORIGEN. This is the case of the newest depletion mod-
ule PHOENIX included in VESTA [226], which solves the
Bateman equation either with a fourth-order Runge-Kutta
method, a Taylor series development of the matrix expo-
nential or the method of Arnoldi [230], after the separate
treatment of the short-lived nuclides.

Chebyshev rational approximation method (CRAM)

CRAM is a method to solve the matrix exponential equa-
tion that is implemented e.g. in Serpent [183]. It involves
approximating the exponential function e* as a ratio
between two polynomials Py (z) and Qg(z) of order k:

o~ Py ()
Qr(2)

Eventually, the solution of the Bateman equation can be
retrieved from solving k/2 linear systems using LU decom-
position. The main advantage of this method is that for a
chosen polynomial order k£ and range of values z, the coeffi-
cients of the polynomials Py and @y, need to be determined
only once. This method has been proven particularly effec-
tive for sparse matrices and, with order £k = 16 polyno-
mials, it can provide very accurate solutions to burnup
equations without excluding any nuclides. More details
can be found in reference [231].

(68)

6.6 Sources of uncertainties

As for many other calculated quantities based on reac-
tor simulations involving neutron transport and thermal-
hydraulics modules, the assembly decay heat can be
affected by various parameters. Additionally, such param-
eters may not affect the calculated decay heat in the same
way as a function of cooling time. For instance, quantities
of relevance during (or just after) reactor transients may
not be the same as for long-term cooling. As it is challeng-
ing to be exhaustive within this study, we will provide a
number of examples, mostly for cooling time longer than
months after shutdown.

Quantities of relevance, being significant sources of
uncertainties for the assembly decay heat are generally
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Table 17. Uncertainties for operational parameters, manufacturing tolerances, and burnup-induced technological

changes.
Design and operational parameters
Parameters Uncertainty [232] lo [233] lo [33,234] lo [235] 1o [236] lo [237] lo [238] 1o [239]
Probability - Normal Uniform Uniform See superscript See superscript Normal
Cladding thickness + 40-50 pm 16.7 pm
Cladding diameter (PWR) + 200 mm 67 pm 0.5% 0.8% 0.1Y% 0.1% 0.1%
Cladding diameter (BWR) + 300 mm 100 pm
Pin z and y position shifts - - 0.5%
Fuel pellet density < 2% 0.67% 0.5% 0.5% 1.65%
Fuel pellet diameter + 20 pm correlated with fuel pellet dens.
Enr. (234U wt.%) 5%
Enr. (33U wt.%) + 0.05% 0.0167% 0.2% 1% 0.02%  0.05%
Enr. (238U wt.%) 0.2%
Enr. (339Pu wt.%) (MOX) 0.2%
SNF power — 1.67%
Burnup depletion step 0.25% 1%
Water temp. (PWR only) +2°C 2°C 2% 2% 1.5Y%
Water density (PWR only) + 0.005 g/cm? 0.005 g/cm? 2%
Void fraction (BWR only) + 6% 6%
Fuel temperature + 50 °C 50 °C 2% 2%
Boron content (PWR only) + 10 ppm 10 ppm 2% 2%
Reactor pressure 1% 1Ng
Sample power 1.5N% 2Ng,
Pin z and y position shifts - - 0.5%
Burnup-induced technological changes
1o 1o [240] 1o [241] 1o [242] 1o [243] 1o [244]
Probability Uniform
Fuel pin displacement 0.2 mm/burnup steps
Moderator pin displacement 0.05 mm/burnup steps
Pin radius 150 pm 15-50 pm 70 pm 80 pm 160 pm 150 pm

@ 53 MWd/kg

@ 28 MWd/kg @ 50 MWd/kg @ 30 MWd/kg

@ 61 MWd/kg @ 60 MWd/kg

Table 18. Example of VVER-1000 nuclear fuel uncertainty ranges.

No. Parameter Symbol  Units Range Type
Negative Positive
1 Inner diameter ( only TVS-M and TVSA)  Adg, mm 0 +0.2  Absolute
2 Outer diameter Adout mim —0.03 0 Absolute
3 Density at 20°C Apyo, kg/m? —150 +150  Absolute
4 Length L m n.a. n.a. n.a.
5 Effective full power days 0T — —0.03 +0.03 Relative
6 Power of the most loaded FA ONFEa - —0.05 +0.05 Relative

classified into different groups: nuclear data, operating
conditions, manufacturing tolerances, and eventually
burnup-induced technological changes. A number of val-
ues for uncertainties from the literature are presented in
Table 17. Details are provided below.

6.6.1 Method of uncertainty propagation

In the case of depletion calculations followed by a cool-
ing period, the method of uncertainty propagation mostly
used for such non-linear and time-dependent cases is based
on simple Monte Carlo: repeating a number of times the
same calculation, but each time with a different set of
input parameters. This approach allows to access an esti-

mated probability density function for the quantity of
interest, from which the uncertainty can eventually be
represented by a standard deviation. Such a method is
applicable for decay heat, as well as for any other quan-
tities similarly obtained, such as nuclide concentrations
or assembly and reactor quantities. Many publications
using this method can be found in the literature. One
limitation of this approach is due to the required calcu-
lation time, which is virtually multiplied by the number
of sampled cases. It is therefore not uncommon to esti-
mate uncertainties based on a few hundred of sampled
runs. A number of acceleration solutions exist, depending
on the type of transport method used: Monte Carlo or
deterministic.
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Another method of uncertainty propagation is based
on sensitivity calculations, under the linearity assump-
tion, combined with the so-called “sandwich formula’.
This method requires to calculate the sensitivity of the
quantity of interest to a specific input parameter, and
then to perform a matrix multiplication between sensi-
tivity vectors and covariance matrices. If this method is
in principle faster than the Monte Carlo uncertainty prop-
agation, it is based on the linearity assumption and can
become cumbersome in the case of a large number of input
quantities (such as nuclear data).

6.6.2 Nuclear data

The impact of nuclear data on decay heat was pre-
sented in a number of publications, see for instance
references [12,33,34,52,165,233-235,245,246]. The usual
approach to assess the uncertainties due to nuclear data is
to consider the covariance matrices provided in the eval-
uated nuclear data libraries, generate a set of sampled
cross-sections or decay data, and repeat transport calcu-
lations with these different nuclear data. As long as covari-
ance matrices are provided, the user is well-guided. In the
case of missing information, such as for fission yields, users
can apply different methods, effectively leading to differ-
ent calculated uncertainties.

Nuclear data of importance for decay heat are gener-
ally cross sections (fission, capture, for both fission prod-
ucts and actinides) and fission yields (mostly from 23°U
and 23Pu). Decay data (released energy, decay mode,
half-lives) induce uncertainties overall smaller than cross
sections and fission yields, but their treatment is less rigor-
ous due to the lack of covariance information in evaluated
libraries.

Finally, it can be mentioned that nuclear data is one of
the major contributors to the decay heat uncertainties, as
generally indicated in the mentioned references.

6.6.3 Manufacturing tolerances

Manufacturing tolerances include uncertainties on the
design dimensions of fuel assemblies (such as pin radius,
pitch, and cladding thickness), on the fuel density, on
the initial heavy metal contents (uranium, plutonium
and eventually americium isotopes) and possibly neutron
absorber contents (such as gadolinium isotopes). Their
impact is not negligible, as shown in the previously men-
tioned references.

Initial geometry and density uncertainty

The proper evaluation of decay heat rates requires the
selection of appropriate input uncertainties of stored FA
in the Spent Fuel Pool and density uncertainties. For
example, if the fuel is provided in the form of cylindri-
cal pellets, the equation could be applied accounting geo-
metrical and density uncertainties: Zppo,( df, . — di,)
where dgout, dan, pvo, and [ are the outer column diam-
eter, inner column diameter (if exists), density, and fuel
length, respectively. The fuel column length could be the
total reactor core length or the individual fuel pellet. As

the column length uncertainty range, due to vendor pro-
cedures compensating the other geometrical uncertainties,
then it is not accounted for in this section. An example of
VVER-1000 fuel pellet uncertainty ranges is provided in
Table 18 [247,248].

The analytical estimation of the geometry uncertainty
generated the following equation (69):

+ Aml,2 = i%lonz [QAdfoutAdfout + 2dﬁnAdﬁn

Apyo,

(dfzout + d%n) .
PUO,

+

(69)

The description of the symbols, used in equation (69) is
given in Table 18. In the case if no internal opening exists
in fuel pellets by the design, then Adg, = 0. The uncer-
tainty range is technologically bounded within the follow-
ing limits: m — Am; < m < m+ Amg, where the particu-
lar absolute mass uncertainty could be evaluated based on
data from Table 18. In this particular case, the lower and
upper portions of the FA mass uncertainty range have dif-
ferent sizes, which indicates a non-symmetrical statistical
distribution, due to the vendor’s production of technolog-
ical geometrical uncertainty ranges (provided in Tab. 18).
However, for other types of fuel made by the same or other
vendors, this analysis could be different.

Fuel mass uncertainty

The fuel mass uncertainty is an added value to the initial
geometrical and density uncertainties, based on the oper-
ational procedure for the fuel production. The limit could
be set so that the total mass should not exceed a threshold,
which usually is the nominal value, considered by the fuel
column design. In this case, the geometrical uncertainty
could be upgraded to m— Amy, which transforms the orig-
inal two-sided statistical uncertainty to one side. There-
fore, the geometrical uncertainty is reevaluated, according
to the fuel vendor procedures, in order to avoid additional
non-realistic conservatism.

Enrichment uncertainty

Usually, the enrichment uncertainty is provided by the
fuel vendors where the manufacturer’s fuel enrichment
uncertainty was considered to have a limit as presented
in Table 17. However, during recent years some of the
facilities, operating nuclear fuel adopted technology for
enrichment evaluation by the use of a compact detector
(as an example CdZnTe), which is inserted into the instru-
mentation channel of the examined assembly and regis-
ters the low-energy gamma-ray and characteristic radia-
tion from the isotopes of uranium and their decay products
(see Refs. [52,249]). As an example, the fuel enrichment
measurement procedure at the Kozloduy NPP involves
the measurement of 185.7 keV peak of 23°U. In this par-
ticular case, the measurement time is 600 seconds, and
the number of counts varies within the range of 5000
to 6000.
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6.6.4 Operating conditions

Operating conditions of importance for decay heat uncer-
tainties can be numerous, depending on the cooling time
of interest: the fuel and moderator temperatures, reactor
pressure, boron concentration, assembly power (or bur-
nup), moderator density, and irradiation history.

Power history

The uncertainty in the power of the FAs can be obtained
from the analytical core design software. Such software
passes extended verification and validation procedures and
depending on the results, a qualified uncertainty range
is produced (generally in terms of “rms”, or root-mean-
square). For example for the VVER-1000 core design soft-
ware, the burnup relative uncertainty +9B is evaluated as
follows reference [250]:

AB A

Moderator density (coolant pressure, temperature)

The decay heat rates can be influenced by the change of
characteristics for the moderator, as it was indicated in a
number of publications. As indicated in reference [246] for
BWR calculations, the moderator density during irradia-
tion has a non-negligible impact on local decay heat, being
higher than 1% at 100 years of cooling time. For PWR
cases, the impact of the moderator temperature reaches
similar values [33].

6.6.5 Example: GRS best estimate method uncertainty
analysis

This example of evaluation of the output uncertain-
ties of FA decay heat generation rates is based on
a method previously proposed by the Gesellschaft fiir

Anlagen- und Reaktorsicherheit (GRS) [251,252] and is
currently applied for some safety analysis. This method
allows realistic prediction of output uncertainties, calcu-
lated after the evaluation of selected input parameters
uncertainty propagation. The selected input parameters
are expected to be randomly varied within the defined
ranges of their minimal and maximal values. The neces-
sary number of calculations is determined as suggested
previously by Wilks [253,254]): 1—u"—n (1 — u)u(™ D < v
for two-sided statistical tolerance intervals. Correspond-
ingly for one side of statistical distribution, the proposed
formula is: 1 — w1 < v [253,254].

