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a b s t r a c t

The on-the-fly energy release per fission (OTFK) model is implemented in STREAM to continuously
update the Kappa values during the depletion calculation. The explicit neutron and photon energy
distribution, which has not been considered in previous STREAM versions, is incorporated into the
existing on-the-fly model. The impacts of the modified OTFK model with explicit neutron and photon
heating in STREAM on the power distribution, fuel temperature, and other core parameters during
depletion with feedback calculations are studied using several problems from the VERA benchmark suit.
Overall, the explicit heating calculation provides a better power map for the feedback calculations
particularly when strong gamma emitters are present. Generally, the fuel temperature decreases when
neutron and photon heating is employed because fission neutrons and gamma rays are transported away
from their points of generation. This energy release model in STREAM indicates that gamma energy
accounts for approximately 9.5%e10% of the total energy released, and approximately 2.4%e2.6% of the
total energy released will be deposited in the coolant for the VERA 5, NuScale, and Yonggwang Unit 3 2D
cores.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Approximations for the energy released in nuclear reactions
have long been used to reduce the complexity and computational
burden in the reactor core analysis [1-3]. The energy released of
fissionable nuclides, i.e., Kappa values, are employed for the power
calculation where fission energies are assumed to be deposited
locally or smeared into the problem [1,4]. The additional energy
released, such as from neutron capture reactions of fission products
and actinides, and especially from neutron capture reactions of
strong absorbers (Boron or Gadolinium) is often neglected or
treated as a simple-averaged constant deduced from reactor oper-
ation data and independent of material compositions. However, it
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has been observed that such approximations can introduce errors
and compromise the calculation accuracy [5]. The inaccuracy in the
power calculations caused by the inadequate energy released from
fission and neutron capture reactions has been addressed in
CASMO5 [6] by introducing an energy release per fission model [5].
Fixed values for the energy released per neutron capture reaction of
certain nuclides (i.e., from capture in hydrogen, boron, gadolinium,
actinides, and fission products) are used instead of an averaged
constant for all nuclides. In addition, the energy of fission frag-
ments and betas, and the kinetic energy of fission neutrons are
directly taken from the evaluated nuclear data file [7] in this model.

STREAM, developed by the Computational Reactor Physics and
Experiment Laboratory (CORE) at the Ulsan National Institute of
Science and Technology (UNIST), is a deterministic neutron-
transport code specialized for the analysis of two-dimensional
(2D) and three-dimensional (3D) reactor cores [8,9]. The default
energy release model in STREAM simply uses constant Kappa
values to account for the energy released from fission and capture
reactions of fissionable nuclides while the energy released from
neutron capture of non-fissionable nuclides is neglected. To
improve the accuracy of STREAM, an on-the-fly energy release per
fission (OTFK) model was implemented based on the concept
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deployed in CASMO5. The microscopic cross-section data (capture,
fission, Kappa) for all nuclides in all regions are stored and then
used for the energy release calculation in CASMO5, which does not
introduce memory issues in single-assembly problems. However,
STREAM computes the Kappa value for each region in an equivalent
formulationwithout the need to save the microscopic cross-section
data of all regions, thus minimizing the memory required for a
whole-core calculation [9]. STREAM inherits the local deposition
assumption of gamma and neutron energies in this model.

The large gradient of neutron/photon flux distribution in core
geometries featuring strong absorbers/emitters or leakage can
deteriorate the accuracy of these assumptions. This is because
neutron/photons are unlikely to be uniformly distributed in such
problems and will most likely deposit their energies far away from
their points of generation. Furthermore, the fraction of energy
deposited in the coolant needed for thermal hydraulics (TH) feed-
back is missed because the locally deposited assumption places all
the energy in the fuel regions. This fraction is often determined by
user preferences. Accurate calculation of energy deposition and TH
feedback requires explicit neutron/photon transport [10-12].

The gamma calculation has been considered in some deter-
ministic codes such as MPACT [13], WIMS [14], nTRACER [15], and
other Monte Carlo codes such as SERPENT [16] and OpenMC [17];
however, the literature is limited to small problems without
depletion calculation or validation against measurement data. The
coupled neutron/photon mode is also available in MCNP [18],
McCard [19], andMCS [20], but the contributions of prompt gamma
rays or delay particle energies are not explicitly computed in the
calculations of criticality problems [21]. Recently, a photon module
that used an explicit distribution calculation for the photon energy
was implemented in STREAM to improve the power distribution
accuracy [22]. The continuous update of the Kappa value during
depletion with an explicit neutron/photon energy distribution is a
more realistic model in reactor analysis for STREAM.

