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ABSTRACT

In support of the US Nuclear Regulatory Commission non-light-water reactor fuel cycle demonstration project,
SCALE 6.3.1 capabilities for radionuclide characterization, criticality, and shielding were demonstrated for
scenarios in the sodium-cooled fast reactor (SFR) nuclear fuel cycle. Three postulated accident scenarios
were selected for analysis in this work. As a basis for all scenarios, irradiated fuel inventories were
generated using SCALE/ORIGAMI. To cover multiple SFR design choices, two different types of SFR fuel,
uranium/transuranic-loaded and U-based fuels, were considered. For the first scenario, SCALE/MAVRIC
was used to calculate the radiation shielding and dose rates inside and outside of the containment building
due to a drop of a spent fuel assembly from the fuel-handling system during unloading inside the containment
building. For the second scenario, potential critical configurations in an electrofiner were investigated
through criticality calculations with SCALE/CSAS. For the third scenario, the activity of the waste salt
from an electrorefiner was evaluated using SCALE/ORIGEN. The dose rate produced by the analyzed SFR
assemblies is similar to that produced by a typical pressurized water reactor (PWR) fuel assembly with a
discharge burnup of 50 GWd/MTU, with the same cooling time of 10 days. The criticality analyses suggested
that the different electrorefiner configurations have a large margin to criticality. The activity analysis of
the electrofiner waste revealed that shielding and cooling may be required for the waste salt that contains
transuranics and fission products produced by the electrorefiner because of the high activity of the waste
salt. In general, the application of various capabilities in the SCALE code system for SFR fuel inventory
generation, criticality, and shielding was successfully demonstrated for the selected scenarios in the SFR
nuclear fuel cycle. Additional analyses can be performed to provide more accurate results when more details
of the SFR nuclear fuel cycles are available, for example, the dimension of the electrorefiner and the salt
compositions during reprocessing,
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1. INTRODUCTION

The US Nuclear Regulatory Commission (NRC) has been supporting the evaluation of computer code
capabilities for modeling accident-progression, source-term, and consequence analysis in non-light-water
reactor (non-LWR) systems (US NRC 2020a). With the goal of helping meet the licensing needs in the
near future, the computer codes SCALE (Wieselquist and Lefebvre 2023) and MELCOR (Humphries et
al. 2021) were evaluated for relevant non-LWR applications. The SCALE code system, developed at Oak
Ridge National Laboratory (ORNL), is used for radionuclide characterization, criticality analyses, and
shielding analyses, whereas the MELCOR code, developed by Sandia National Laboratories, performs
severe accident-progression and source-term analyses for accident scenarios using the nuclide inventories and
decay heat generated by SCALE. The modeling and simulation capabilities of these codes for non-LWRs
have been demonstrated, including for heat pipe reactors (Walker et al. 2021; Wagner, Faucett, et al. 2022),
high-temperature pebble-bed gas-cooled reactors (Wagner, Beeny, and Luxat 2022; Skutnik and Wieselquist
2021), fluoride-salt-cooled high-temperature reactors (Bostelmann et al. 2022; Wagner, Haskin, et al. 2022),
molten-salt-fueled reactors (Lo et al. 2022; Wagner et al. 2023), and sodium-cooled fast reactors (SFRs) (Shaw
et al. 2023; Wagner, Beeny, and Luxat 2023).

Following these initial efforts, a new NRC project supports the demonstration of computer code capabilities
for radionuclide inventory characterization, criticality analyses, and shielding analyses in all fuel cycle stages
of non-LWRs (US NRC 2021). The first task for this project was to develop representative nuclear fuel cycles
for five non-LWR designs and to identify potential hazards and accident scenarios in the individual fuel cycle
stages summarized by Bostelmann et al. (2023). Individual accident scenarios from this work were selected
for the demonstration of capabilities for SCALE and MELCOR. The accident scenarios were thereby selected
based on their suitability to be used for code demonstration but independently of their probability to occur.
The first demonstration was carried out for the safety of a high-temperature pebble-bed gas-cooled reactor
fuel cycle using SCALE and MELCOR (US NRC, ORNL, SNL 2023). The present report documents the
second demonstration for an SFR. The 250 MWth Advanced Burner Test Reactor (ABTR) was selected as
the reference design to leverage the previous modeling efforts (Shaw et al. 2023).

The ABTR is a conceptual pool-type SFR design using U/transuranic (U/TRU) metallic fuel, developed
by Argonne National Laboratory (ANL) (Chang, Finck, and Grandy 2006; Kim 2020). It is intended to
demonstrate the safety of SFRs, demonstrate the transmutation of transuranics (TRUs), and qualify the
TRU-containing fuel in an SFR. As illustrated in Figure 1, the reactor core comprises 54 fuel assemblies,
78 reflector assemblies, 48 shield assemblies, 10 control rod assemblies, and 9 test assemblies. The fuel
assemblies are divided into inner and outer regions with different TRU enrichments to flatten the radial power
distributions. The U/TRU isotopic composition of the driver fuel assembly is obtained from weapons-grade
Pu, and the test fuel assembly uses U/TRUs from 10-year cooled light-water reactor spent fuel with burnup of
33 GWd/tHM. The reactor core operates following multibatch refueling with a cycle length of 4 months.
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Figure 1. SCALE ABTR-250 model.