The parameter u is compared with the probabilistic
acceptance criterion (percentile), while the parameter v
is the confidence level that accounts for the influence of
the sampling error from a randomly chosen sample of lim-
ited size. The formula predicts n = 93 separated calcu-
lations with 95% probability for the 95% confidence level
for two-sided statistical distribution and n = 53 separated
calculations for one-sided statistical distribution. In gen-
eral, there is no expectation that some values in the input
parameters uncertainty ranges are more likely than others.
Therefore, usually, uniform probability density functions
(PDF's) are assumed, which is a widely accepted choice for
this type of calculation. As a result by application of this
method, a set of curves is expected to be obtained for the
output decay heat generation rate, where the bounding
maximal and minimal values form the propagated output
uncertainty range.

Figure 34 presents an evaluation of the decay heat gen-
eration rate in Spent Fuel Storage onsite in Kozloduy NPP
(Unit 6, VVER-1000). In the analysis were considered
two storing periods: from 2014 to 2015 and from 2018 to
2019. The uncertainty calculations were performed based
on the initial geometrical and density uncertainties, com-
bined with power operation uncertainties evaluated using
RG US NRC 3.54.

The uncertainty analysis was performed for two FA
batches stored in the spent fuel pool. All calculations were
based on the procedure provided by US NRC RG 3.54.
The described input parameters in section three were var-
ied randomly within their defined uncertainty ranges (see
Tab. 18). The set of 98 calculations included n = 93 ran-
dom combinations of the following parameters: fuel pel-
let inner diameter and outer diameters, UO fuel density,
full power effective days, burnup, and nominal operation
power uncertainty (Tab. 18 [250]). The results of the cal-
culation indicated that the decay heat rate uncertainty
range is sensitive to the variation in the irradiation con-
ditions, initial mass, and type of fuel assemblies, stored in
the spent fuel pool. The results are plotted in Figure 34,
where the independent variable of the plots is given in log-
arithmic scale. The conservative approach states a fixed
upper bound of values, where a 10% conservatism was
assumed, added to the estimated nominal values for the
spent fuel pool [255].

These results were verified additionally by SCALE cal-
culation. The evaluation of the uncertainties in the input
values and their propagation to the output identifies the
ranges of the variation in the overall spent fuel pool decay
heat rates.
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6.6.6 Alternative approach: safety factor definition

The uncertainties taken into account in the evaluation of
decay heat generation rates can be produced by (1) uncer-
tainty in nuclear data, (2) numerical computational mod-
els, and (3) inaccuracies from data numerical interpolation
and handling of the irradiation history, see for instance ref-
erence [28]. These uncertainties are considered by the scal-
ing coefficient and (safety factor) Fs > 1 in this reference.
A reasonable amount of conservatism is then applied to
the computed decay power values. The approved values of
the safety factor in reference [28], derived from calorimet-
ric measurements, are reported in Gauld and Murphy [52].
The uncertainty upper bound, which for instance is esti-
mated numerically by reference [28], lay approximately
+6% above the experimental data, without the use of
the conservative assumption as a safety factor [52]. Fur-
thermore, Gauld and Murphy [77] recommended a safety
factor of 1.02 (maximum 48% uncertainty) for a PWR
FA stored less than 25 years. Therefore, the safety fac-
tor ensures reasonable conservatism in the evaluation of
the decay heat generation rate for a PWR. The decay heat
rates calculated by the same authors using ORIGEN, com-
pared with the measured values, produced an uncertainty
of 4% [52].

7 Computer codes

In the following, a number of codes used in the estima-
tion of assembly decay heat for LWRs are presented. For
details, a number of references are provided in each case.

7.1 CEA computer codes: DARWIN/PEPIN2 and
MENDEL

Two major codes devoted to nuclide inventory and decay
heat calculation are available at CEA. They solve simulta-
neous ordinary differential equations describing the trans-
mutation, the growth and the decay of the nuclide densi-
ties, and perform an accurate depletion calculation with a
fine description of the irradiation history and the isotopic
chain. From nuclide concentration results, a large range
of physical quantities can be calculated like nuclide mass,
radioactivity, decay heat, decays a-particle, (-electron,
~-ray emission, neutron source from spontaneous fission,
delayed neutron, and (a,n) reaction. These physical quan-
tities can be computed at any cooling time.

The first of the two codes is DARWIN/PEPIN2 [256]
which is a modular code system, which means it is com-
posed of different modules where each of them has spe-
cific features. It has been developed and maintained since
the mid-90s. In the field of reactor physics studies, it can
be linked to CEA neutron transport codes APOLLO2
which provide the necessary neutron data for the nuclide
inventory calculation. It implements a numerical fourth-
order Runge-Kutta method to solve the Bateman equa-
tion for irradiation period, and an analytical solution
algorithm for the cooling period. In the irradiation peri-
ods, short half-life nuclides are computed apart (consid-

ering a saturated state) in order to obtain a faster solv-
ing of the numerical system. DARWIN/PEPIN2 code is
a part of DARWIN package which is mainly used with
APOLLO2 code in a validated calculation scheme for
fuel cycle nuclide inventory or decay heat calculations,
with consistent nuclear data libraries based on JEFF-3.1.1
evaluation. DARWIN/PEPIN? is currently the reference
code used by the CEA and its industrial partners EDF
and FRAMATOME for fuel cycle studies through the
DARWIN package.

In recent years, in the consistency of development
of both the new generation 2D/3D transport code
APOLLO3® [257] and the new nuclear data process-

ing code GALILEE [258] at the CEA, a new depletion
code-named MENDEL has been developed [259]. All of
these codes are developed in a modern object-oriented
architecture with C++ language, allowing a very strong
interoperability between them. For example, MENDEL
shares its depletion solver library with APOLLO3Y and
TRIPOLI-4YY [260]. A specific neutron characteristics
library named MPO (as Multiple Parameters Outpu@‘%
is provided by transport calculation with APOLLO3
and used by MENDEL for the nuclide inventory calcula-
tion. MENDEL implements CRAM (Chebyshev Rational
Approximation Method [261]) in addition to the methods
also available in DARWIN/PEPIN2 code (RK4 and ana-
lytical).

For both codes, once all nuclide concentrations N;(t) are
known, other time-dependent physical quantities of inter-
est (Q.0.I) can be computed: mass, activity, decay Heat,
radiotoxicity, c-particle emission, J-electron emission, -
ray emission, neutron source from spontaneous fission,
neutron source from («,n) reaction, delayed neutron.

At each cooling time ¢, the total decay heat is derived from
the following expression:

DHioi(t) = i/\i x Ny(t) x (E? +E) +EZ>, (71)
i=1

where:

e )\;: is the decay constant of nuclide 4
e N;(t): is the concentration of the nuclide 7 at cooling
time ¢
=0 =8 =Y, . .
o E, E,, E,: arerespectively the decay energy emitted
by «, 0 and ~ disintegration.
Q.0.I can be calculated in the three following operating
modes:

e Nuclear reactor fuel depletion followed by cooling
period.

e Neutron activation of material structure followed by
cooling period.

e Cooling of initial radioactive material.

Uncertainty quantification propagating nuclear data
uncertainties to Q.O.I (in particular for decay heat) is
available in both codes:

e Deterministic direct first-order perturbation (one at a
time approach) in both DARWIN/PEPIN2 (INCERD
module) and MENDEL.
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e Stochastic sampling and propagation in MENDEL
(sampling can be done or by MENDEL either by an
external sampler, scripts are given in order to use

URANIE freeware [262]).

Uncertainty Quantification is the last step of the VVUQ
process (Verification and Validation with Uncertainy
Quantification) at the CEA. Its aim to give users a cer-
tain level of confidence in the numerical results, adding
uncertainty bars and validating the fact that the observed
discrepancies between numerical and experimental values
are due to, respectively, nuclear data (and if possible which
one), computer code accuracy and options, physical mod-
eling (such as approximation on a geometry or a history
of power), etc.
For the CEA computer codes, two approaches have been
implemented. In DARWIN/PEPIN2, a first-order direct
perturbation method (one at a time) approach has been
introduced with the INCERD module. This approach con-
sists of modifying one after the other all the parameters
X (i-e. nuclear data) and to compute the Q.O.I. (Y") sensi-
tivity to each parameter. In the second step, the variance
of Y is computed through the classical sandwich formula:
cov(Y) = S{,/XCOV(X)SY/X. (72)
Input uncertain parameters can be radioactive decay
constants, radioactive decay energies, radioactive decay
branching ratios, independent fission yields, multigroup
microscopic cross sections, neutron-induced reaction
branching ratios, a-particle or y-ray intensities. Correla-
tions can be taken into consideration, in particular for
fission yields, branching ratios, or cross sections. Q.O.IL
can be nuclide densities or activities, total activity, total
decay heat, a-particle or v-ray decay spectra.
In MENDEL, the first-order direct perturbation has been
implemented for the same input parameters and Q.O.I.
Furthermore, a stochastic approach based on random cor-
related sampling is also available. Sampling can be done
either directly in MENDEL (from MENDEL v3.0, non-
stratified sampling only for the moment), or using an
external sampler like URANIE [263] (scripts provided with
MENDEL are using LHS approach). Comparisons [94,264]
between the two approaches and different codes have
shown a global equivalence of both methods, and discrep-
ancies can be explained.
The nuclear data provided for the two main CEA’s evo-
lution code systems, DARWIN/PEPIN2 and MENDEL,
come from many international libraries as JEF-2, JEFF-
3.1.1, JEFF-3.2, JENDL-4.0, JENDL-2015, ENDF/B-
VII.1, ENDF/B-VIIL.0, EAF-2003 and EAF-2010. The
processing of these data is carried out by CEA’s main

verification and processing system GALILEE (release
0.3). The libraries for DARWIN/PEPIN2 and MENDEL,
issued from the data processing by GALILEE, consist of
two main nuclear data types: the multigroup cross section
(GENDF format) and the radioactive decay data.

The uncertainty data of many physical quantities are also
included in these libraries. These data are used to calcu-
late the uncertainty of decay heat, nuclide concentration,
and radiation spectra (a-particle, y-ray, and neutron)

by DARWIN/PEPIN2 and MENDEL. The correlation
between some physical quantities like independent fis-
sion yields, radioactive decay branching ratios, and neu-
tron cross-sections, is taken into account in the uncer-
tainty calculation. In the case of the neutron cross section,
the covariance matrices come from COMAC (the nuclear
database COvariance MAtrices from Cadarache).

7.2 SCALE

The SCALE modeling and simulation suite [182] for
nuclear safety analysis and design, which is developed and
maintained by Oak Ridge National Laboratory (ORNL),
includes several depletion capabilities that enable calcula-
tion of decay heat in spent nuclear fuel for LWR or other
reactor configurations. The ORIGEN point depletion and
decay code, used worldwide for a variety of applications
that require the calculation of nuclide inventories, decay
heat, or neutron and gamma radiation emission rate and
energy spectra, is the foundation of all depletion capabil-
ities in SCALE. Since its first version [265] was deployed
in 1973, ORIGEN [266] has evolved over the years, with
continued modernization of the code, underlying meth-
ods, and associated nuclear data. ORIGEN includes two
solvers for the depletion and decay equations: a hybrid
matrix exponential/linear chains method (MATREX) and
a Chebyshev Rational Approximation Method (CRAM).
Under the TRITON [267] and Polaris [268] depletion
sequences, ORIGEN serves as a depletion and decay
solver, being coupled with a 1D, 2D, or 3D neutron trans-
port solver to enable depletion and decay simulations
for a variety of configurations. As a standalone code,
ORIGEN has additional capabilities: (a) simulate continu-
ous nuclide feed and chemical removal, which can be used
to model reprocessing or liquid fuel systems and (b) gener-
ate alpha-particle, beta-electron, neutron, and gamma-ray
emission spectra. ORIGEN is also the engine under the
ORIGAMI (ORIGEN Assembly Isotopics) tool for per-
forming rapid depletion and decay calculations to deter-
mine source terms for an LWR UQO; fuel assembly, in a
0D, 1D, 2D, or 3D modeling approximation of the fuel
assembly.