The principle of the OTFK model in STREAM is first presented,
followed by an introduction of the explicit neutron/photon energy
deposition calculation. The energy release models in STREAM are
then verified against the results of other studies on lattice problems
from the VERA benchmarks [23]. STREAM can compute the decay
heat of irradiated fuel using an in-built source termmodule [24,25],
which relies on the energy release model during the depletion
calculation. Thus, the energy models in STREAM are validated by
computing the decay heat of some assemblies from typical pres-
surized light water reactors (PWRs) and comparing them with
measurement data. Subsequently, a comparison of the calculated
parameters of several 2D cores, namely VERA [23], NuScale [26],
and Yonggwang Unit 3 [27], is presented to quantify the impact of
the energy model with explicit neutron and photon heating in
STREAM.

2. On-the-fly energy release per fission model in STREAM and
the modifications for the explicit neutron and photon heating

2.1. On-the-fly energy release per fission model

The concept of the OTFK model in STREAM has been mentioned
in Ref. [9] and is explained as follows. The kappa value in STREAM
for isotope i (MeV) is computed using the following equation:

kni zERið0Þ � dERi
�
En

�þ Rc
Rf
Qc ¼ k

0n
i þ Rc

Rf
Qc (1)

where ERið0Þ (MeV) is the total energy released per fission less the
neutrino energy from the evaluated nuclear data file (MT458 in
ENDF [7]). The kinetic energy of the fission fragments ðEFRÞ,
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delayed beta ðEBÞ, kinetic energy of prompt ðENPÞ and delayed
ðENDÞ fission neutrons, energy of prompt ðEGPÞ and delayed ðEGDÞ
fission gamma is stored in ERið0Þ. However, constituent terms of
ERið0Þ are incident-energy dependent. This dependence is
approximated by an energy dependent function deduced from the
Sher-Beck systematics [28] provided in reference [29]. Because the
function for EFR, EGP and END are zero, the total function for ERið0Þ
is:

dERi
�
En

� ¼ dEB
�
En

�þ dEGD
�
En

�þ dENP
�
En

� ¼ �1:157En

þ8:07
�
nni � nið0Þ

� (2)

where En is the average energy of incident neutron in group n and n

is the number of fission neutrons generated by incident neutron in
the energy group n. The number of fission neutrons generated by
incident neutron in the lowest-energy group is denoted as nð0Þ. The
last term Rc

Rf
Qc is the average energy released from neutron capture

reactions per fission, where Rc
Rf
represent the capture to fission ratio.

The value of Qc (MeV) is computed using Equation (3).
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Where m is the region's index, and qc;i is the energy of the capture
gammas and captured products of nuclide i. Nm;i is the number
density of nuclide i in region m, snc;m;i is the capture cross-section,

fn
m is the neutron flux, and Vm is the volume of region m. It is

noted that the capture rate Rc in this work is computed with the
neutron flux of the next generation kfn

m because the neutron cap-
ture energy (non-fission) is produced after fission events by in-
teractions of newly born neutrons. The adjustment by the
multiplication factor k is not applied to those stored in ERið0Þ
because these energies are directly released in each fission. The
macroscopic cross-section for the term k0ni in Equation (1) is defined
as:

k0Sn
f ;m ¼

X
i

Nm;ik
0n
i s

n
f ;m;i (4)

where snf ;m;i is the microscopic fission cross-section. The macro-

scopic cross sections Sn
c;m, qS

n
c;m, S

n
f ;m, and k0Sn

f ;m are computed and

saved for use in the OTFK model. The energy released in regionm is
calculated as follows:
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In this OTFK model, the energy from fission fragments, fission
gamma, fission neutron, betas are deposited locally whereas the
energy from neutron capture reactions (kinetic energy of captured
products and gamma energy) is distributed to all fuel regions and
proportional to the capture rate in those regions by the term Rc

Rf
Qc in

Kappa values. Because the energy deposition is only computed for
fuel regions, the fraction of energy deposition in the coolant for
thermal hydraulics calculation (obtained by dividing the amount of
energy deposited in the coolant by the total energy released in the
problem) is defined by user experience.



Figure 1. Layout of the VERA lattice problems.

Table 1
Average energy released per fission for VERA 2B computed by MCS in comparison to MCNP and SERPENT in Ref. [16].