The demonstration of the SCALE code to analyze the safety of SFR nuclear fuel cycles was performed in
three accident scenarios, which included:

• Release of fission products during operation/refueling. A seismic event or earthquake was assumed,
causing the refueling machine to fall and release the fuel assembly. The radiation doses inside and
outside reactor containment due to the unshielded fuel assembly were calculated.

• Fissile material buildup during reprocessing. The misfeed of material into the electro-processing batch
was assumed, leading to fissile material buildup on the cathode. The criticality calculations of an
electrorefiner due to the fissile misfeed were calculated.

• Release of fission products during reprocessing. A leak in the waste stream storage tank was assumed
and allowed the release of fission products during reprocessing. The activity of the waste stream was
evaluated.

While nuclear fuel reprocessing is presently not implemented in the United States, it is covered in this study.
Its crucial role in the closed fuel cycles, as exemplified in the historical operation of the Experimental Breeder
Reactor II, highlights its importance.
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2. SCALE CODE APPLICATIONS

The SCALE code system includes analysis sequences for reactor physics, depletion, criticality, shielding, and
cross section sensitivity/uncertainty calculations. The work described in this report was accomplished mainly
using four sequences of SCALE 6.3.1.

• SCALE/TRITON was used to generate the ORIGEN reactor libraries. ORIGEN reactor libraries
are sets of ORIGEN one-group cross section libraries for specific reactor types and fuel assembly
configurations, parameterized to relevant conditions such as fuel enrichment and burnup histories.

• SCALE/ORIGAMI was used to obtain the spent fuel inventories in each accident scenario. This
sequence rapidly computes detailed irradiated and decayed isotopic compositions using the ORIGEN
transmutation solver based on pregenerated ORIGEN reactor libraries. It also provides the decay heat,
activity, and radiation source terms of the spent fuel. Additionally, it can be used to consider the activa-
tion of the irradiated nonfuel materials, such as the cladding and structural materials. SCALE/ORIGEN
can be used as a stand-alone code or within other modules to perform depletion and decay calculations.

• SCALE/MAVRIC was used to perform the shielding and radiation dose calculations (Peplow 2011).
The shielding analysis sequence uses the MONACO module for Monte Carlo photon and neutron
transport calculations. It can automatically generate variance reduction parameters based on input
specifications for shielding analyses. The variance reduction methods implemented in MAVRIC
significantly increase the figure of merit of Monte Carlo transport calculations by systematically
reducing statistical uncertainties and computational time (Peplow 2011; Wagner, Peplow, and Mosher
2014; Evans et al. 2010). Radiation source terms determined with depletion and decay modules in
SCALE can be directly accessed by MAVRIC, which reduces the complexity of input specifications.

• SCALE/CSAS was used to conduct the criticality calculations. This sequence uses the Monte Carlo
neutron code KENO or Shift to evaluate the multiplication factor of a system.
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3. SPENT FUEL INVENTORY GENERATION

The inventory of spent nuclear fuel is essential for evaluating radiation source terms in modeled accident
scenarios. The present study generated spent fuel inventories for radiation source terms from the ABTR and a
typical pressurized water reactor (PWR). The spent fuels encompassed four types, as summarized in Table 1.
The ABTR U/TRU metallic fuel contained weapons-grade plutonium (Chang, Finck, and Grandy 2006),
with differing TRU contents for the inner and outer fuel assemblies. Specifically, the inner fuel assembly
contained a lower TRU content of 16.5 wt %, whereas the outer fuel assembly used a slightly higher TRU
content of 20.7 wt %. Furthermore, the inner fuel assembly was irradiated with comparatively high specific
power and achieved slightly higher discharged burnup than the outer fuel assembly. However, subsequent
analysis revealed that the ABTR inner and outer fuels exhibited similar decay heat and activity characteristics.
Therefore, only the ABTR inner fuel assembly was adopted as the radiation source terms in the modeled
accident scenarios.

Table 1. Initial fuel compositions and irradiation histories of spent nuclear fuels

Parameter
ABTR U/TRU

Inner
ABTR U/TRU

Outer
ABTR

HALEU
PWR

Fuel U/TRU-10Zr U/TRU-10Zr U-10Zr UO2
Fuel density (g/cm3) 11.37 11.37 11.37 10.40
Fuel enrichment (wt %) 16.5% TRU 20.7% TRU 16.5% 235U 4.20% 235U
Heavy metal per assembly (kg) 72.193 72.193 72.193 459.52
Specific power (GW/tHM) 65.62 51.46 46.22 33.70
Irradiation length (cycles) 12 15 6 3
Cycle length (days) 120 120 540 494.56
Cooling between cycle (days) 10 10 10 24.73
Discharged burnup (GWd/tHM) 94.50 92.60 149.74 50.00
Applied scenarios All — All 2 and 3

In addition to using U/TRU metallic fuel, this study considered the operation of ABTR with fresh U-10Zr
metallic fuel, which is being considered as the near-term fuel material for the SFR. The U-10Zr fuel material
is comprised of 10 wt % zirconium and 90 wt % high-assay low-enriched U (HALEU) with an enrichment
of approximately 16.5 wt %, and could attain a discharged burnup of up to 150 GWd/tHM. The ranges of
enrichment and discharged burnup were in concordance with the SFR designs pursued by the industry (Neider
2021). The ABTR HALEU fuel was employed as the radiation source terms in the modeled accident scenarios
as well.