ORIGEN tracks 174 actinides, 1149 fission products, and
974 activation products. It explicitly models all available
nuclides and transitions in the current nuclear data for
decay and neutron-induced transmutation in ENDF/B-
VII.1. Cross-section data not available in ENDF/B-VII.1
are obtained from the JEFF-3.0/A special purpose Euro-
pean activation library. Nuclear decay data, fission prod-
uct yields, and gamma-ray emission data are based on
ENDF/B-VIL.1 evaluations. The SCALE cross-section
libraries that are available for the neutron transport
solvers under Polaris or TRITON, in multigroup (MG) or
continuous energy (CE), are based on ENDF/B-VII.1 or
-VIIIL.O evaluated data. Pre-generated, burnup-dependent
ORIGEN reactor libraries based on ENDF/B-VIIL.1 are
available in SCALE for a variety of reactor types and
assembly designs; for LWR assembly configurations, these
libraries cover initial enrichments up to 8.5% and burnups
up to 82.5 GWd/t.
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depletion and decay simulation.

A rapid approach for determining an LWR assembly decay
heat with SCALE is illustrated in Figure 35.

It includes two main computational steps: (1) genera-
tion of burnup-dependent ORIGEN reactor libraries for an
LWR assembly of interest, using the TRITON or Polaris
depletion sequence and (2) depletion and decay simula-
tion with ORIGEN under the ORIGAMI tool. An alter-
nate approach may consist of standalone ORIGEN decay-
only simulations to a cooling time of interest, using as
input the nuclide inventory binary file generated as a by-
product by either TRITON or Polaris. An advantage of
using ORIGAMI from an end-user perspective is the easi-
ness of use and the ability to determine in seconds or min-
utes the assembly-average decay heat or the decay heat
variation across the axial dimension of the fuel assembly.
However, depending on the heterogeneity of the modeled
configuration and the desired level of detail for the decay
heat calculation, or the need for additional information,
an end-user can take advantage of the flexibility of the
depletion sequences or other tools in SCALE. For exam-
ple, decay heat uncertainty analysis can be performed by
using a model developed for the TRITON or Polaris deple-
tion sequence within the Sampler uncertainty quantifi-
cation in SCALE. That allows assessing the impact on
the calculated decay heat of uncertainty in nuclear data
(cross sections, fission yields, decay data) or input model
parameters (e.g., initial enrichment, temperatures, geom-
etry data).

7.3 SNF

Overview

Studsvik’s approach to spent nuclear fuel analysis com-
bines nuclide concentrations, neutron fluxes, and cross sec-
tions, calculated by the neutron transport and depletion
code CASMO5 [270], with irradiation history data from
the reactor core simulator SIMULATES [271] and tabu-
lated radionuclide decay data. These data sources are used
and processed by the SNF code [272,273] to compute the
basic spent nuclear fuel characteristics: nuclide concentra-
tions; radioactivity; decay heat power; photon sources and

spectra; neutron source and spectra from spontaneous fis-
sion; neutron source and spectra from (a,n) reactions.
This code system is fully integrated with Studsvik’s Core
Monitoring System (CMS5) and implicitly employs the
three-dimensional (3D) discretization of the assemblies
in the reactor core. Designed and implemented as a
production tool, it provides comprehensive results per
axial node of a fuel assembly or a fuel pin. In addi-
tion to the basic spent fuel characteristics, the SNF
code is supplied with various optional modules intended
to support and facilitate data preparation for analy-
ses related to handling, transportation, and storage of
spent fuel, including accident analyses, burnup credit
in criticality safety evaluations, and dry cask load-
ing scenarios. The decay heat power, computed by the
summation method, is complemented by three stan-
dards for decay heat power in light water reactors:
ANSI/ANS-5.1-2014 [136], DIN-25463-1/2-2014 [22,25],
and US NRC RG 3.54 Rev.2 —citeguide354 imple-
mented as integrated methodology or as stand-alone
applications.

The latest set of decay data implemented in the
SNF' code is based on ENDF/B-VIL.1 [274]. With the
release of ENDF/B-VIIL.O [211] and following its imple-
mentation [275] in CASMO5, a decay data set based on
ENDF/B-VIIL.0 was generated and available with the
SNF code.

Methodology

The cross-section library, generated by the lattice physics
code CASMOS5, provides nuclide concentrations tabulated
by exposure, moderator density history, control rod his-
tory, fuel temperature, and boron history. The nodewise
exposure and accumulated history parameters, obtained
from qualified operational reactor data or code simulation
(SIMULATES), are used as entry points in the interpola-
tion routines and, with the power history model, are used
to compute the end-of-life (EOL) nuclide concentration.
The fuel assembly is divided into axial nodes (index: K)
that may be further divided into sub-nodes (N). A sub-
node is characterized by its associated lattice type (L).
The concentration Cpage of a given nuclide (J) in sub-node
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(N) of node (K) is calculated as:

Cl;]aiN tab + Z Act]alf ) : AHh? (73)
heH
where
J,L(N) . . . :
1. C; " (E) is the concentration (g/t) of nuclide J in

lattice type L(IN) at exposure F;

2. AC’éé (N)’h(E) is the history-differential (difference
between base and alternate depletion histories) con-
centration of nuclide J in lattice type L(N) at expo-
sure E;

3. AHy, is a nodal history effect (moderator density, con-
trol, boron, void, fuel temperature, etc.).

In this equation, all concentrations are obtained by inter-
polation in two-dimensional tables for lattice type L to

the nodal exposure E. The nodal concentrations, Cgaii,
are obtained by a weighted average over the sub nodes
in each node. Further, the individual nuclide concentra-
tions are affected by the nodal power variations, the effect
of which can be significant for many nuclides. The SNF
code makes use of the nodal power histories (from the 3D
core simulator) to apply “power history correction fac-

o) J,K .
tors”, Cpirer:

CJK

Cégi = CéﬁiST base (74)
to the nodal concentrations. The power history correction
factor for nuclide J in node K with burnup E is defined
as the ratio of the final concentration, C'y, computed with
the actual power history, to the reference concentration,
Cr*f computed with the reference power level at the same
burnup.

The EOL nuclide concentrations are then applied to
the decay chains resolved by the Bateman system. The
Bateman system is solved analytically by a method from
reference [276] to obtain the final concentration, C;"*, at
decay time t. The decay chains are built exactly as defined
by the parent-daughter information from ENDF/B, which
allows all other parameters (such as recoverable ener-
gies, decay constants, and emission spectra) to be applied
implicitly. With the final nuclide concentrations, it is
straightforward to compute the disintegration rates at
cooling time ¢, and the recoverable energy is computed

by:
Z QJK RJK( )

m=a,f3,y

QM( (75)

where

1. R7E(t) is the disintegration rate of nuclide J in node
K, after time ¢;

2. Q2K is the average recoverable energy per disintegra-
tion for particle type m.

Decay data

The SNF library includes basic data, such as decay con-
stants, atomic masses, and nuclide transmutation chains;
radiation emission spectra for photons from radioactive

decay, (a,n) reactions, bremsstrahlung, and spontaneous
fission; electrons and alpha particles from radioactive
decay; neutrons from radioactive decay, spontaneous fis-
sion, and («o,n) reactions; decay heat production; and
electro-atomic interaction data for bremsstrahlung pro-
duction. These data are compiled from fundamental
(ENDF/B, ENSDF [277], TENDL [278,279]) and pro-
cessed (ESTAR and ASTAR [280]) sources. For con-
sistency with CASMO5, ENDF/B-VIL.1 data are com-
plemented with data from TENDL-2012 [281], and the
ENDF/B-VIIL0 data are complemented with data from
TENDL-2017 [282]. The evaluation and validation proce-
dure of the decay data implemented in the SNF library is
reported in reference [281].

The basic decay data set per nuclide (half-life, atomic
mass, decay modes, and branching ratios, Q-values, and
daughter isotopes) is entirely derived from ENDF/B, as
are the discrete emission spectra for «, §, and x-rays.
The uncertainty of line energies for the discrete spec-
tra is provided by ENDF/B. When populating the pho-
tons in the user-defined energy groups, the intensity of
a given line may be split equally between the adjacent
groups if the group boundary falls within the correspond-
ing line-uncertainty. For the continuum spectra for prompt
photons emitted during spontaneous fission and a-decay,
empirical correlations from reference [282] are adopted.

The (o,n) and («,y) reaction data are processed from
TENDL by NJOY-2012 [283], with the alpha particle stop-
ping powers for the elements, including compounds and
mixtures, derived from ASTAR. The TENDL data for the
oxygen isotopes 17O and '¥0 is complemented by (a,n)
cross sections from Perry and Wilson [284]. The approach
used for these isotopes was to rescale the neutron reso-
nance data of Perry and Wilson to match the TENDL data
at the upper energy of the resonance range (5.404 MeV for
170 and 5.18 MeV for 20); the rescaling increased the
cross sections below these energies by ~25% and ~4%,
respectively. This allowed the cross-section representation
to be extended to the upper limit of the SNF «-decay
data (~12 MeV). The photon production data were not
rescaled. Compared to TENDL-2012, the TENDL-2017
based (a,n)-yields are on average about 2% smaller.

The continuum spectra for electrons and positrons
were calculated by the method of Stamatelatos and Eng-
land [285], coupled with the Fermi function approxima-
tion of Schenter and Vogel [286], with the spectrum end-
point energies provided in the ENDF /B decay sub-library.
The external bremsstrahlung cross sections and produc-
tion kernels were processed from the ENDF /B electron
sub-library, while the electron-stopping power data were
calculated with the ESTAR application.

7.4 FISPIN

FISPIN is a spent fuel inventory code developed in the
UK. Initially developed by UKAEA [287], in the 1970s but
subsequently developed by the National Nuclear Labora-
tory, it simulates the production and destruction of three
groups of nuclides; heavy elements (associated with the
production and decay chains from natural thorium and
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uranium isotopes), fission products and products of acti-
vation of naturally occurring elements irradiated in reac-
tors. The solution method is developed from the EXTRA
code developed by Sidell [288]. The code uses burnup-
dependent cross sections, fission product yields, energy
per fission, atomic masses, isotopic abundances, and decay
data to solve the production and destruction equations for
each nuclide to determine the changes in the composition
during irradiation. The code can use steps of irradiation
or cooling defined by neutron flux in n/cm?/s and irra-
diation duration, the rating in MW/t and time to reach
required irradiation in MWd/t (aka burnup), a set of fis-
sion rates and time, or for no neutron flux/cooling times a
duration or cooling time. Additionally, at any step in the
irradiation or cooling, the elements can be separated either
by removing all but a set of specific elements of which a
fraction passes into a product stream during chemical pro-
cessing, or letting through all but a specific list of elements
for which only a fraction is passed through to simulate a
waste stream. Various output options exist to list at each
step the masses, activities, decay heat, gamma-ray emis-
sions, § activities and energy released, a activities and
energy released, and neutron emission from both sponta-
neous fission and («,n) reactions for an arbitrarily defined
compound. The output can be split by nuclide or element
to support chemical engineering applications. FISPIN10A
is the latest version of the code and is released with a
GUI under Windows or Linux that simplifies production
of FISPIN runs. It includes a set of burnup-dependent
neutron cross-section libraries for Magnox, AGR, PWR,
and BWR fuels with natural enrichment for Magnox, up
to 4% enrichment for AGR, and up to 5% for PWR and
BWR. The validation for this code is available from refer-
ence [289]. FISPIN11 is a new version of the code currently
being developed, but not yet released. It uses a purpose-
developed Rosenbrock stiff problem integration method
and is designed to be called an application via an API so
that it can be incorporated into purpose-built wrappers
around the FISPIN11 kernel. This simplifies QA of the
code by only solving the production/destruction equations
in FISPIN11, with data preparation and conversion of the
output into user requirements being carried out with the
developed wrappers.

7.5 EVOLCODE

The EVOLCODE 2.0 system is a burnup code developed
and maintained at CIEMAT for more than 20 years. It
combines neutron transport and depletion calculations to
describe the burnup evolution of either critical reactors
or subcritical systems operating in any neutron spectrum
regime. The code has been focused on the estimation of a
great variety of nuclear reactor parameters, with a partic-
ular interest in the nuclide composition evolution of the
fuel in a nuclear reactor and also in the neutron transport
characterization of the core [290].