Component MCS (MeV) MCS e MCNP (keV) MCS e SERPENT (keV)

Fission products þ neutrons 173.428 �72.2 þ61.8
Beta 6.611 �31.0 þ1.0
Prompt fission gamma 6.568 �8.4 �0.4
Delayed fission gamma 6.399 �23.5 þ27.5
Capture gamma 6.311 þ11.7 þ1.7
Total 199.317 �123.3 þ91.7

Table 2
Multiplication factors from STREAM in comparison to those from MCS*

Problem Burnup STREAM STREAM e MCS (pcm)

VERA 2B BOC 1.18204 �93
MOC 0.90087 þ86
EOC 0.77438 þ110

VERA 2P BOC 0.92707 þ31
MOC 0.87953 þ70
EOC 0.74406 þ68

*Standard deviation from MCS is less than 7 pcm.
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2.2. Modifications of the OTFK model with explicit neutron and
photon heating

When photon transport is enabled in STREAM, the Kappa value
is modified by changing the ERið0Þ values in Equation (1) and qc;i
values in Equation (3). The contribution of prompt and delayed
fission gamma rays ðEGPþEGDÞ in the ERið0Þ is removed, and the
prompt photon energy from neutron capture in qc;i is set to zero.
The gamma source is then computed, and photon transport is
performed to calculate the photon heating in each region. The
implementation of the photon transport module and photon library
in STREAM are presented in Refs. [22,30].

The energy deposition from the neutron slowing down and
energy of neutron-captured products are also considered explicitly
1073
in this modified OTFK model. The kinetic energy of the fission
neutrons ðENPþENDÞ stored in ERið0Þ is removed and the energy of



Table 3
Average energy released (MeV/fission) from STREAM compared to MCS (STREAM e MCS in keV/fission is given in the brackets).

VERA Burnup MCS CONSTK OTFKCQ OTFKVQ

2B BOC 199.317 202.991 (þ3674.5) 199.505 (þ188.6) 199.291 (�25.9)
MOC 206.480 208.644 (þ2163.2) 206.895 (þ414.8) 206.405 (�75.2)
EOC 209.462 210.966 (þ1053.4) 209.939 (þ477.1) 209.388 (�74.7)

2P BOC 201.912 203.116 (þ1203.7) 202.141 (þ229.2) 201.888 (�24.4)
MOC 206.520 208.660 (þ2140.1) 206.865 (þ345.4) 206.421 (�98.8)
EOC 209.588 211.067 (þ1479.1) 210.005 (þ416.2) 209.490 (�98.7)

Table 4
The error (OTFKCQ e MCS) in keV for VERA 2B.

Component BOC MOC EOC

Neutron þ306.7 þ418.8 þ408.4
Gamma �116.9 þ25.7 þ145.7
Neutron þ Gamma þ189.7 þ444.5 þ554.1
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captured products in qc;i are also removed. With explicit photon/
neutron calculation, only energies of some daughter nuclides from
decay process of capture products remain in qc;i. In addition, the
correction terms in Equation (1) are adjusted to account for the
removal of photon and neutron energies from ERið0Þ: Because only
EFR and EB remain in ERið0Þ and dEFR ¼ 0, Equation (2) can be
modified as:

dERi
�
En

� ¼ dEB ¼ 0:075En (6)

The energy deposition in each region is computedwith Equation
(7)
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n
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where f is the flux of neutrons (n) or photons (p), and
Sn
heat and S

p
heat is the neutron and photon heating cross-section,

respectively (computed by NJOY [31]). The superscript * denotes
the modified values after the removal of photon and neutron en-
ergies, as previously mentioned.

Because the kinetic energy of fission fragments is already in
ER*i ð0Þ term, the neutron heating cross-section is equal to the total
heating cross-section (MT301) minus the fission heating cross-
section (MT318) [16]. It is noted that the gammas source from
neutron capture reactions is adjusted by the multiplication factor k
before the photon transport calculation. The role of k for the cap-
ture gamma energy has been explained previously. The kinetic
energy of fission neutrons is no longer saved in ERið0Þ but
computed separately based on the neutron flux. Thus, the neutron
heating quantities (non-fission) is also multiplied by k because of
the same reason applied to capture gamma energies. The fraction of
energy deposition in the coolant is no longer required because the
energy deposition in each material, such as the fuel, cladding, and
coolant, is available with this approach.
3. Results and discussions

3.1. VERA lattice problems

VERA 2B, 2F, 2G, 2H, 2M, and 2P, which represent typical
problems in calculation with PWRs, were selected from the VERA
benchmark suite [23]. The VERA lattice problems are 17 � 17
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assemblies. The configuration of these problems is shown in Fig. 1,
and all calculations were conducted with ENDF/B-VII.1 library [7].
3.1.1. Verification with MCS
TheMonte Carlo codeMCS [20,32] developed at UNIST was used

to verify the energy models in STREAM. The neutron and photon
heating were tallied during the criticality runs in the coupled
neutron/photon mode of MCS, but additional post-processing steps
were required to obtain the proper neutron/photon energy com-
ponents. Details of the post-processing steps known as the k
correction method werewell explained in the references [16,33]. At
first, the energy released for VERA 2B problem computed by MCS
are compared to those from MCNP and SERPENT reported in the
reference [16] to verify the MCS calculations. The comparison for
MCS results is given in Table 1. Statistical error of MCS is below
0.05% and is thus not shown. MCS results are in good agreement
with reference values.