Moreover, the spent nuclear fuel assembly derived from the PWR was also considered as the radiation source
terms, specifically during the fuel reprocessing stage in scenarios 2 and 3. Notably, a fast reactor is commonly
proposed to diminish the amount of spent nuclear fuel produced by the existing light-water reactor fleets by
means of recycling the U and TRUs into a fuel. The spent fuel inventory of the PWR fuel was generated for
a typical 3,000 MWth reactor whose fuel has an initial enrichment of 4.2 wt % and attains a burnup of 50
GWd/tHM (Kim and Taiwo 2010).

To determine the nuclide inventory of the ABTR irradiated fuel rapidly, ORIGEN reactor libraries were
developed based on an ENDF/B-VII.1 nuclear data library (Chadwick et al. 2011) for ABTR U/TRU and
HALEU fuels. This involved performing depletion calculations on a 2D axial slice of the core using
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SCALE/TRITON to accurately capture the radial spectral effects. A softer neutron spectrum was observed in
the outer fuel assemblies near the steel reflector region. However, the axial spectral effects on the one-group
cross sections were determined to be negligible (Shaw et al. 2023). The resulting ABTR reactor libraries,
generated using SCALE/TRITON, included parameterization of fuel burnup only because the one-group
cross sections were found not to exhibit sensitivity to other irradiation parameters, such as temperature (Shaw
et al. 2023). The generated ABTR reactor libraries covered burnup ranges up to 140 GWd/tHM for U/TRU
fuels and 150 GWd/tHM for HALEU fuels, which exceeded the discharged burnup values. Meanwhile,
the ORIGEN reactor libraries for a 17 × 17 PWR were used in SCALE/ORIGAMI to generate the nuclide
inventory of the PWR spent fuel.

Figure 2 illustrates the fractional changes in the compositions between the fresh and the spent fuels for all the
considered fuels. The ABTR spent fuels contained a higher proportion of TRUs and fission products (FPs)
than the PWR’s. For instance, the fractions of TRUs and FPs in the PWR spent fuel were only about 1.17 wt
% and 4.55 wt %, respectively. On the other hand, the ABTR spent fuels contained more than 8 wt % of FPs
and 6 wt % of TRUs, which was expected given that ABTR spent fuels are discharged at a higher burnup.
Notably, the ABTR HALEU spent fuel had the highest fraction of FPs because of the highest burnup of ∼150
GWd/tHM.

Figure 2. Composition distributions in the fresh and spent fuels (wt %).

Comparing the fractional changes in composition of the ABTR U/TRU and HALEU was also noteworthy.
The ABTR HALEU spent fuel showed an approximate FP content of 12.43 wt %, which was significantly
higher than that of the U/TRU spent fuel because of the former’s higher burnup (∼150 GWd/tHM). However,
the TRU content in the ABTR HALEU spent fuel was only about 6.19 wt %, which was lower than that of
the U/TRU fuel. This outcome was expected given that the ABTR U/TRU fuel is initially loaded with TRU.
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(a) Decay heat (b) Activity

Figure 3. Decay heat and activity of the spent nuclear fuels.

Further analysis of decay heat and radionuclide activity showed important differences among these fuel
assemblies. As depicted in Figure 3, the decay heat at shutdown accounted for approximately 5% to 7% of its
operating power, with minimal variation among the considered spent fuel assemblies. The ABTR U/TRU
inner fuel initially exhibited slightly higher decay heat due to its higher specific power, despite having lower
burnup than the ABTR HALEU fuel. However, after approximately 3 years, the decay heat of the ABTR
HALEU fuel may slightly exceed that of the other fuel assemblies due to its higher content of FPs. This
observation was also reflected in the activity of the irradiated fuel after discharge. The activity of the ABTR
HALEU was higher compared to the other fuel assemblies after approximately 3 years, consistent with the
trend in decay heat. Moreover, the decay heat and activity of PWR spent fuel decreased faster than those of
the ABTR because of the PWR spent fuel’s lower FP buildup and fuel burnup. These findings provide a clear
understanding of the characteristics of these spent nuclear fuels, which is vital for the physics of the analyses.
The similarities observed in the characteristics of the inner and outer ABTR U/TRU fuels led to the inner fuel
assembly being selected as the radiation source terms in this analysis.
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4. ANALYSIS OF POSTULATED ACCIDENT SCENARIOS