The present version of the code allows using any
published version of the general MC transport code
MCNP/MCNPX (Pelowitz, 2014) for the neutron trans-
port part of the calculation. This code is a Monte Carlo

radiation-transport code able to track, among others, neu-
trons, photons, and electrons. Complex statistical pro-
cesses can be modeled without explicitly solving the
Boltzmann equations, by means of simulating individual
neutrons and then analyzing statistical averages of their
interactions with the material medium. The depletion part
of EVOLCODE can be performed by one of two codes: the
activation code ACAB [291] and the ORIGEN code [292].
Both codes solve the Bateman equation using the matrix
exponential method.

The EVOLCODE 2.0 system can to work with any
basic database, with the only limitation that the cross sec-
tions are formatted in ACE format [293], usable by MCNP,
to ensure coherence. Among the data that the code uses
from the library, some can be highlighted, such as the
cross sections, decay data (including the heat emission per
decay), fission product yields, reaction branching ratios,
and the probability tables to treat unresolved-resonance
self-shielding as MCNP does. The nuclear data library
most commonly used in EVOLCODE is the JEFF-3.3
nuclear data library [58].

7.6 VESTA

VESTA [294] is a Monte Carlo depletion code devel-
oped by TRSN, which couples a continuous energy Monte
Carlo neutron transport code with a depletion module.
VESTA validation calculations were performed using the
JEFF-3.1, JEFF-3.2, ENDF/B-VILO0, and ENDF/B-VIIL.1
nuclear data libraries. VESTA 2.1.5 calculations were per-
formed using MCNPX 2.6.0 and PHOENIX codes, with
the JEFF-3.1 and ENDF/B-VIL.O nuclear data libraries.
VESTA 2.2 calculations were performed using MCNP6.1
and PHOENIX codes, with the JEFF-3.2 and ENDF/B-
VII.1 nuclear data libraries.

These libraries include the required cross-section data
for the transport and reaction rate calculation but also
the neutron induced fission yield data, isomeric branch-
ing ratio data, and decay data. The ORIGEN 2.2 library
used as the base library is PWRUbS0.LIB. This base library
is used only as a source for cross-section and isomeric
branching ratio data when the information is missing in
the nuclear data library.

No time-dependent temperature evolution has been
modeled and an average boron concentration during irra-
diation is considered. The irradiation history is subdivided
into depletion steps of 1 GWd/tHM, according to the
VESTA validation procedure (see Ref. [295]). The number
of particles per cycle and the number of active cycles for
the MCNP calculation are determined to ensure statistical
errors in the neutron flux of less than 0.1%.

7.7 Serpent

Serpent is a multi-purpose three-dimensional continuous-
energy Monte Carlo particle transport code [296]. Serpent
has been developed at VI'T Finland since 2004. The orig-
inal motivation for Serpent development was to provide
spatial homogenization based on the high-accuracy Monte
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Carlo method [297]. However, since the early years, Ser-
pent’s applications have been greatly expanded from reac-
tor physics to fusion applications, photon transport, and
multi-physics modeling. Currently, Serpent development
is carried out in the context of the development of a new
computational framework for coupled core physics calcu-
lations, Kraken [298].

The geometry routine in Serpent is based on a three-
dimensional constructive solid geometry (CSG) model.
The available selection of elementary quadratic and
derived surface types enables the modeling of a large
scale of different geometries and reactor types. CAD-
based geometry type is also available for the modeling of
complicated and irregular systems [299]. Particle tracking
in Serpent is handled through a combination of conven-
tional ray-tracing-based surface tracking and the rejection
sampling-based delta-tracking method. Surface tracking is
used in the presence of heavy absorbers when the efficiency
of delta-tracking rejection sampling becomes low.

Serpent includes a built-in burnup calculation rou-
tine utilizing the CRAM method (Chebyshev Rational
Approximation) to solve the Bateman depletion equa-
tions [300]. In a typical burnup calculation, a total number
of 1200-1600 nuclide concentrations are tracked including
250-300 actinides and fission products with cross sections.
The output includes depletion zone-wise, material-wise,
and total nuclide concentrations, masses, activities, decay
heat, and other parameters. The decay heat of a given
material is based on nuclide concentrations, decay con-
stants, and total energy emitted in a decay. The latter two
components are read in Serpent from ACE format nuclear
data libraries. Currently at VT'T, nuclear data based on
JEFF-3.2, JEFF-3.1.1, ENDF/B-VIL.1, and JENDL-4.0
are available.

Serpent is available for academic users through the
OECD/NEA databank and Radiation Safety Information
Computational Center (RSICC). Commercial licenses are
issued by VTT.

7.8 Codes and libraries developed by JAEA

Japan Atomic Energy Agency (JAEA) has developed
some depletion calculation codes, among which two major
codes: MVP-BURN [301] and SWAT4 [302] are briefly
introduced in the following.

MVP-BURN is a depletion calculation code based on
Bateman’s method coupled with the continuous-energy
Monte Carlo code MVP [303] for neutron flux and effective
cross section calculation. MVP-BURN is now available as
a part of the MVP3 package, which is the latest version of
MVP. As latest nuclear data libraries, cross-section data
libraries based on JENDL-4.0, ENDF/B-VIIL.1 and JEFF-
3.2, and a burnup chain data library based on JENDL-4.0
are available. Recently, MVP-BURN (MVP3) was used in
the blind benchmark exercise for spent nuclear fuel decay
heat and its performance was compared [15].

SWAT1 is a depletion calculation code system driving
ORIGEN2 [292] for depletion calculation and three neu-
tron transportation calculation codes: the deterministic
code SRAC [304], and the continuous energy Monte Carlo

codes MVP and MCNP. Users select a neutron transporta-
tion solver from these three codes depending on their pur-
pose. SWAT4 works as an interface between ORIGEN2
and the selected neutron transportation solver, and var-
ious calculation capabilities of ORIGEN2 are available.
Cross-section data of SWAT4 depends on a cross-section
library of the selected neutron transportation code. Other
nuclear data such as radioactive decay and fission yield
data is applied from basic ORIGEN2 libraries or other
libraries for ORIGEN2 such as ORLIBJ40 [305], which is
a nuclear data library set based on JENDL-4.0 for ORI-
GEN2.

Regarding nuclear data libraries, JENDL-5, the lat-
est version of the JENDL series, provides comprehensive
evaluated data of nuclear reactions and decays, thermal
neutron scattering kernel, fission product yields, etc. to
facilitate nuclear science and technology covering a vari-
ety of applications not only for nuclear energy but also for
radiation-related fields. The number of nuclides of neutron
reaction data increased to 795 which is almost double of
406 of JENDL-4.0 to cover various applications. New eval-
uations were carried out for light nuclides, actinides, struc-
ture materials, fission products, minor-actinides using
up-to-date experimental data and theoretical tools.

Thermal scattering kernel of light water, heavy water,
etc. were also newly evaluated. The benchmark tests
mainly for light-water and fast-neutron reactors and neu-
tron shielding were carried out, showing globally a bet-
ter performance to JENDL-4.0. New evaluations were
also carried out for fission product yield and decay
data, which are of particular importance for decay heat
estimations.

The characteristic point of the evaluation of JENDL-5
fission product yields is the introduction of theoretically
calculated nuclear shell corrections in the independent fis-
sion product yields and of the Hauser-Feshbach statistical
model in calculating the fraction of isomer states [306].
The evaluated data of decay data is mainly based on
ENSDF. In addition, newly evaluated data of delayed neu-
tron emission and spectra were added, based on studies
from the TAEA CRP [307], and theoretically calculated
particle emission spectra.

The JENDL-5 fission product yield and decay data
are benchmarked by using PIE data of Mihama-3 and
Takahama-3, decay heat data of instant neutron irradi-
ation carried out at the Oak Ridge National Labora-
tory, Yayoi fast reactor facility (University of Tokyo),
delayed neutron yield data, and anti-neutrino spectra
data [212,306].

Good improvement for delayed neutron yield evalua-
tions was therefore obtained [212]. Verifications by com-
paring the calculated radioactivity and photon intensity
from the debris of the Fukushima-Daiichi nuclear power
plant were carried out, including calculations with the
ENDF-B/VIIL.0 and JEFF-3.3 libraries. One of the typ-
ical results is shown in Figure 36, where the fuel compo-
sitions are taken from reference [308]. It can be seen that
both radioactivity and photon intensity of JENDL/DDF-
2015 show smaller values than other libraries. This is due
to the lack of several nuclear data, which are the iso-
mer state of 23°U, x-rays of *""Ba, y-rays of 4! Am, etc.
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Fig. 36. Radioactivity (left) and photon intensity (right) from debris of Fukushima-Daiichi nuclear power plant estimated
from the decay data of JENDL-5, JENDL/DDF-2015, JEFF-3.3, and ENDF/B-VIIIL.0 (data are provided by courtesy of T.

Matsumura (CLADS, JAEA))

Those issues are fixed for JENDL-5 and results are much
closer to ENDF-B/VIIIL.0 and JEFF-3.3.

7.9 COMPASS

COMPASS is a burnup analysis code system developed
by CRIEPI for the prediction of neutron transport and
nuclide composition in large-scale geometry such as multi-
assembly or whole core geometry [309-312]. COMPASS
uses a general-purpose continuous energy Monte Carlo
code MVP3 [303] as neutron transport calculation solver,
the CRAM method [300] and burnup chain-data based on
JENDL-4.0 (ChainJ40) [313] in the depletion solver for
nuclide composition calculation. All nuclear data libraries
such as JENDL-4.0, ENDF/B-VIL.1, and JEFF-3.2 bun-
dled in MVP3 are available in COMPASS. A function
of unified geometry treatment is implemented in COM-
PASS for coupled calculations with thermal-hydraulic and
fuel performance calculation codes. One of the advan-
tages of COMPASS is flexibility in setting calculation
conditions and parameters. For example, COMPASS can
change material temperature and geometry parameters in
each calculation step and use all options of MVP3 code
(e.g. exact resonance elastic scattering model [314]). The
depletion solver in COMPASS has been validated enough
by Post Irradiation Examination (PIE) analysis for PWR
and BWR 55 assemblies.

7.10 ACAB

The ACAB code is a computer program designed to per-
form activation and transmutation calculations for nuclear
applications [224]. ACAB considers decay transitions that
proceed from the ground, first, and second isomeric states.
All the nuclear reaction processes and all the correspond-
ing reaction products are treated in ACAB code.
ACAB’s primary result is nuclide concentrations as a
function of time for each spatial interval or zone defined
in the system. From the nuclide concentrations, ACAB

is able to generate radionuclide activities, decay heat
(total and contributions from the different types of radi-
ation), decay gamma spectra, contact dose rates, waste
disposal ratings, offsite doses to the most exposed indi-
vidual, as well as collective doses and associated conse-
quences, radiotoxicity (committed effective dose equiv-
alent by inhalation and ingestion) and neutron emis-
sion among other quantities that depend upon nuclide
concentrations.

In addition to the calculational facilities, ACAB also
performs sensitivity analysis of the activation results.
Critical radionuclides are identified and pathways con-
tributing to their production are evaluated. ACAB is
able to compute uncertainties both on inventory cal-
culations and inventory-related quantities. The method
is based on the application of the Monte Carlo tech-
nique, it allows dealing efficiently with the synergic/global
effect of the uncertainties of the total set of cross sec-
tions to obtain the overall uncertainty on the radiological
calculations.

The potential of ACAB for fission reactor applica-
tions has been proven to be reliable in computing accurate
nuclide inventory. Examples of results using ACAB cou-
pled to a Monte Carlo neutron transport code are: a simple
UOg pin-cell benchmark [315], an ATRIUM-10XP design
BWR fuel assembly [316], a high temperature gas-cooled
reactor plutonium burnup benchmark [317]. In addition,
ACAB is able to predict decay heat and delayed neutron
emission rate, average neutron energy and neutron delayed
spectra after a neutron fission pulse [318].

8 Validation

Validation is an essential step to gain confidence in simula-
tion results. It is the link between experiment and calcula-
tion. The latter uses the former to derive prediction power,
biases, and uncertainties. The former is adapted based on
the needs of the latter. Decay heat validation is a field
that cannot be extensively be described in this report,
given the large amount of related publications; only an
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overview, with some relevant references is provided in the
following.