The energies deposition in VERA 2B and 2Pwere then computed
to verify the energy model in STREAM. The error (defined as
STREAM e MCS in keV) of these two problems was investigated at
three burnup steps, namely 0 MWd/kg (beginning of cycle BOC), 30
MWd/kg (middle of cycleMOC), and 60MWd/kg (end of cycle EOC).
The depleted number densities were first generated by the deple-
tion module in MCS and used in STREAM calculations to ensure the
consistency in the input material compositions. It is noted that the
contribution of energies from decay nuclides in qc;i is set to zero for
comparison purposes since the decay calculation are not available
for Monte Carlo codes such asMCS orMCNP. In addition, each VERA
problem was run three times in STREAM. The first run employed
the default model, and the second run employed the conventional
OTFK model where no explicit neutron and photon heating was
involved, and the third run included themodified OTFKmodel with
explicit neutron and photon heating.

The default model in STREAM uses constant Kappa and is
abbreviated as CONSTK. The conventional OTFK model places all
energy components in Kappa where constant q values are used for
the energy released fromneutron capture (as in Equation (1)). Thus,
this model's name is abbreviated as OTFKCQ. In contrast, the energy
released by neutron capture is not constant but varied with the
explicit neutron and photon calculation in the modified OTFK
model. Therefore, the newmodel is abbreviated as OTFKVQ. For the
rest of the paper, these abbreviations are utilized to indicate the
three available models in STREAM. Furthermore, STREAM is
assumed to be in the CONSTK, OTFKCQ, and OTFKVQ modes when
the CONSTK, OTFKCQ, and OTFKVQ energy models are respectively
employed. Values of the multiplication factors of VERA 2B and 2P
are given in Table 2. The average energy released computed by
different models in STREAM for these two problems are compared
with MCS in Table 3.

The CONSTK model over predicted the energy released in all
cases because reference values from MCS are computed with an
explicit neutron-photon heating scheme instead of using generic
constant Kappa values as in the CONSTK model. Excellent agree-
ment between CONSTK model and MCS was observed if same



Figure 2. Comparison between the OTFKVQ and OTFKCQ model to MCS for VERA 2B at BOC.
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generic Kappa values were used in both codes. The energy released
from OTFKVQ mode was slightly lower compared to MCS at later
burnup steps. The OTFKCQ mode induced a difference of few
hundreds keV per fission compared to MCS.

The discrepancies observed between MCS and OTFKCQ model
was a net result of several tangled factors. Firstly, the neutron en-
ergy in the OTFKCQ model is computed based on a constant
neutron energy released for each nuclide, a. k.a (ENPþ ENDÞ,
adjusted with correction terms to account for different incident
neutron energy as in Equation (1). Secondly, the neutron capture
energy in the OTFKCQ model was assumed to be independent of
incident neutron energies and equal to the energy released from
thermal neutron capture. Thirdly, it was pointed out in the refer-
ence [16] that the prompt fission gamma spectrum and the prompt
fission gamma multiplicity for 235U and 238U in the ENDF/B-VII.1
library [7] is not consistent with the fission gamma energy in
MT458 data. The fission gamma of 235U above 1.09 MeV incident
neutron energy is also lumped with the gamma from other re-
actions in ENDF/B-VII.1 [16]. Thus, the OTFKCQmodel computes the
gamma energy based on MT458 data and correctly preserves the
1075
total fission gamma energy whereas inconsistency will arise in the
OTFKVQ mode and MCS, especially when the k value deviates from
unity. In contrast, the neutron energy in the OTFKVQ mode and
MCS is computed without approximations. Thus, the separation of
each component in neutron or gamma energy in the OTFKCQ and
MCS for an exact comparison is virtually unfeasible. The lumped
error for neutron and gamma energy calculated by the OTFKCQ
model compared to MCS are provided in Table 4 for VERA 2B.

Inconsistency in the gamma energy will be alleviated with the
ENDF/B-VIII.0 library because the prompt fission gamma spectrum
and the prompt fission gamma multiplicity for 235U and 238U has
been corrected to be consistent with MT458 data [16,34]. Still, the
error occurred in the kinetic energy of fission neutrons would
remain. The pin power distribution computed with OTFKCQ and
OTFKVQ mode is now compared to those obtained from MCS. The
OTFKVQ model was verified in three separate components indi-
cated in Equation (7), namely:

- the energy from fission fragments and delayed betas (denoted
as EFRþ EB).



Figure 3. Comparison between the OTFKVQ and OTFKCQ model to MCS for VERA 2P at BOC (Gadolinia pins are marked by dashed-green boxes).
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- the energy from neutrons (denoted as EN).
- the energy from gammas (denoted as EG).