4.1 RELEASE OF FISSION PRODUCTS DURING OPERATION/REFUELING

The ABTR fuel–handling system illustrated in Figure 4, which is situated within the containment building
(CB), reloads the core with fresh fuel assemblies and removes fuel assemblies that have reached their ends of
life out of the core. Fuel assemblies that have attained their target burnups are extracted from the core and
transferred to an in-vessel storage rack located outside the reactor barrel, within the pool, for up to seven
irradiation cycles. From there, the spent fuel assemblies are moved to an interbuilding cask pit. During
this transfer, a seismic event was postulated, causing the refueling machine to collapse and to drop the fuel
assembly inside the CB. Dose rates were evaluated for this ABTR postulated accident scenario for radiation
sources from fuel assemblies at different cooling times, ranging from 10 days to the equivalent of 7 fuel
irradiation cycles. The 10-day cooling time is associated with an off-normal event in which a spent fuel
assembly with a much stronger radiation source is selected for extraction from the storage rack because of
error.

Figure 4. ABTR fuel–handling system (Chang, Finck, and Grandy 2006).

4.1.1 Radiation Source Term Characteristics

The calculated radiation source terms, including gamma and neutron sources in the fuel region and activation
sources in the nonfuel regions, were characterized and are discussed. Gamma source intensity variation
as a function of energy is shown in Figure 5 for the ABTR U/TRU and HALEU spent fuels with a 10-day
cooling time and after the equivalent cooling period of 7 irradiation cycles (i.e., 840 days for U/TRU fuel
and 3,780 days for HALEU fuel). The gamma source terms shown were generated on the 47–energy group
structure available in SCALE, the energy values of which are provided in Table 2, along with group gamma
intensity values. The U/TRU and HALEU spent fuels cooled for 10 days exhibited similar gamma source
characteristics for gamma energies up to approximately 3.5 MeV. The gamma rays above 3.5 MeV were
primarily the product of TRU nuclide decay. Therefore, the U/TRU gamma source intensity was significantly
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higher than the HALEU gamma source intensity above 3.5 MeV, as shown in Figure 5, because U/TRU spent
fuels have significantly greater TRU content than HALEU spent fuels (13.07 wt % vs. 6.19 wt %). However,
the source intensity of gamma radiation with energy above 3.5 MeV was many orders of magnitude lower
than the total gamma source intensity and is expected to make insignificant contributions to dose. The gamma
source intensity of the U/TRU spent fuel was higher than that of the HALEU spent fuel after 7 irradiation
cycles of cooling time because of difference cycle lengths (3,780 days for HALEU spent fuel compared to
840 days for U/TRU spent fuel, respectively, for 7 cycles).

(a) Gamma source intensity at 10-day cooling (b) Gamma source intensity at 7-cycle cooling

Figure 5. Gamma sources as a function of energy and cooling time for U/TRU and HALEU fuels.

Table 3 summarizes the FPs important to the gamma source terms; these FPs contributed more than 1% of
the spent fuel assembly gamma sources within 0.4–3 MeV for each cooling time at the different spent fuel
cooling times. Generally, gamma radiation within this energy range is expected to contribute significantly
to the external dose rates of shielded spent fuel systems (US NRC 2020b). The FP nuclides are listed in
Table 3 in order of increasing mass number. The contribution of a gamma-emitter nuclide to the dose rate is
proportional to its nuclide activity and the energies and emission probabilities of its gamma rays. The FPs in
Table 3 have been identified as gamma emitters in the ORIGEN output, but their individual contributions to
the dose rate have not been determined in this study.

Many FPs contributed to the gamma source term of ABTR spent fuel cooled for only 10 days. The most
important gamma emitter among these FPs was the short-lived 140La (T1/2 = 1.678 days), which is a direct
FP and is also produced by 140Ba (T1/2 = 12.75 days) beta decay. Both FPs have large cumulative fast fission
yields (e.g., approximately 6% for 235U fission and 5.3% for 239Pu fission), and the gamma emission spectrum
of 140La includes strong gamma rays (e.g., 2.522 and 1.597 MeV with emission probabilities of 3.4% and
95.4%, respectively). As seen in Figure 5, the gamma source term exhibited a peak at 1.597 MeV because of
the higher intensity of the 140La gamma rays.