Not all codes and nuclear data are included, and the
focus is here on decay heat. It is rather common that
the same codes are also validated for other quantities,
such as kqg, nuclide concentrations, or radiation emissions
(gamma, beta, alpha, neutron) in SNF. Such validation
will be partially referred to.

8.1 Definitions

A number of terms are often used together, such as ver-
ification, quality assurance, validation, and uncertainty
quantification. The definition of these processes can vary
from one organization to the other, but global notions are
generally common. Detailed examples can be found in ref-
erences [319-321].

Verification consists in the actions that demonstrate
that a specific code (or its parts) is performing as
expected, given the initial requirements from the design
phase. It can for instance be a well-defined formalized pro-
cess having the goal of determining if specific equations are
correctly solved from the numerical and software aspects.

Quality Assurance (QA) refers to the process of deter-
mining and documenting whether or not items, processes,
or documents which support the computer code conform
to specified requirements [322].

Validation refers to the process of evaluating a com-
puter code after the completion of its development and
prior to its application, to ensure compliance with the
requirements of the intended application. Validation pro-
vides the evidence that the computer code is fit for the
intended purpose, by comparison of the computed results
with data from experiments or other trusted sources [322].

Quite often, verification and validation of a computa-
tional tool go hand in hand and are referred toas V and V.
Herein validation, the focus of this section, refers to the
comparison of computed results with data from experi-
ments. Uncertainty quantification, which is an important
part of the validation process, is discussed in Sections 9
and 6.6.

An important aspect of the decay heat validation is
assessing the effect of nuclear data used with a compu-
tational tool on the comparison calculation experiment.
For the same computational tool, results obtained with
different sets of nuclear data (cross sections, fission yield,
decay data), could be significantly different. When com-
paring the performance of various computational tools in
predicting decay heat, it is recommended for completeness
to cite both the computational tool and associated nuclear
data used for the simulation, rather than the name of the
computational tool only.

8.2 Validation based on direct decay heat
measurements

The measurement data serving as the basis of the valida-
tion studies summarized here were obtained from decay
heat integral experiments (full assembly or fuel rods

within an assembly), or from pulse fission experiments for
fissile materials (foils). Full-assembly decay heat exper-
iments are generally feasible and performed for cooling
times greater than 2-3 years; these cooling times are
of particular importance to spent nuclear fuel storage,
transportation, and disposal applications. Full-assembly
decay heat experiments are not feasible for cooling times
up to 105 s that are of interest for evaluation of pos-
tulated loss-of-coolant accident scenarios; for this time
range, pulse fission experiments serve for determining
the energy released following reactor shutdown to derive
decay heat. These experiments generally involve gamma
and beta spectroscopy measurements to derive decay heat
from the individual gamma and beta energy components.

8.2.1 Decay heat validation of ALEPH2

ALEPH2 has been extensively validated based on various
sets of experimental data relevant to spent nuclear fuel
applications, including for nuclide inventories [323-325]
and decay heat. For LWR spent nuclear fuel, ALEPH2
was validated using based on full-assembly decay heat
measurements performed at the Clab facility for 25 PWR
and 34 BWR spent fuel assemblies. Simulation results
obtained by running ALEPH?2 with various neutron trans-
port and fission yields showed the calculated decay heat
values underestimate the measurement data by less than
4% for PWR assemblies and less than 6% for BWR assem-
blies [326].

It is also worth mentioning that additional validation
of ALEPH2 for decay heat calculations for fast reactor
spent nuclear fuel was performed, using limited informa-
tion available from the JOYO MK-II core experimental
program. The obtained results showed an underestimation
of less than 7% [327].

8.2.2 Decay heat validation of VESTA 2.2

VESTA 2.2.0 has been extensively validated for decay heat
calculations for intermediate and long cooling times appli-
cations, based on full-assembly decay heat measurements
for 52 PWR UQO; assemblies. These 52 assembly measure-
ments include: 34 measurements performed by the Clab
program, 14 measurements from the General Electric pro-
gram, and 4 measurements from the HEDL program.

Using the JEFF-3.1, JEFF-3.2, ENDF/B-VIL.0 and
ENDF/B-VIIL.1 nuclear data libraries, VESTA calculates
the assembly decay heat for almost all cases within 4% of
the measured decay heat.

On average, the calculated decay heat values that used
JEFF-3.1 appear to result in a systematic underestima-
tion of about 2%, while those that used ENDF/B-VIIL.0
led to a systematic underestimation of about 0.5% with
almost all points within the two sigma experimental uncer-
tainty. While the results for the comparison calculation-
measurement for the GE experimental data are similar to
those obtained for the Clab data, it appears that some
specific measurements from the HEDL data are problem-
atic; specifically, this concern an unrealistic large uncer-
tainty on the final discharge burnup for two assemblies,
which will require further investigation. When omitting
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these two assemblies from the HEDL data set, the aver-
age calculated-to-experimental decay heat for the aggre-
gate set of the Clab, GE and HEDL measurements is 0.979
for JEFF-3.1 and 0.996 for ENDF/B-VIIL.O calculations.

The validation calculations performed with the JEFF-
3.2 and ENDF/B-VIL.1 libraries considered only the Clab
measurements. Using the JEFF-3.2 nuclear data library,
except for a few outliers, VESTA calculates the assembly
decay heat for almost all cases within 3% of the measured
decay heat. On average, the JEFF-3.2 calculated decay
heat values underestimate the measured data by about
2%. Using the ENDF/B-VIIL.1 nuclear data library, all
VESTA results overestimate the measured data by about
0.5%, with almost all points being within the two sigma
of the reported experimental uncertainty.

8.2.3 Validation of DARWIN/PEPIN2 and MENDEL

Validation tests should be the responsibility of another
group of persons (i.e., not the developers). Generally, such
tests are realized by the developers and integrated in the
non-regression base. Nevertheless, the full validation of the
code system needs a group of users able to use the code
differently from what the developers were initially think-
ing of. They should have access to a large data bank of
experimental data, and use it for the code validation. At
the CEA, this work is mainly done by the group elabo-
rating on the DARWIN2 package. Validation tests consist
of PIE, activation experiments, decay heat measurements
after fission pulse or irradiation, and the scope tends to
be as complete as possible, to fully validate the model
(computer code and nuclear data).

8.2.4 Decay heat validation of CASMOb5 and SNF

The validation effort with the deterministic transport code
CASMO5, regarding integral measurements of assembly
decay heat, can be found in a number of publications, for
instance, references [13,14,34]. In parallel, indirect vali-
dation was also performed using Post Irradiation Exam-
ination and measured nuclide concentrations, such as
in references [33,34,234,245,246]. Different nuclear data
libraries were used, indicating spread of data similar to
other codes. In parallel, the impact of the nuclear data
uncertainties was also calculated using the irradiation his-
tories from either the Clab assemblies, or ARIANE PIE
data (see mentioned references).

Regarding the SNF code, it calculates nuclide concen-
trations and decay heat (among other quantities) either
based on irradiation histories specified by the user or based
on core follow-up simulations from the SIMULATE-3 or
SIMULATES codes. As for CASMOS5, it was validated
with PIE nuclide concentrations [245,328,329], and with
Clab decay heat measurements (including different nuclear
data libraries) [330].

8.2.5 Decay heat validation of SCALE

Validation of computational capabilities in the SCALE
code system for decay heat prediction has been doc-

umented for various versions of SCALE, starting with
5.1 [266] and continuing with 6.1 [79], 6.2 [337], [269], and

6.3 [11]. This continuing validation effort has involved the
use over the years of different ENDF nuclear data libraries,
from ENDF/B-V through ENDF/B-VIILO0.

The most recent validation for decay heat at cool-
ing times of relevance to transportation, storage, and dis-
posal of spent nuclear fuel was performed based on 91
PWR and 145 BWR full-assembly decay heat measure-
ments. These measurements cover a cooling time ranging
from 2 to 27 years for PWRs and BWRs, a burnup range
of 18-51 GWd/MTU for PWRs and a burnup range of
5-45 GWd/MTU for BWRs. The decay heat predicted
with SCALE 6.2 and ENDF/B-VII.1 libraries is on aver-
age within 1% of the experiment results (o = 1.6%) for
PWRs, and within 2% of the experiment results o = 7.7%)
for BWRs, see reference [269]. The validation study also
looked at the effect of using a different nuclear data library.
The C/E results obtained with SCALE 6.2.4/ENDF/B-
VII.1 and those obtained with SCALE 6.1/ENDF /B-VIL.0
when using a same basis of 121 LWR assembly measure-
ments differed on average by 0.6% (0 = 0.5%) for PWR
assemblies and by 1.2% (0 = 0.8%) for BWR assem-
blies. This difference was found to be primarily due to
the change in the 238Pu capture cross-section between
ENDF/B-VII.0 and ENDF/B-VII.1 [269].

Validation of SCALE 6.2 with ENDF/B-VII.1 libraries
for very short cooling times was based on data from
pulse fission experiments designed to determine the energy
release from fission of 233U, 235U, 238U, 239Py, 241Pu, and
232Th. Overall, this validation basis covered cooling times
from 0.2 s to 11 h following fission. The results obtained
showed generally good agreement between calculated and
measured values, within the level of the reported measure-
ment uncertainties [269].

8.3 Indirect validation

As mentioned, a number of transport and depletion codes
are also validated for nuclide concentrations, based on
Post Irradiation Experiments as for instance described
in the SFCOMPO database [32], or with criticality-safety
benchmarks, as from the ICSBEP database. In the latter
case, the fuel under consideration is fresh and does not
directly overlap with the SNF characteristics. Such vali-
dation is nevertheless useful for decay heat as it demon-
strates the code (and nuclear data) performances for
neutron transport. In the case of PIE validation, the
prediction of nuclide concentrations after irradiation and
cooling periods defines the code predictions for calculat-
ing the fission product and actinide concentrations, which
play a key role in the calculation of decay heat. In both
cases, such indirect validation for decay heat is also of
prime importance and demonstrates the complexity of a
full validation scheme. A number of publications can be
found for PIE validations, with codes also used in decay
heat calculations, for instance in references [245,328,331].

Another source of indirect validation for SNF decay
heat is the calculation of pulse irradiations and compar-
isons with measurements, as presented in Section 6.4.4.
The gamma-ray and beta-electron emissions on differ-
ent actinide targets were measured at short cooling time
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(down to 1 second), with well-characterized neutron beam,
which represent the only available experimental data for
a short time range. An example of such decay heat vali-
dation can be found in reference [186].

9 Recommendations

Based on the current understanding of the physical phe-
nomena at stakes in the decay heat for current spent
nuclear fuel assemblies, the following recommendations
are proposed. This list is not comprehensive, yet repre-
sents the main priorities recognized at the time of this
report.

9.1 Extending the current experimental database

As mentioned in Section 5, only one full assembly
calorimeter is nowadays in activity worldwide. The Clab
calorimeter is a unique facility, dedicated to measuring
assembly decay heat coming from Swedish nuclear power
plants. The high-quality published measurements, with
the necessary information on the assemblies, allow for a
number of code validations. Most of the measured values
come from reference [76], complemented with information
from ORNL reports. They correspond to assemblies irra-
diated up to the beginning of the year 2000, with ini-
tial enrichments and end-of-life burnup lower than today’s
typical values. Additionally, these assemblies contained
UO; fuel solely.

A new experimental program is currently being ana-
lyzed with the support of SKB and EPRI, expanding the
range of burnup and initial enrichment to higher values
(possibly up to 55 MWd/kgHM burnup and 4.1% 235U
enrichment). Such results, when available will help in cov-
ering part of the present gap with respect to the SNF char-
acteristics as employed nowadays. Assemblies currently
used in reactor cycles generally have higher initial enrich-
ment (close or slightly higher than 5.0%) and are reaching
average burnup values higher than 60 MWd/kgHM. The
cooling times of interest, in the case of deep geological
repository are also different than the ones measured (from
2 to 27 years), mainly due to the delays in the start of such
facilities (as well as encapsulation facilities). Finally, the
magnitude of the measured decay heat rate is relatively
restricted: the Clab and GE-Morris measurements corre-
spond to values between 20 and 940 W, with the addition
of the recent measurements on five assemblies, from 660 to
1660 W [15]. Most of the measured values are in the range
of 150 to 500 W, which is rather limited for a complete
validation work.