The OTFKCQ model lumps the energy of fission fragments, beta,
fission neutron and fission gamma in ERið0Þ. Thus, the comparison
for the OTFKCQ model is only for the total pin power. Comparison
for VERA 2B and VERA 2P at BOC is presented in Figs. 2 and 3,
respectively while those for MOC and EOC are given in the sup-
plement data.

Good agreement was shown for the OTFKVQ mode with the
error within ±2.6 keV compared to MCS. The OTFKCQ mode,
however, introduced some discrepancies in both VERA problems.
The contribution of gamma from Gadolinia pins was reduced by
~75 keV in the OTFKCQ mode. Gadolinium (Gd) emits a very strong
gamma beam of 8MeV per neutron capture reaction. In the OTFKCQ
mode, these gamma energies would be divided into all fuel pins as
explained in section 2.1. As a results, normal fuel pins received
additional energies while Gd pins loss some of its gamma power. At
later burnup, the OTFKVQmode were in good agreement with MCS
1076
(within ±0.8 keV for the EG and EN term), and the OTFKCQ still
slightly overestimated the total energy released.

The calculation of energy components with Monte Carlo code
required tremendous number of histories to achieve a reasonable
statistical error. Thus, the normalized pin-power distributions by
the OTFKVQmode for remaining VERA problems were compared to
those already reported in the reference [13] by MCNP and MPACT
code. The relative error with MCNP and MPACT is presented in
Figs. 4 and 5, respectively.

A good agreementwas found between OTFKVQmode, MCNP, and
MPACT, except for the VERA 2G problemwith the AIC control rod. It
was explained in Ref. [22] that significant discrepancies in the
gamma source generated in the AIC material are due to the inade-
quate resonance treatment in STREAM for nuclides, such as 109Ag in
the AIC. The pin-based point-wise energy slowing-down method in
STREAM for resonance treatment [35] is only applied to fuel regions,
and the extension of this method to non-fuel regions instead of the
equivalent theory would alleviate such issues in the future. However,
the OTFKVQ mode in STREAM shows better accuracy than MPACT in



Figure 4. Comparison of the normalized pin-wise power obtained by OTFKVQ mode to those from MCNP (IFBA or Gd pins are underlined).

Figure 5. Comparison of the normalized pin-wise power obtained by OTFKVQ mode to those from MPACT (IFBA or Gd pins are underlined).
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the case of VERA 2P. BecauseMPACTonly applied a smearing scheme,
distribution of high energy gamma emitted from Gd will not be
accounted for adequately and an underestimation of�2% for Gad pin
1077
occurs when comparing MPACT to MCNP results. The fractions of
energy deposition for VERA 2B in eachmaterial region obtainedwith
the OTFKVQ mode were also in good agreement with values



Figure 6. Energy release per fission and the difference in the multiplication factor for VERA 2B and VERA 2P for the three energy release models in STREAM.

Figure 7. Energy release per fission when energy from neutron capture of Gd is added
into CONSTK mode (abbreviated as CONSTKGd).
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calculated by OpenMC and reported in Ref. [36], where approxi-
mately 2.5% of the total energy is deposited in the coolant.

3.1.2. Impact of energy release model on burnup calculation
VERA 2B and VERA 2P were considered further during the

burnup calculation in STREAM to analyze the impacts induced by
different energy release models. It is noted that the contribution of
delay energies in qc;i of the OTFKCQ and OTFKVQ mode was non-
zero starting from this section and the depleted number densities
were computed in STREAM corresponding to the predicted power
level provided by each model. The impact of constant Kappa values
and neglecting the gamma energy from neutron capture of Gd in
the CONSTK mode compared to updated Kappa values can be
observed during depletion by comparing the average energy
released per fission and the change in the multiplication factor, as
shown in Fig. 6.

As shown in Fig. 6, themultiplication factor for the CONSTKmode
exhibits a maximum differences of 128 and 174 pcm between it and
those obtained in the OTFKCQ and OTFKVQ modes, respectively.
With the OTFKCQ and OTFKVQmode, the average energy released in
VERA 2P exhibits a plateau before 10 MWd/kg, corresponding to the
burnout point of Gd [37]. Gamma rays generated from Gd contribute
a significant fraction in the EG term (~8 MeV/capture). The depletion
of Gadolinium reduces this contributionwhile the increasing gamma
energies released from the buildup of fission products balance this
loss. The CONSTK mode neglects the q values of non-fissionable
nuclides and dose not capture this effect. After this burnup point,
the difference between the CONSTK mode and the two other modes
was comparable to that of the VERA 2B case. In general, a higher
energy release is obtained in the CONSTKmode, which introduces an
1078
overestimation in the multiplication factor value (higher power
released per fission indicates that less fuel will be burned to generate
a certain power level, thus leading to a higher multiplication factor).