The number of gamma emitters decreased with increasing cooling times due to their short half lives. Gamma
emissions from 106Rh, 154Eu, 134Cs, and 37mBa were important for longer cooling times. Beta particles from
90Sr/90Y have high endpoint energies (2.274 MeV) and produce high-energy bremsstrahlung radiation in
spent fuel. Main Zr activation products that are gamma emitters include 95Zr (T1/2 = 64.02 days) and 95Nb
(T1/2 = 34.99 days).
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Table 2. Gamma source intensity (photons/s) as a function of energy

Energy Group Energy group range (MeV) U-TRU-10Zr HALEU
10 days 840 days 10 days 3,780 days

1 1.20 × 101 – 1.00 × 101 9.82 × 103 5.01 × 103 1.91 × 102 5.15 × 101

2 1.00 × 101 – 8.00 × 100 1.34 × 105 6.85 × 104 2.62 × 103 7.09 × 102

3 8.00 × 100 – 7.50 × 100 1.10 × 105 5.60 × 104 2.14 × 103 5.83 × 102

4 7.50 × 100 – 7.00 × 100 1.89 × 105 9.65 × 104 3.70 × 103 1.01 × 103

5 7.00 × 100 – 6.50 × 100 3.27 × 105 1.67 × 105 6.40 × 103 1.75 × 103

6 6.50 × 100 – 6.00 × 100 5.63 × 105 2.87 × 105 1.11 × 104 3.03 × 103

7 6.00 × 100 – 5.50 × 100 9.72 × 105 4.95 × 105 1.91 × 104 5.27 × 103

8 5.50 × 100 – 5.00 × 100 1.68 × 106 8.55 × 105 3.31 × 104 9.15 × 103

9 5.00 × 100 – 4.50 × 100 2.89 × 106 1.47 × 106 5.72 × 104 1.59 × 104

10 4.50 × 100 – 4.00 × 100 4.99 × 106 2.54 × 106 9.90 × 104 2.77 × 104

11 4.00 × 100 – 3.50 × 100 9.51 × 109 2.03 × 109 4.24 × 109 3.83 × 106

12 3.50 × 100 – 3.00 × 100 1.79 × 1012 6.47 × 1010 1.24 × 1012 1.18 × 108

13 3.00 × 100 – 2.75 × 100 4.10 × 1012 1.29 × 1011 2.88 × 1012 2.32 × 108

14 2.75 × 100 – 2.50 × 100 1.87 × 1014 4.05 × 1011 1.38 × 1014 1.41 × 109

15 2.50 × 100 – 2.35 × 100 5.98 × 1012 7.41 × 1011 3.34 × 1012 1.99 × 109

16 2.35 × 100 – 2.15 × 100 9.60 × 1013 5.10 × 1012 7.33 × 1013 6.77 × 109

17 2.15 × 100 – 2.00 × 100 2.81 × 1013 6.33 × 1011 1.65 × 1013 3.05 × 109

18 2.00 × 100 – 1.80 × 100 3.29 × 1013 1.37 × 1012 1.95 × 1013 2.07 × 1010

19 1.80 × 100 – 1.66 × 100 1.76 × 1013 1.80 × 1012 1.14 × 1013 4.77 × 1010

20 1.66 × 100 – 1.57 × 100 4.96 × 1015 1.44 × 1012 3.67 × 1015 3.96 × 1011

21 1.57 × 100 – 1.50 × 100 1.59 × 1013 2.84 × 1012 8.49 × 1012 7.39 × 1010

22 1.50 × 100 – 1.44 × 100 5.15 × 1013 3.40 × 1012 4.20 × 1013 2.17 × 1011

23 1.44 × 100 – 1.33 × 100 1.17 × 1014 8.52 × 1012 9.48 × 1013 1.38 × 1012

24 1.33 × 100 – 1.20 × 100 1.80 × 1014 1.34 × 1013 1.70 × 1014 7.25 × 1012

25 1.20 × 100 – 1.00 × 100 6.10 × 1014 4.33 × 1013 5.73 × 1014 6.02 × 1012

26 1.00 × 100 – 9.00 × 10−1 8.03 × 1014 1.13 × 1013 5.99 × 1014 3.38 × 1012

27 9.00 × 10−1 – 8.00 × 10−1 2.09 × 1015 3.70 × 1013 2.04 × 1015 6.70 × 1012

28 8.00 × 10−1 – 7.00 × 10−1 1.51 × 1016 1.90 × 1014 1.30 × 1016 2.94 × 1013

29 7.00 × 10−1 – 6.00 × 10−1 3.92 × 1015 1.02 × 1015 3.59 × 1015 8.21 × 1014

30 6.00 × 10−1 – 5.12 × 10−1 2.01 × 1015 7.03 × 1013 1.64 × 1015 1.18 × 1013

31 5.12 × 10−1 – 5.10 × 10−1 1.05 × 1015 2.24 × 1014 4.79 × 1014 5.13 × 1011

32 5.10 × 10−1 – 4.50 × 10−1 1.03 × 1016 3.35 × 1013 6.48 × 1015 5.71 × 1012

33 4.50 × 10−1 – 4.00 × 10−1 7.37 × 1014 4.73 × 1013 5.41 × 1014 7.40 × 1012

34 4.00 × 10−1 – 3.00 × 10−1 4.31 × 1015 8.89 × 1013 3.09 × 1015 1.94 × 1013

35 3.00 × 10−1 – 2.60 × 10−1 1.47 × 1015 5.09 × 1013 1.15 × 1015 1.17 × 1013

36 2.60 × 10−1 – 2.00 × 10−1 2.19 × 1015 7.27 × 1013 1.87 × 1015 1.84 × 1013

37 2.00 × 10−1 – 1.50 × 10−1 1.44 × 1015 1.30 × 1014 1.14 × 1015 3.26 × 1013

38 1.50 × 10−1 – 1.00 × 10−1 8.87 × 1015 2.96 × 1014 7.32 × 1015 6.52 × 1013

39 1.00 × 10−1 – 7.50 × 10−2 4.18 × 1015 2.15 × 1014 3.28 × 1015 5.79 × 1013

40 7.50 × 10−2 – 7.00 × 10−2 3.97 × 1014 4.52 × 1013 3.06 × 1014 1.32 × 1013

41 7.00 × 10−2 – 6.00 × 10−2 1.12 × 1015 1.15 × 1014 8.88 × 1014 3.43 × 1013

42 6.00 × 10−2 – 4.50 × 10−2 1.91 × 1015 1.86 × 1014 1.86 × 1015 5.61 × 1013

43 4.50 × 10−2 – 3.00 × 10−2 7.26 × 1015 4.55 × 1014 5.52 × 1015 1.69 × 1014

44 3.00 × 10−2 – 2.00 × 10−2 5.81 × 1015 3.87 × 1014 4.36 × 1015 1.14 × 1014

45 2.00 × 10−2 – 1.00 × 10−2 9.69 × 1015 7.36 × 1014 8.16 × 1015 2.39 × 1014

Total 9.09 × 1016 4.49 × 1015 7.22 × 1016 1.73 × 1015