There is therefore a clear need for additional integral
measurements on SNF with higher burnup, higher initial
enrichment, higher decay heat rate values, and different
cooling times, ideally at different facilities. Another press-
ing need concerns MOX assemblies. There are currently no
integral measurements in the public literature on MOX
SNF. Such assemblies have been used in more than 40
reactors worldwide and a number of such SNFs are cur-
rently in storage. The lack of decay heat measurements

for this type of assemblie is limiting the current valida-
tion capabilities. Finally, other types of SNF do not have
measured decay heat: VVER and CANDU assemblies and
more recently ATF assemblies.

In parallel to integral decay heat measurements, fis-
sion pulse decay measurements also bring valuable infor-
mation, as presented in Section 6.4.4, helping to disen-
tangle different components of the total decay heat, with
direct information for the underlying nuclear data (fission
yields and decay data). The compilations used for valida-
tions, mainly references [44,107,115,125,126] for thermal
neutron-induced fission, are based on measurement meth-
ods and reported uncertainties which can also be nowa-
days improved. Better estimation of SNF decay heat will
therefore benefit from new fission pulse decay measure-
ments based on modern techniques.

9.2 Improving theoretical understanding and nuclear
data

As presented in Section 6, various possibilities exist for the
prediction of the SNF decay heat (e.g. simple formula, sum-
mation methods, standard methods). Some of them rely on
a physical description of decay phenomena and therefore
depend on the correct estimation (or simply the availabil-
ity) of specific nuclear data (half-lives, decay energies, decay
modes). In the case of heavy actinides produced from many
subsequent neutron captures, such as curium isotopes, a
number of fission and capture cross sections are also of
importance. For fission products, both independent fission
yields and capture cross-sections can affect nuclide concen-
trations and consequently the energy released during the
sum of their decay. Improving the knowledge of such nuclear
data will impact the prediction capabilities for nuclide con-
centrations and consequently for decay heat. It is therefore
recommended to improve the quality of nuclear data for
nuclides of importance for decay heat.

In parallel, the handling of such decay data can be
mathematically challenging, for instance, due to the large
difference in the order of magnitude of half-lives. Differ-
ent numerical solvers are used such as the matrix expo-
nential method [220], the Ordinary Differential Equations
(ODE) [97], the CRAM matrix exponential method [296],
or the transmutation trajectory analysis (TTA) [215].
The implementation of such methods (even for the same
method) can lead to differences, affecting calculated quan-
tities such as the decay heat. Benchmarking these methods
and their implementations can help in improving the pre-
cision of calculations, effectively removing biases due to
numerical methods.

Finally, physical phenomena might need to be better
taken into account, such as delayed fission. After a fis-
sion event, a number of delayed neutrons are emitted,
up to minutes following the prompt release of energy (for
instance from the decay of 8’Br). Such neutrons can also
generate fission events. It was shown in Section 6.2 that
these delayed fission events can be of significant fraction
of the total decay heat up to one or two minutes after a
reactor shutdown. The question of how well is this process
taken into account by simulation codes is of relevance for
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short-term cooling after a reactor transient, as neglecting
it would seriously undermine the estimation of the core
decay heat.

9.3 Best estimate calculations and conservative
estimations

As mentioned in Section 6, the prediction of decay heat
can be achieved with detailed calculations based on sum-
mation methods, but also with standard methods such
as ISO, ANSI, or DIN [22,26,27]. Such standard methods
have the advantage to provide fast answers, with a certain
amount of conservatism. Still, some of them require fission
fractions as a function of irradiation history (for the main
four actinides contributing to fission events), and these
quantities are often derived from dedicated transport cal-
culations. It is recommended to use more precise methods
for final assessments, performing dedicated transport and
depletion calculations based on specified irradiation his-
tory and assembly characteristics. If an amount of conser-
vatism is still required, it is preferable to explicitly add it
as a separate quantity.

9.4 Biases and uncertainties

Biases and uncertainties are as important to estimate as
the decay heat values themselves. They depend on the
input data and assumptions, as well as on model simpli-
fications and calculation methods. Needless to say biases
also depend on the reference data, their uncertainties, and
correlations. As many possibilities can be selected, it is
of prime importance to indicate the maximum amount
of information regarding the performed calculations: code
versions, nuclear data libraries, calculation methods and
experimental database.

Regarding calculated uncertainties, users are generally
facing many choices for the assumptions regarding input
values, such as the recommendations provided in refer-
ence [232], various uncertainties found in the open litera-
ture or in-house values. There are for instance currently
no recommendations on fission yield correlations, or decay
data correlations, which directly impact calculated uncer-
tainties on decay heat. It is not uncommon to find dif-
ferences larger than factor 2 or 3 for the uncertainties on
the same calculated quantities, such as nuclide concentra-
tions. Similarly, operational and technological parameters
are not systematically recorded with recommended uncer-
tainties (and probability density functions).

It is therefore of important to provide the user commu-
nity with systematic recommendations for uncertainties,
correlations and probability density functions for all
parameters and physical quantities used in simulations.
Additional recommendations shall cover sampling and
uncertainty propagation methods.

9.5 Other recommendations

The list of recommendations can be extended to many
other features, most not only applicable to decay heat

calculations but solely linked to simulation methods. Such
aspects include but are not limited to:

— Redundancy. During the characterization of the SNF

for various practical applications (safeguard, storage,
handling, final disposal), redundancy of calculations,
measurements, or verification of any nature is a best
practice in order to identify potential errors or mis-
takes, for instance from human nature. In the example
of selecting SNFs for canister loading, a redundancy
can consist of comparing the declared SNF burnup
(from plant data) with gamma-ray or neutron emission
measurements at the time of loading. Unexpected dif-
ferences may indicate potential mishandling at a given
stage of identification. In the case of decay heat cal-
culation, predictions by independent parties can help
identify various types of mistakes.

— Comparison of code implementation. It is known that
different coding implementations of the same math-
ematical model can lead to differences, sometimes
beyond numerical precision. Comparing modules of
codes, which are expected to perform similar tasks, can
be useful to improve speed and efficiency, and detect
potential errors.

— Blind benchmarks. The term of “blind benchmark” is
understood here as the exercise of performing simi-
lar simulations between different (independent) part-
ners, without accessing any information concerning
the calculations of other participants, or measure-
ments to be later compared to, for the full duration
of the project. The main advantage of this approach
is to avoid having interference effects between partic-
ipants themselves and between simulations and mea-
surements. The consequence is a true independence of
calculations, performed with a common set of infor-
mation. If such strict conditions are accepted, different
iterations are possible, while keeping track of changes:
a second step can be performed after a limited com-
parison between calculated quantities, or with mea-
surements. The evolution of calculated values as a
function of iteration can be an indication of improved
knowledge, which can be clearly quantified. The conse-
quences can be interpreted as simulating the realistic
situation where no experimental will be available, and
other calculations to be compared to. It is therefore
recommended to perform new benchmarks as blind,
helping to better assess results obtained in realistic
assignments.

— User effect. The user effect can lead to non-negligible
variations of calculated or measured quantities. It
can happen due to different interpretations of the
same information, ambiguity of definitions, selections
of different methodological options (not described in
a task definition), or simple mistakes. It is often dif-
ficult to quantify, in part due to the absence of blind
benchmarks, or to the absence of redundancy. It was
nevertheless observed in different situations and it is
necessary to include a measure of this effect in ded-
icated best estimate calculations, with uncertainties.
Missing to recognize it would lead to an underestima-
tion of the total uncertainty.
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Some of these four items are often partially addressed
within institutes, using verification procedures, so-called
logbooks, archiving of data, often regulated by ISO or
national standards. The validation of the adequacy of
these steps can nevertheless be tested within the inter-
national community.

10 Conclusion

The activities performed in this subgroup 12 (SG12),
started in 2022 under the auspices of the NEA’s WPNCS,
aimed at describing the current knowledge on decay heat
(or thermal decay power) for existing SNF assemblies.
A number of different areas were reviewed: theoretical
description, simulation, standard methods, and measure-
ments. One of the motivations for this work is the current
needs of the nuclear industry for the estimation of decay
heat during short-term cooling (such as in core transient)
and in the back-end of the fuel cycle (SNF wet and dry
storage, up to and including final repository).

As highlighted in this report, the evolution of fuel char-
acteristics for current LWR over the past decades is fol-
lowing a trend of higher initial enrichment, higher average
assembly burnup, and extended storage. It is foreseen that
in the future, the initial fuel enrichment will commonly go
beyond 5% in 23°U, also leading to higher average burnup
values. The need for code and method validation (as well
as for nuclear data libraries) is as acute as in the past,
and the current experimental databases, used for valida-
tion, are not covering all SNF characteristics (neither fuel
type, e.g. MOX, CANDU or VVER fuel, or ATF fuel).
It was therefore recognized in this report that validation
efforts need to continue, with a number of consequences
in the areas mentioned above.

Experimentally, it was acknowledged that the exist-
ing set of decay heat measurements is highly valuable yet
limited, as only one calorimeter is today in use (at SKB,
Sweden). Such limited availability has two main conse-
quences: (1) all recent (and eventually new) measurements
come from a unique facility, rendering redundancy and
independent checking impossible, and (2) all recent (and
eventually new) measurements are performed on a lim-
ited set of SNF, corresponding to the assemblies in use in
Sweden.

From the simulation aspect, new needs related to exist-
ing SNF assemblies mainly arise from stringent economic
requirements and ever stricter safety rules related to core
transient, extended storage, and deep geological reposito-
ries. Calculations of SNF decay heat need to be accurately
described in terms of biases, outliers, confidence intervals,
or uncertainties. When possible, direct validation (mostly
for cooling time less than a few decades) is still neces-
sary, but for time periods of interest for deep geological
repositories, other questions may come to light. Gener-
ally, it was acknowledged that inputs used in simulations
(e.g. fuel and moderator temperatures, void, irradiation
history) can also be uncertain, leading to uncertainties in
calculated decay heat values. New needs for the under-
standing of important parameters were also recognized,
such as assembly average or local burnup, and the impact

of the knowledge of detailed irradiation history. Conse-
quently, the improvements in calculated decay heat values
pushed for a better knowledge of experimental methods
and uncertainties, a better assessment of key parameters
for simulations, and also for making use of various sources
of information not directly linked to decay heat, such as
Post Irradiation Experiments and full core simulations.

As mentioned, the SG12 brought to light a number
of areas where additional efforts will be beneficiary and
recommendations are provided in Section 9. As decay
heat is one of many characteristics of SNF assemblies,
the SG12 activities were also closely connected with the
needs in criticality-safety studies, as well as for safeguard
requirements. Other international activities were progress-
ing in parallel with common subjects of interest, such
as the European Joint Programme on Radioactive Waste
Management (EURAD), and the International Atomic
Energy Agency Coordinated Research Project on Spent
Fuel Characterization (T13018). In the United States,
it was also recognized that the existing experimental
database needed to grow, and at the time of this sub-
group, a report from EPRI regarding new experimental
campaigns using the SKB calorimeter was being finalized.
The latter will provide new measured decay heat values for
SNF assemblies generally having different cooling times,
higher burnup, and initial enrichment compared to the
currently available set. Finally, during the course of the
SG12, two projects for new calorimeters were presented,
one in Switzerland at the Gésgen power plant, and one in
France, developed by the CEA and EDF. If realized, such
projects will address many of the existing issues, regard-
ing the need for measurements on MOX fuel, on a variety
of different assembly designs, and on redundancy.

The largest success of this work was to bring together
actors from the nuclear industry, research, and safety orga-
nizations, having possibly contrasting horizons, require-
ments and needs. Experiences were shared in constructive
ways and a consensus was found to deliver a significant
message: better estimations of decay heat are needed.
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Appendix A Details on the PUIREX
experiment

PHENIX is an experimental reactor as well as an electric-
ity production plan. It started in 1973 with a 565 MWth
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Fig. A.1. Schematic view of the PHENIX reactor.

power which was reduced to 350 MWth in the 1990s.
PHENIX is a pool-type sodium-cooled fast reactor. The
primary circuit is composed of three pumps and four inter-
mediate sodium-sodium heat exchangers connected to two
secondary circuits (see Fig. A.1).