Figure 8. Relative difference (unit: %) in the total number density of some nuclide from the OTFKVQ mode compared to the OTFKCQ and CONSTK modes.

Figure 9. Differences in the decay heat calculated with different energy release models in STREAM compared to the measurement data (unit: watts).

Table 5
RMSE for the decay heat calculated by STREAM.

Reactor name Energy release model in STREAM

CONSTK OTFKCQ OTFKVQ

Ringhals-2 6.6 6.2 6.5
Ringhals-3 4.3 4.3 4.8
Overall 5.5 5.3 5.7
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The difference in k value between the OTFKCQ and the OTFKVQ
mode is insignificant (maximum of ~50 pcm) because the energy
released computed from these two models are quite closed to each
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other as shown previously in Table 3.
If the energy release from neutron capture of Gd is added in the

CONSTK model, the effect of the Gd burnout can be observed in
Fig. 7. The difference in the multiplication factor between the
CONSTK mode and the CONSTK mode with added Gd can exceed
600 pcm before 10 MWd/kg. This difference is reduced to less than
50 pcm at later burnup steps. The CONSTK mode overestimates the
energy release as indicated previously. Thus, the introduction of q
values of other non-fissionable nuclides will further exacerbate this
overestimation.

The difference in the multiplication factor is highest around the
MOC. Thus, the relative differences in the total number density of



Figure 10. Difference (unit: watts) in pin power between the OTFKVQ and OTFKCQ modes at BOC (on the same color scale).

Figure 11. Locations of selected fuel pins.

Table 6
The power (in watts) of selected fuel pins computed in the OTFKVQ mode and the
total difference compared to the OTFKCQ mode.

Pin ID Material region OTFKVQ e OTFKCQ

Water Cladding Fuel

H11_P08 4.2 1.7 138.3 þ4.0
H11_K08 4.0 1.6 156.0 þ0.7
J11_A08 4.4 1.9 229.7 �5.2
J11_E08 4.6 2.0 218.9 �2.6
H13_N14 4.8 2.1 227.9 �2.1
H13_O15 4.8 2.6 47.0 þ24.4
H13_P16 4.7 2.1 135.4 þ8.6
H08_J09 4.5 1.7 206.1 �2.0
D04_J09 4.9 1.9 208.6 �0.4
H15_I16 2.1 1.0 113.5 �2.0
G15_I17 2.0 0.8 99.3 �1.6
E07_I17 2.1 0.8 106.2 �2.0

N.N.T. Mai, W. Lee, K. Kim et al. Nuclear Engineering and Technology 55 (2023) 1071e1083
some nuclides in the VERA 2B and 2P problems at this burnup step
obtained in the OTFKVQmode were compared to those obtained in
the OTFKCQ and CONSTKmodes. These differences are illustrated in
Fig. 8.

The CONSTK mode resulted in a higher number of 235U than the
OTFKVQ mode for both VERA problems (þ1.1% to þ1.3%). The pro-
duction of actinides and fission products is lower when the CONSTK
mode is used, i.e., less fuel is burned. The fuel is slightly more
depleted in the OTFKVQ mode than in the OTFKCQ mode because
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the average energy released per fission in the OTFKVQ mode is few
hundreds keV lower than in the OTFKCQ. The highest difference
between the results obtained with the OTFKVQ mode and other
modes occurs for the Cm family, with a maximum of þ7.2% for the
CONSTK mode and þ2.2% for the OTFKCQ mode. However, the
number of Cm atoms is trivial compared to that of other actinides,
as their density is approximately ten to one hundred times lower.

3.2. Decay heat calculation of PWR fuel assemblies

The decay heat module in STREAM has been verified and vali-
dated in several studies; however, only the CONSTKmodel has been
considered [24,25,38]. The decay heat calculations of several as-
semblies from the Ringhals-2 reactor (15 � 15 assembly) and the
Ringhals-3 reactor (17 � 17 assemblies) studied in previous works
were tested againwith the OTFKCQ and OTFKVQmodel. The details
of these assemblies are presented in Refs. [39,40]. The calculated
decay heat values are provided separately in Table A1 in Appendix
A, and the agreement between the calculated results and mea-
surement data (within 2s bounds) is shown in Fig. 9.

The root mean square error (RMSE) of the decay heat is
computed as

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðCi � EiÞ2

n

vuuut (8)



Figure 12. Differences in the peaking power factor (Fq) and fuel centerline temperature (Tf_max) obtained with the OTFKVQ and OTFKCQ models.

Figure 13. Fraction of gamma energy released, and the fraction of energy deposited in the coolant.

N.N.T. Mai, W. Lee, K. Kim et al. Nuclear Engineering and Technology 55 (2023) 1071e1083
where Ci is the calculated decay heat from STREAM, Ei is the
measured value of assembly i, and n is the number of assemblies.
The RMSE values are presented in Table 5.