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Table 3. Nuclides important to gamma sources in spent U/TRU and HALEU fuels

10 days of cooling 7 cycles of cooling

Nuclide Half-life Nuclide Half-life
91Y 58.5 days 90Sr/90Y 28.78 years/2.67 days
95Zr 64.02 days 106Ru/106Rh 1.02 years/2.18 h
95Nb 34.99 days 110mAg 249.8 days
103Ru 39.27 days 125Sb 2.758 years

106Ru/106Rh 1.02 years/2.18 h 134Cs 2.065 years
124Sb 60.2 days 137Cs/137mBa 30.07 years/2.552 months

132Te/132I 3.2 days/2.28 h 144Ce/144Pr 284.6 days/17.28 months
134Cs 2.065 years 152Eu 13.54 years

136Cs/136mBa 13.16 days/0.308 s 154Eu 8.593 years
137Cs/137mBa 30.07 years/2.552 months — —
140Ba/140La 12.75 days/1.678 days — —
144Ce/144Pr 284.6 days/17.28 months — —

147Nd 10.98 days — —
148mPm 42.3 days — —

154Eu 8.593 years — —
156Eu 15.2 days — —

Meanwhile, the neutron sources were entirely produced by actinide spontaneous fission. Light-element
impurities, which would contribute neutrons from (α,n) reactions, were not specified in the initial fuel
compositions because no information is currently available about typical light-element impurity contents in
these fuels. The main neutron emitters are presented in Table 4 along with their percentage contributions
to the total fuel assembly neutron sources. For U/TRU spent fuel, the main neutron emitters were 244Cm
(T1/2 = 18.10 years) and 242Cm (T1/2 = 162.8 days), with the latter having significant contributions only for
the 10-day cooling time. The main neutron emitters in the HALEU spent fuel included 242Cm and 240Pu
(T1/2 = 6.56 × 103 years) at a 10-day cooling time and 240Pu, 238Pu (T1/2 = 87.7 years), and 244Cm at the
longer cooling time. Neutron source intensity as a function of energy is illustrated in Figure 6 for the spent
U/TRU and HALEU with the 10-day cooling time. The graph shows that the U/TRU spent fuel produced
a greater neutron source than the HALEU spent fuel, primarily because of the initial high TRU content of
the U/TRU fuel. The U/TRU spent fuel has 16.5% TRU initial content, which includes 50.8 g 244Cm per
tHM. However, the neutron sources were many orders of magnitude lower than the gamma sources and had
negligible dose rate contributions for the cooling time range analyzed. For example, the maximum neutron
dose rate was more than three orders of magnitude lower than the maximum gamma dose rate outside the CB,
as seen in Section 4.1.2.

The nonfuel regions of the ABTR fuel assemblies, such as HT-9 alloy in cladding and ducts and stainless
steel (SS) 316 alloy in the upper and lower structure regions, were also activated and taken into account in the
radiation source terms calculation by SCALE/ORIGAMI. Six axial zones were used to consider the nonfuel
regions because the neutron flux of nonfuel regions is much lower than that in the core (see the low scaling
factor for the nonfuel regions in Table 5). The evaluated total neutron flux values for the calculated ratios of
the nonfuel region flux to the fuel region flux for the upper plenum with a bond and the lower reflector were
31.7% and 37.1%, respectively, of the total neutron flux in the core region. Beyond these axial regions, the
neutron flux decreased significantly, representing less than 10% of that of the fuel region flux. To account
for the actual neutron flux in a nonfuel axial region, the activation source strength, determined as previously
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Table 4. Relative contributions of key nuclides to neutron sources

Cooling time ABTR HALEU ABTR U/TRU

10 days
242Cm (74.2%)
240Pu (17.3%)

242Cm (44.3%)
244Cm (54.0%)

7 cycles

240Pu (71.3%)
238Pu (16.2%)
244Cm (11.5%)

244Cm (94.1%)
242Cm (0.27%)

Figure 6. Neutron sources as a function of energy for U/TRU and HALEU spent fuels with a 10 day
cooling time.
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described, was multiplied by the ratio of the neutron flux of the nonfuel axial region to the fuel neutron
flux. This ratio, denoted as the scaling factor in Table 5, was used to scale the activation source strength
accordingly. Additionally, the fuel neutron spectrum was assumed for each of the nonfuel axial zones.