It has a purification circuit with cold traps and a decay

heat emergency system which consists of a water loop
around the primary pool. Each secondary circuit includes
a pump, a steam generator, and a purification circuit.
Under nominal conditions, the sodium temperature in the
primary circuit is 520°C, the rotational frequency of the
primary pumps is 540 rpm and the speed of the secondary
pumps is 700 rpm. The purification circuit is operated
with its cold traps. The tertiary circuit is operated as well.
Just before the test, the reactor was operated under nom-
inal conditions but cold traps were by-passed. Then, a
quick shutdown was carried out, and the sodium temper-
ature plummeted from 520°C to 368°C. An hour after the
shutdown, the tertiary circuits were drained. The speed of
the primary pumps was reduced from 540 to 300 rpm and
down to 110 rpm after two days of cooling. Both secondary
circuits were operated at the beginning of the experiment
but one was emptied after five days of cooling. Those two
events (after 2 and 5 days of cooling) led to discontinu-
ities in the temperature evolution. One and a half hours
after the shutdown, the reactor was considered to be in
isothermal conditions and behaved as a calorimeter.
In this test, the measured quantity is the sodium temper-
ature in the primary circuit. The decay heat of the entire
core is derived from the measurement through the energy
balance of equation (A.1) where DH stands for decay heat,
Plosses is the inertia depending on the temperature of the
sodium 6, Psources are the sources of power and Plogses the
losses of power.

DH = 1(9)@ -

dt PSOUI’CQS + Ijlosses-

(A1)
The sources and losses terms are derived from a model
which depends on the temperature. Knowing the masses of
the studied system, the inertia can be computed following
equation (A.2) where M; is the mass of the i*"' reactor
component and C), is its heat capacity.

1(0) =Y M;-C,,. (A.2)
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Fig. A.2. Comparison of calculated and measured decay
heat [332].

The masses contributing to the total inertia I(6) are the
sodium in the primary circuit (800 tons) and in the sec-
ondary circuit (200 tons), the fuel (16 tons), the steel (980
tons) in the sub-assemblies and pins, vessel, structures,
pipes, pumps, exchangers, etc. and the graphite in the
core neutron shielding (75 tons).

The sources of power are the heat produced by the pri-
mary and secondary pumps. The losses of power in the
form of radiation and conduction phenomena in the pipes
are due to the decay heat emergency system and reactor
slab in the primary circuit, and to residual losses in the
steam generator in the secondary circuit.

The entire core was equipped with thermocouples in order
to measure the sodium temperature and its homogeneity
and to check the thermal behavior of the system.

The uncertainty associated with the decay heat derived
from equation (A.l1) was determined by deterministic
propagation of the input parameters uncertainties: 5%
in the calculation of the inertia, 5% due to the pumps,
10% set for the losses in the primary and secondary cir-
cuits. The uncertainty associated with the thermocouples
is equal to 1.4°C and the uncertainty of the rate of change
of the temperature is calculated from the dispersion values
of the 13 thermocouples and is equal to 0.5%. The final
uncertainty to be taken on the experimental decay heat is
between 5 and 11% at one standard deviation depending
on the cooling time. The major contributors are the losses
and the sodium inertia.

The previous decay heat measurements on PHENIX and
SUPERPHENIX concerned cooling times that do not
exceed 3 days, and they were all interpreted with older
generations of codes and libraries between 1979 and 2002.
The PUIREX experiment performed in 2008 was inter-
preted with the ERANOS-DARWIN2.3 package and the
JEFF-3.1.1 library in 2012 [332]. The comparison of the
decay heat values for the PUIREX experiment derived
from the measurements to the calculated decay heat with
the ERANOS-DARWIN2.3 package and the JEFF-3.1.1
library is shown in Figure A.2.

The decay heat of the PHENIX reactor is predicted
within a +8% discrepancy between 1.5 hours and 12 days.
These discrepancies are below the experimental uncer-
tainty except for the first day. Figure A.2 also suggests
a systematic bias as the discrepancy decreases steadily.
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The fuel is the main contributor to the total decay heat,
compared to the sodium or steel structures in the vessel.
Fission products represent more than 60% of the decay
heat, heavy nuclides about 10% around 12 days of cool-
ing (curium and 2*°Np contributions), and 30% around
1 day (?*°U and 2*°Np). The activated steel structures
contribute to less than 10% of the total decay heat. The
contribution of the internal storage accounting for assem-
blies placed at the core edges in order to be cooled before
unloaded does not exceed 5%. The sodium contribution is
negligible.

Appendix B Details on decay heat formula

B.1. Borst-Wheeler function, circa 1946

The Borst-Wheeler function is an approximate and use-
ful expression providing the total power emitted by fis-
sion products, given a number of assumptions. It is also
called the Wigner-Way formula, based on rough approxi-
mations [38]. Such expression can for instance be found
explicitly in reference [2]. It provides the total power
P(t,T) emitted by fission products, in the form of § and
~-ray emissions, for a reactor operated for T seconds at
a constant power Py, and for a cooling time of ¢ seconds
after shutdown.

If 3(t) and ~(t) represent the average energy emitted by (3
and v-ray emissions, for ¢t seconds after one fission event,
one can use the following expressions:

B(t) =1.26 x t™12 MeV/sec
y(t) = 1.40 x t712 MeV /sec.

According to reference [2], such expressions are valid from
about t = 1 second to t = 10% seconds (or almost
12 days), and their integrations lead to the total power
P(t,T). Indeed, the total average energy emitted is the
sum of equations (B.1) and (B.2), being approximate to
2.7 x t12; with the additional approximation that the
recoverable energy per fission is 200 MeV, the expression
of P(t,T) for a reactor of Py Watts becomes

2.7P,
200 x 1.6 x 10— 13

t+T
P(t,T)= / 77 12dr  MeV /sec
¢
(B.3)

MeV /sec
(B.4)

(B.5)

=41x10"Py [t70% = (t4+T)7°7]

=0.065P [t°% — (t+T)""?] Watts.
Equation (B.5) corresponds to the one mentioned in ref-
erence [2], and is widely used in reactor physics.

The origin of the semi-empirical equations (B.1) and (B.2)
can be traced back to the 40s, as presented in refer-
ence [333]. The original experiments were performed prior
to 1946 and presented to the American Physical Society
in Chicago in June 1946 (recorded on page 115 of vol-
ume 70 of the Physical Review, July 1946), but the avail-
able documentation can be found in reference [38] from

1948. Tt is interesting to note that reference [333] presents
a number of disagreements between the results from the
Borst-Wheeler formula and other values from the Naval
Radiological Defense Laboratory.

Although the type of fuel is not mentioned for the appli-
cability of equation (8), it is based on a recoverable energy
per fission of 200 MeV, close to the one for 23°U (about
202 MeV).

B.2. Untermyer-Weills function, 1952

The report from Untermyer and Weills [67] presents an
empirical function for the decay heat of irradiated ura-
nium, from 0.1 second up to 108 seconds (about 3.2 years).
It is based on the analysis of measured data, provided in
a series of other reports, using a calorimeter as well as
radiochemical measurements, combined with calculations
for the decay of 239U and 23°Np. The justification for pro-
pose a different function than equation (8) is that such
an equation is based on a statistical analysis of measure-
ments, which might not hold for short and long cooling
times. Untermyer and Weills propose the following “exper-
imental data fit”, over the entire available range:

P(t,T) = 0.1Py [(t +10)"%% = 0.87(t + 2 x 107) 7"
— (t+ T +10)%2

— 087(t+T+2x10")7%?] Watts  (B.6)
with, as previously all times in seconds, ¢ being the time
since the operation (cooling time), T the operation time,
Py the reactor constant power. Reference. [67] also pro-
vides an estimate of accuracy (using the reference’s vocab-

ulary):

t < 1 second: large error

1 < t < 102 seconds: + 50%
102 < ¢ < 10* seconds: + 30%
10* < ¢ < 108 seconds: + 10%
10% < ¢ < 108 seconds: + 50%.

B.3. Patterson-Schlitz function, 1955

The function for the decay heat proposed by Patterson
and Schlitz in reference [334] is similar to the one of
Untermyer and Weills, presented in equation (B.6). No
further information is available.

B.4. Glasstone function, 1963

Two different expressions can be found in reference [129],
with specific ranges of applicability. The solutions pro-
posed in this reference also follow a pragmatic approach,
given that the emission rates of beta particles and gamma-
ray photons can be expressed by means of empirical
expressions. It is stated in reference [129] that the accu-
racy of such expressions is within a factor of two or less
(Ref. [38] is used to justify such a statement).
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For periods between 10 seconds up to several weeks
after fission, the beta and gamma emission rates for one
fission are presented as

B(t) = 3.8 x 1075t~ 12
=1.5x 107512

particles/sec (B.7)
MeV /sec (B.8)

(considering that about 0.4 MeV are emitted by beta par-
ticles), and

y(t) = 1.9 x 107% "%  photons/sec
=13x107%""% MeV/sec

(B.9)
(B.10)

(considering that the photon energy is about 0.7 MeV).
The total energy released by beta particles and photons
is given by the sum of (B.8) and (B.10). The total energy
observed at a time ¢ after shutdown, due to the emission
during an interval dT is then given by 2.8 x 1076t~ 1:2,
given in MeV /sec These expressions are very close to equa-
tions (B.1) and (B.2) (although with the values for 8 and
being exchanged), and leads to the same value of P(t,T)
from equation (8). It is mentioned that this expression
can be applied for cooling time above 10 seconds, and it
is assumed that it is applicable to reactor with a constant
power.

Another expression is also given in reference [129], for
shorter cooling time (from 1 sec upwards), and is obtained
from the original work of Untermyer and Weills [67].

B.5. ElI-Wakil function, 1971
A different equation was proposed by M.M. El-Wakil for

the decay heat, which is to be relevant for ¢ > 200 sec-
onds [335]:

—0.2
P(t,T) = Py x 0.095t%-26 [1 - (1 + f) (B.11)

No additional information is available.

B.6. Glasstone function, 1981

In the new edition of his book [129,132], Glasstone pro-
posed a new approximation, based on the ANS standard
(from 1971, or 1973, or 1979 ?):

P(t,T)=0.005P x a[t™"—(t+T)""] Watts (B.12)
where a and b are two constants which depend on the time
after shutdown ¢ (see Table B.1).

It is indicated that such fit follows that ANS recom-

mendation within £6%.

B.7. Todreas-Kazimi function, 1990

The expressions provided in reference [130] by Todreas
and Kazimi basically refer to Glasstone (1963) for the

Table B.1. Parameter values for a and b as a function of
the time after shutdown ¢ for equation (B.12).

Time after shutdown ¢ (seconds) a b
0.1<t<10 12.056 0.0639
10 <t < 150 15.31 0.1807

150 < t < 8 x 108 27.43  0.2962

decay heat from fission products and actinides decays.
But they also present a practical expression for the decay
heat due to delayed neutrons. In this case, solving neu-
tron kinetic equations with a large negative insertion of
reactivity leads to such decay heat value, expressed as
Pdelayed neutrons (ta T)

Pdclaycd neutrons (tv T) = Pdclaycd neutrons (t)
= Py x (0.0625 exp~ 00124

+ 0.9375exp79%) . (B.13)

This expression is valid using typical quantities for 235U
fuel, in the case of a water-moderated reactor. Due to
the exponential values, the second term is negligible after
0.01 seconds, and the decay heat due to delayed neutrons
exponentially decays over a period of about 80 seconds.

In the case of the decay heat from fission products and
actinides, reference [130] proposes the same expressions for
B(t) and ~(t) as Glasstone [129], leading to equation (8).