The OTFKCQ mode had the smallest RMSE value while the
performance of the OTFKVQ mode was slightly lower. The energies
released from decay processes of capture products were approxi-
mated in qc;i instead of being explicitly calculated. Although the
energy released from the CONSTK and OTFKCQ model was over-
estimated compared to MCS, it could partially compensate the
decay energies of capture products in qc;i. Solution of Bateman
equations would be necessary to quantify the impact of these decay
sources. Overall, the decay heat calculated in all modes agreed well
with the measurement data.

3.3. Analysis of 2D cores

Analysis was conducted for the 2DVERA5 [23], NuScale [26] and
Yonggwang Unit 3 (YGN3) cores [27]. Compared to the VERA core,
where Pyrex is used, the NuScale and YGN3 cores utilize Gd pins
with Gd contents of 3 and 4 wt%, respectively. In addition, the
NuScale core is a small modular reactor that utilizes a heavy
stainless-steel reflector. The difference in pin power obtained in the
OTFKCQ and OTFKVQ modes (defined as OTFKVQ e OTFKCQ) at the
BOC for these cores is illustrated in Fig. 10. The CONSTK model was
not considered in the analyses described in this section.

The significance of photon transport in the power map is case
dependent. In general, the differences for normal fuel pins are small
if they are not adjacent to strong gamma emitters such as Gd,
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higher enriched fuel pins, or if they are located at the core pe-
riphery where leakage is more profound than in the inner core
regions. The power in fuel pins of selected assemblies depicted in
Fig. 11 is presented in Table 6. The pin ID indicated in Table 6 and
Fig.11, for example, H11_P08 indicates fuel pin P08 in assembly H11.

The averaging of gamma energy from neutron captures to all
fuel pins in the OTFKCQ model incurred a large reduction in the
power of Gd pins as shown for the case of H13_O15. The fuel zoning
can also affect the accuracy of the OTFKCQ mode when energies of
fission neutron and fission gammas are assumed to be deposited
locally. These neutrons/photons, in fact, can traverse to neighboring
assemblies with lower photon/neutron source intensities. The dif-
ference for pin H11_P08 (low-enriched fuel) and J11_A08 (high-
enriched fuel) located in two adjacent assemblies is an example for
this effect. The comparison of the power peaking factor (Fq) and
fuel centerline temperature (Tf-max) of the VERA, NuScale, and
YGN3 2D cores is shown in Fig. 12.

In the OTFKVQ mode, the power peaking factor (Fq) is mostly
lower than that obtained in the OTFKCQ mode and is more
noticeable for the NuScale and YGN3 cores, where it is reduced
by �0.9% and �1.3%, respectively. The reduction in Fq in the
neutron/photon calculation might allow more loading patterns to
be considered during the safety analysis. The change in centerline
fuel temperature is insignificant for the VERA and NuScale cores,
with a reduction of 12 Ke16 K, whereas an average reduction of
more than 20 K occurs for the Gd pins for YGN3. However, the
temperature change is insignificant to induce the Doppler effect.
Other parameters, such as the critical boron concentration (CBC)
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and coolant temperature, are virtually unaffected when switching
from the OTFKCQ mode to the OTFKVQ mode. The fractions of
gamma energy released and deposited in the coolant are shown in
Fig. 13.

The fraction of gamma energy released, and the fraction of en-
ergy deposited in the coolant of the NuScale core is slightly lower
than those of the other two cores. In general, the fraction of gamma
energy released is approximately 9.5%e10.5% of the total energy
released, and the fraction of energy deposited in the coolant of
PWRs can be set as 2.5%e2.6%, as deduced from Fig. 13.

4. Conclusion

The on-the-fly energy release per fission model (OTFK) was
implemented in STREAM to consider the energy released from
neutron capture reactions and the change in Kappa values during
depletion. The upgraded OTFK model with explicit neutron and
photon heating were studied on some VERA 2D benchmark prob-
lems and validated against decay heat measurements of assemblies
in typical PWRs. The results obtained with the explicit neutron and
photon heating in STREAM exhibited good agreement with the
reference values.

The impact of this new model on the reactor analysis is more
apparent when large gradient of neutron/photon flux distribution
occurs. The power peaking factor exhibited a relative difference
of�1.3% and�0.9% for the YGN3 and NuScale cores, respectively, at
BOC, and these differences are reduced at later burnup when the
explicit neutron and photon heating is incorporated. From the
study of the 2D cores, gamma energy accounts for 9.5%e10% of the
total energy released, and calculations with STREAM confirm the
usage of the ~2.6% designated as the fraction of energy deposited in
the coolant of typical PWRs. This new energy release model also
Table A1
Decay heat calculation with STREAM energy release models.