Table 5. Neutron flux in nonfuel materials

Axial zone Nonfuel mixture
Total flux
(n/cm2s)

Scaling factora

Lower structure SS-316 5.0470 × 1013 0.022
Lower reflector HT-9 7.3475 × 1014 0.317
Core HT-9 2.3180 × 1015 1.000
Upper plenum with Na bond HT9 8.5988 × 1014 0.371
Upper gas plenum HT-9 1.9273 × 1014 0.083
Upper structure SS-316 4.6464 × 1013 0.020
Duct HT-9 1.0111 × 1015 0.436
aAxial region neutron flux normalized to the core flux

The observed main activation products that are gamma emitters included 51Cr (T1/2 = 27.7 days), 59Fe
(T1/2 = 44.5 days), 58Co (T1/2 = 70.85 days), 54Mn (T1/2 = 312.1 days), and 60Co (T1/2 = 5.272 years),
which is an activation product of the Co impurity assumed in the alloy compositions. The evaluated activation
gamma source was much lower than the FP gamma source, and consequently, the gamma dose rate produced
by the activation products was negligible relative to the gamma dose rate produced by FP decay, as seen in
Section 4.1.2.

4.1.2 Radiation Dose Rate

The computed dose rate values considered the contributions from previously discussed radiation source terms,
which include gamma radiation emitted by unstable FPs, gamma radiation from the decay of activation
products, Bremsstrahlung radiation, neutrons from spontaneous fission and subcritical multiplication, and
secondary gamma radiation from neutron captures in materials. To calculate the dose, the 3D CB model
was developed in SCALE/MAVRIC based on the ABTR design. It featured a cylindrical wall, which had an
outer diameter of 19.639 m, a thickness of 98 cm, and a height of 17.942 m, closed by a hemispherical dome,
which was 9.82 m high. The CB wall contained a 1.2 cm thick inner steel liner. The material composition of
the reinforced concrete wall was based on a typical PWR reactor building rebar-to-concrete mass ratio for the
reinforced concrete wall of 0.106 (Peterson, Zhao, and Petroski 2005).

ENDF/B-VII.1 continuous-energy cross sections (Chadwick et al. 2011) were used in the Monte Carlo
calculations, and ANSI/ANS-1977 flux-to-dose-rate conversion factors (American Nuclear Society 1977)
were applied to photon/neutron flux estimates. The dose rate inside the CB was calculated using a Cartesian
mesh (dimensions x, y, z) subdivided into 20 × 20 × 20 cm voxels, and the dose rate outside the CB was
calculated using a cylindrical mesh (dimensions r, θ, z) subdivided into 40 cm × 3◦ × 50 cm voxels. The
relative statistical errors of the calculated dose rate values were less than 0.5% and 1% for the inner and outer
regions of the CB, respectively.

A sensitivity study was performed to determine the fuel assembly location and orientation that results in the
highest external dose rate. Two positions were analyzed, as depicted in Figure 7: (1) leaning on the CB wall
and (2) lying on the floor next to the CB wall. The maximum inner dose rate value was not sensitive to the
location of the fuel assembly analyzed (either on the floor or against the cylindrical wall). However, as seen
in Figure 7, the fuel assembly leaning on the CB wall produced a greater maximum external dose rate by
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approximately 10% than the other fuel location analyzed. Therefore, this model was used for all subsequent
dose rate calculations.

Figure 7. Sensitivity of external dose rate to fuel assembly (FA) location and orientation.

The dose rate maps for the inside and outside regions of the CB produced by the ABTR U/TRU and HALEU
spent fuels with a 10-day cooling time are shown in Figure 8. Variations with spent fuel assembly cooling
time of maximum dose rate values inside and outside the CB are shown on the graphs presented in Figure 9.
The maximum dose rate values next to a fuel assembly with a 10-day cooling time were 1.31 × 104 Sv/h
(1.31 × 106 rem/h) for the U/TRU spent fuel and 1.04 × 104 Sv/h (1.04 × 106 rem/h) for the HALEU spent
fuel. These dose rate values are similar to the maximum dose rate of 1.7 × 104 Sv/h (1.7 × 106 rem/h)
produced by an unshielded PWR fuel assembly with 0.467 MTU, an initial 235U enrichment of 4.2%, a
burnup value of 50 GWd/MTU, and a cooling time of 10 days.