Appendix C A numerical simulation on
Bremsstrahlung Ray Measurement for
(B3-decay in Spent Nuclear Fuel: a Japanese
example

This work on the simulation of Bremsstrahlung measure-
ments was presented in detail in reference [336]. In Japan,
dry storage of a spent nuclear fuel assembly (FA) is not
allowed during a pre-determined time length after it is dis-
charged from the core. Mainly due to the limitation of sur-
face temperature of the fuel cladding, the time length is 15
years for an FA of which the maximum discharge burn-up
is 48 GWd/t, for example. The time length is too conserva-
tive for a spent FA with lower burn-up. Then we proposed
to allow storing FA in a dry cask provided the residual
heat decays below a limitation value. The residual heat is
estimated based on the reactor record and a burn-up cal-
culation. Then we need validation of the residual heat esti-
mation. However, it costs so much to equip a calorimeter
to SFPs of every NPP. Then we consider applying gamma-
ray spectroscopy to assess the decay heat. Currently,
we can quantify the radioactivities of 37Cs—!37mBa,
134Cs, 154Eu, 'Ru—!Rh, and '**Ce—'44Pr. Their
relative contribution to the total decay heat is
around 40%.

With the ORIGEN-ARP module in SCALE-6.1, we
have calculated time-dependent decay heat for FA dis-
charged after from one to four cycles of irradiation in
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PWR. The burn-up increment per cycle was assigned 13
GWd/t. The relative contribution of °Sr—Y to the
total decay heat is around 40%, see Figure C.1.

Then we picked up 27 nuclides of which the rel-
ative contribution to the total radio activities exceeds
0.01%.Then we prepare a calculation model where a single
fuel rod with 2 cm in length and a cylindrical HPGe detec-
tor with 8 cm in length and 8 cm in diameter. The distance
between the center of the cylindrical rod and the HPGe
detector was 20 cm. Then, we assigned the radioactivities
of the 27 nuclides homogeneously in the fuel pellets and
calculated photon and electron transports with the PHITS

Line: 90Y-Brems, Dot: 90Y+106Ru+144Ce
black:13GWd/t, red:26GWd/t, blue:39GWd/t, green:52GWd/t

1.0
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bution to
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Fig. C.3. Relative contribution of Bremsstrahlung ray from
beta decay of °°Y to the total count rate in the pulse height
region from 1.6 to 1.87 MeV.

code. The source spectra of gamma and beta rays listed
in ICRP-107 were used for the calculation. The calculated
energy deposition spectra in the HP-Ge detector 13 years
after discharge from the core are shown in Figure C.2.

In addition to peak gamma rays from '34137Cs, 1%4Eu,
144py and 196Rh, the count rate of the Bremsstrahlung ray
is significant, especially in the pulse height range from 1.5
to 1.8 MeV. The relative contribution of Bremsstrahlung
ray from 20Y to the total count rate in pulse height region
from 1.6 to 1.7 MeV is plotted in Figure C.3.

For the cooling times of 13 years, the contribution
is greater than 94% and that is almost independent
of the burn-up. Also, for FAs irradiated more than or
equal to two cycles, the summation of the contributions
of 908r—90Yy, 106Ry106Rh, and '**Ce—'#4Pr reaches
98%. The radioactivities of ?°Sr—?Y can be quanti-
fied by the count rate of the pulse height region from
1.6 to 1.7 MeV and the peak count rates of '°°Rh
and '*4Pr gamma rays. Summation of the relative con-
tribution of 20Sr—0Y, B7Cs—18"mBa, 134Cs, 151Euy,
106Ru—106Rh, and '44Ce—'44Pr to the total decay heat
is 80%. Therefore, focusing on the Bremsstrahlung rays
from the beta decay of °Y, the decay heat estimation
by photon spectrum measurement might become more
credible.
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Table D.1. List of nuclei updated in JEFF-3.1.1 with the Greenwood’s TAGS mean decay energy for light parti-
cle component (ELP). The values from the different versions of JEFF and ENDF/B libraries are also included for

comparison.
ELP in keV
Isotope JEFF-3.1 JEFF-3.1.1 JEFF-3.3 ENDF/B-VII.1 ENDF/B-VIIL.O TAGS (Greenwood)
9ORb 2049 1916 1904 1905 1905 1916
90mRhH 1403 1118 1118 1115 1115 1118
91Rb 1612 1368 1368 1370 1370 1368
958y 2208 1901 1901 1892 1892 1901
139Cg 1640 1671 1671 1664 1664 1671
41y 1935 1506 1506 1490 1513 1506
143B5 1417 1195 1195 1182 1199 1195
14484, 1040 930 930 902 902 930
1454, 1860 1285 1285 1458 1458 1285
142 868 962 962 954 954 962
37 5 1237 1235 1235 1225 1232 1235
1447 5 1382 986 986 1021 1031 986
1457 5 1499 762 762 827 854 762
H8Ce 713 586 586 618 618 586
47py 899 669 669 673 673 669
148py. 1679 1348 1348 1280 1280 1348
148mpy. 1701 1239 1239 1059 1059 1239
149py 1286 811 811 780 780 811
151py 1394 1114 1114 1137 1137 1114
153Nd 1112 1153 1153 1176 1176 1153
154Nd 937 856 856 837 837 856
155N d 1500 1085 1085 1215 1215 1085
152pm 1326 1304 1304 1305 1305 1304
153pm 686 663 663 661 661 663
154mPpyy 1321 849 849 810 810 849
156 Py 1717 1206 1206 1194 1194 1206
157pm 1453 1540 1540 1456 1456 1540
1579 m 912 839 839 839 839 839
158Gy 667 512 512 514 514 512




70 D. Rochman et al.: EPJ Nuclear Sci. Technol. 10, 9 (2024)

Table D.2. List of nuclei updated in JEFF 3.1.1 with the Greenwood’s TAGS mean decay energy for the electromag-
netic component (EEM). The values from the different versions of JEFF and ENDF /B libraries are also included for
comparison.

EEM in keV
Isotope JEFF-3.1 JEFF-3.1.1 JEFF-3.3 ENDF/B-VII.1 ENDF/B-VIIL.0O TAGS (Greenwood)
9ORDb 1982 2271 2280 2272 2272 2270
90mRb 3241 3869 3869 3866 3866 3869
91Rb 2269 2706 2706 2708 2708 2706
958r 1118 1790 1790 1790 1790 1790
139Cg 345 305 305 303. 303 305
14l Cg 770 1701 1701 1708 1708 1701
143Bg 1417 1341 1341 1343 1343 1341
144Bg 1040 785 785 785 785 785
145B4, 1860 1833 1833 1831 1831 1833
1427 2325 2121 2121 2117 2117 2121
1437 252 439 439 424 438 439
1447 g 2330 3085 3085 3158 3158 3085
1457 1, 624 2144 2144 2144 2144 2144
148Ce 713 486 486 486 486 486
147py 899 929 929 929 929 929
148 py 938 1776 1776 1777 1777 1776
148mpy. 937 2050 2050 2332 2332 2050
149py 305 1332 1332 1332 1332 1332
151py. 1394 1363 1363 1363 1363 1363
153Nd 1112 509 509 443 443 509
154Nd 937 551 551 546 546 551
152pm 285 345 345 318 318 345
153pm 73 123 123 121 121 123
154mpyy 1321 1876 1876 1877 1877 1876
156 Py 1717 2206 2206 2205 2205 2206
157pm 1453 849 849 849 849 849
1578 m 912 585 585 585 585 585

158Sm 667 590 590 994 594 590
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Table D.3. List of nuclei measured per the Total Absorption Gamma Spectroscopy method per the TAS and MTAS
collaborations with the associated mean decay energy for light particle (ELP). The values from the different versions
of JEFF, JENDL and ENDF/B libraries are also included for comparison. The TAGS values already included in the
different versions of libraries are in grey.

ELP in keV
Isotope JEFF-3.1.1 JEFF-3.3 JENDL-5.0 ENDF/B-VIL.1 ENDF/B-VIII.00 TAGS  Reference
86Br 1943 1943 1687 1944 1944 1687-1730  [202,208]
87TBr 1577 1170 1170 1657 1657 1170 [203]
88Br 2394 1706 1706 2393 1702 1706 [203]
89Kr 1377 1468 1250 1468 1468 1250 [208]
9OKr 1459 1332 1139 1368 1368 1130 [208]
89Rb 929 929 935 969 969 930 [208]
9ORb 1916 1904 1916 1905 1905 1920 [208]
90mRh 1118 1118 1153 1115 1115 1100 [208]
91Rb 1368 1368 1821 1370 1370 1389 [202]
92Rb 2875 3496 3498 2867 2867 3496-3570  [201,208]
%Rb 3102 2450 2452 2020 2020 2450 [203]
9%Rb 2829 2829 2580 2300 1380 2573 205]
% 3205 3203 2656 3206 3206 3200-3209  [206,207]
96my 1851 1851 1610 1851 1630 1739 206]
100Nb 2493 2554 2422 2552 2252 2414 [204]
100m N 2047 2047 1715 2010 2010 1706 204]
10INb 1863 1962 2045 1960 1960 1797 [199]
102Nb 2402 2402 1948 2306 2306 1948 204]
102mNb 2276 2276 2829 2420 2420 2829 [204]
105Mo 1922 1049 1087 1049 1049 1049 [199]
102 1945 1945 1935 1945 1945 1935 [199,200]
104 1595 931 941 931 931 931 [199,200]
105¢ 1310 764 764 764 764 764 [199,200]
106¢ 1943 1457 1467 1457 1457 1457 [199]
107 e 2056 1263 1311 1263 1263 1263 [199]
1371 1862 1862 1934 1920 1920 1934-1870  [205,209]
137Xe 1695 1705 1706 1700 1700 510 [209]
139X e 1686 1720 1616 1808 1808 1580 [208]

1420 2899 2918 2482 2918 2456 2489 [208]




72 D. Rochman et al.: EPJ Nuclear Sci. Technol. 10, 9 (2024)

Table D.4. List of nuclei measured per the Total Absorption Gamma Spectroscopy method per the TAS and MTAS
collaborations with the associated mean electromagnetic decay energy (EEM). The values from the different versions
of JEFF, JENDL and ENDF/B libraries are also included for comparison.The TAGS values already included in the
different versions of libraries are in grey.

EEM in keV
Isotope JEFF-3.1.1 JEFF-3.3 JENDL-5.0 ENDF/B-VII.I ENDF/B-VIII.O  TAGS Reference
86Br 3297 3297 3782 3297 3297 3782-3720  [202,208]
87Br 3089 3938 3938 3345 3345 3938 [203]
88Br 3112 4609 4609 3134 3134 4609 [203]
89Kr 1836 1836 2240 2240 1931 1931 2240 [208]
9OKr 1459 1282 1690 1320 1320 1690 [208]
89Rb 2234 2234 2228 2236 2236 2260 [208]
9ORb 2271 2280 2227 2272 2272 2300-3240 [208]
90mRhH 3869 3869 3240 3866 3866 4000 [208]
91Rb 2706 2706 2672 2708 2708 2669 [202]
92Rb 1750 464 461 2147 2147 464-385  [201,208]
%Rb 2747 4063 4063 1895 1895 4063 [203]
9%Rb 2642 2642 3110 2162 2162 3110 [205]
96y 80 80 1205 80 80 100 67 [207] [206]
96my 4486 4486 4307 4308 4308 4467 [206]
100Nb 708 708 959 708 708 959 [204]
100m N, 2064 2064 2209 2213 2213 2763 [204]
10INb 245 270 471 270 270 445 [199]
102Nb 2402 2402 2764 2094 2094 2764 [204]
102m N 2094 2094 1023 2420 2420 1023 [204]
105Mo 551 2407 2410 2407 2407 2407 [199]
102¢ 81 81 106 81 81 106 [199] [200]
1047¢ 1890 3229 3229 3229 3229 3229 [199] [200]
105T¢ 663 1825 1825 1825 1825 1825 [199] [200]
1067¢ 2191 3132 3132 3132 3132 3132 [199]
107Te 515 1822 1822 1822 1822 1822 [199]
1371 1220 1220 1220 1135 1135 1220-1250  [205,209]
137Xe 190 189 189 190 190 190 [209]
139X e 1686 1017 1341 1027 1027 1340 [208]

142 675 676 1720 952 1704 1725 208]
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