Reactor name ID (wt.%235U) Burnup (GWd/MTU) Cooling time

Ringhals-2 (15 � 15 assembly) C01 (3.1) 36.7 8468
C12 (3.1) 36.4 8403
C20 (3.1) 35.7 6950
C42 (3.1) 35.6 5803
D27 (3.3) 39.7 7673
D38 (3.3) 39.4 8005
E38 (3.2) 34.0 7999
E40 (3.2) 34.3 8075
F14 (3.2) 34.0 7726
F21 (3.2) 36.3 7376
F25 (3.2) 35.4 7729
F32 (3.2) 51.0 5860
G11 (3.2) 35.5 6990
G23 (3.2) 35.6 6984
I09 (3.2) 40.2 5849
I20 (3.2) 34.3 6588
I24 (3.2) 34.3 6601
I25 (3.2) 36.9 6198

Ringhals-3 (17 � 17 assembly) 0C9 (3.1) 38.4 6551
0E2 (3.1) 41.6 5823
0E6 (3.1) 36.0 5829
1C2 (3.1) 33.3 6559
1C5 (3.1) 38.5 6593
1E5 (3.1) 34.6 5818
2A5 (2.1) 20.1 7297
2C2 (3.1) 36.6 6550
3C1 (3.1) 36.6 6545
3C5 (3.1) 38.4 6543
3C9 (3.1) 36.6 6552
4C4 (3.1) 33.3 6572
4C7 (3.1) 38.4 6549
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introduces a better power map for TH calculation, especially when
strong gamma emitters such as Gadolinium are present.

Future studies will focus on analyses of 3D problems, especially
when gadolinia is introduced in the core, and comparisons to
measurement data to further verify this energy release model in
STREAM. In addition, the energy releasemodels will be assessed for
boiling water reactors (BWRs) once the capabilities for solving BWR
problems are available in STREAM.
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APPENDIX A. Decay heat of assemblies from Ringhals-2 and
Ringhals-3
(days) Measured decay heat
and uncertainty

Calculated decay heat from STREAM with
different energy release model

Measured (W) 2s (W) CONSTKa (W) OTFKCQb (W) OTFKVQc (W)

415.8 11.65 417.9 421.6 422.5
410.3 11.57 412.9 416.5 417.4
415.8 11.65 429.6d 433.6d 434.5d

442.3 12.04 440.6 444.8 445.8
456.1 12.24 448.4 452.3 453.3
442.3 12.04 439.5 443.3 444.3
376.3 11.07 369.7 373.0 373.8
381.3 11.14 373.6 376.9 377.7
381.8 11.15 378.4 381.8 382.5
420.9 11.12 413.4 417.1 418.0
396.7 11.37 396.5 400.0 400.9
692.0 15.73 691.9 697.7 699.6
416.4 11.66 408.5 412.2 413.1
420.6 11.72 414.3 418.0 418.9
507.9 13.01 510.2 514.7 515.9
403.5 11.47 396.0 399.5 400.4
410.1 11.56 397.0d 400.6 401.4
445.8 12.09 445.2 449.2 450.1

491.2 12.76 500.4 504.3d 505.7d

587.9 14.19 582.6 587.2 588.9
487.8 12.71 484.0 487.9 489.2
417.7 11.68 416.9 420.5 421.5
499.2 12.88 500.0 503.8 505.2
468.8 12.43 464.9 468.7 469.9
233.8 8.96 235.2 237.1 237.6
466.5 12.40 466.1 470.0 471.3
470.2 12.45 466.2 470.1 471.4
501.4 12.91 499.5 503.3 504.7
468.4 12.43 465.8 469.7 471.0
422.0 11.74 416.9 420.5 421.6
498.7 12.87 499.3 503.1 504.5
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Table A1 (continued )

Reactor name ID (wt.%235U) Burnup (GWd/MTU) Cooling time (days) Measured decay heat
and uncertainty

Calculated decay heat from STREAM with
different energy release model

Measured (W) 2s (W) CONSTKa (W) OTFKCQb (W) OTFKVQc (W)

5A3_1 (2.1) 19.7 6972 237.7 9.02 233.5 235.4 235.9
5A3_2 (2.1) 19.7 6975 236.7 9.00 233.5 235.4 235.9
5A3_3 (2.1) 19.7 6977 243.4 9.10 233.5 235.4 235.9
5A3_4 (2.1) 19.7 7291 230.9 8.92 230.1d 232.0 232.4
5A3_5 (2.1) 19.7 7304 230.3 8.91 229.9 231.8 232.3

a CONSTK mode in STREAM, fixed Kappa values.
b On-the-fly energy release model with constant qc (OTFKCQ).
c On-the-fly energy release model with explicit neutron-photon heating (OTFKVQ).
d Calculated result outside the range of measurement uncertainty.
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