The maximum external dose rate values produced by a spent fuel assembly considering all the radiation
sources with a 10-day cooling time were 7.21 mSv/h (721 mrem/h) for the U/TRU fuel and 5.33 mSv/h
(533 mrem/h) for the HALEU fuel. These maximum external dose rate values decreased by approximately
two and three orders of magnitude for U/TRU spent fuel cooled for 840 days and HALEU spent fuel cooled
for 3,780 days, respectively. In contrast, the dose rate maps produced by activation sources and neutrons in
Figures 10 and 11 show that these radiation sources were negligible compared with FP gamma sources.
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(a) Inside CB

(b) Outside CB

Figure 8. Total dose rate maps inside and outside the CB at a 10-day cooling time.
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(a) Inside CB (b) Outside CB

Figure 9. Maximum dose rates inside and outside the CB as a function of cooling time.

Figure 10. Dose rate map due to activation sources in HALEU spent fuel with a 10-day cooling time.
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Figure 11. Dose rate map due to neutron sources in HALEU spent fuel with a 10-day cooling time.

It is worth mentioning that the occupational annual dose limit for adults in Title 10 of the Code of Federal
Regulations, Part 20.1201, specifies a total effective dose equivalent of 5,000 mrem (50 mSv). Although the
presence of personnel at locations near the CB exterior wall is not expected, the postulated accident scenario
would cause a significant increase in the effective dose equivalent for external exposures only if a spent fuel
assembly cooled for 10 days were inadvertently selected for transfer.

4.2 CRITICALITY EVENT/FISSILE MATERIAL BUILDUP DURING REPROCESSING

The electrometallurgical processing technology was proposed by ANL to address the treatment of all US
Department of Energy spent fuels (National Research Council 2000; Fredrickson et al. 2022). Although
reprocessing of nuclear fuel is not currently implemented in the United States, it is covered in this work as a
basis for code demonstration for closed fuel cycles. In nuclear energy systems, fuel cycles can be categorized
as either open or closed. In an open fuel cycle, nuclear fuel is used once in a reactor and then considered spent,
with the spent fuel typically treated as waste and stored in repositories without reprocessing. Conversely, in a
closed fuel cycle, spent nuclear fuel is reprocessed to extract useful materials such as uranium and plutonium.
These materials can then be recycled and reused as fuel in reactors, allowing for additional energy extraction
and reducing the volume and radiotoxicity of nuclear waste.
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Figure 12. Electrometallurgical processing diagram (National Research Council 2000).

The present study builds upon the insights from treating spent nuclear fuel in Experimental Breeder Reactor
II (EBR-II), as illustrated in Figure 12. The fuel assembly is chopped initially, and the resulting fuel segments
are put into an electrorefiner. This process yields pure U salt, which can undergo further processing to become
the final product (e.g. uranium metal ingot). TRUs, along with some FPs, become dissolved in the salt and
treated as waste. An additional process is necessary for recycling UO2 spent fuel, for example, originating
from PWRs. In this case, the oxide fuel segments undergo oxide reduction (voloxidation) producing U3O8
before being transferred into the electrorefiner.

3D SCALE/CSAS-Shift electrorefiner models for criticality calculations were developed based on publicly
available information and included many assumptions because of a lack of data specifically related to waste
salt compositions. A 40-inch diameter and 40-inch height electrorefiner was modeled with single and dual
cathodes as illustrated in Figure 13 (Mariani et al. 1996). The anode basket, containing the chopped fuel
segments, was represented as a hollow cylindrical region containing salt. At the bottom of the electrorefiner,
there was a cadmium pool, 6 inches deep, followed by a 12-inch-thick layer of molten salt. The cadmium
pool was included to gather fallen uranium dendrites from the cathode (Li 2008).

Initially, molten LiCl-KCl eutectic at 500◦C was used as the salt. However, as spent fuel is processed, the
TRUs and FPs accumulate in the salt. In this study, the salt was assumed to be loaded with 10 wt % of TRUs
and FPs. The FPs dissolved in the salt were the elements from alkali metal, alkali earth, rare earth, and noble
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metals (Laidler et al. 1997). The complex geometry of the U dendrite collected in the steel cathode was
defined as a homogeneous mixture because such complexity was impractical to handle with SCALE/CSAS’s
geometry packages. It is also important to note that simplifying the dendrite’s geometry to a homogeneous
mixture may not significantly impact the resulting keff . The steel cathode in the homogeneous U region had a
radius of 3.175 cm and a length of 17.48 cm, and the outer diameter and the height of the U region were 25.4
cm.

Figure 13. SCALE electrorefiner (ER) models.

Four configurations were studied for both the single- and the dual-cathode electrorefiners:

1. Electrorefiner with vacuum boundary conditions to simulate a single eletrorefiner (Figure 13),

2. Electrorefiner with reflective boundary conditions to simulate an array of electrorefiners (Figure 13),

3. Electrorefiner positioned in the center of a concrete room, surrounded by air (Figure 14),

4. Electrorefiner positioned in the center of a flooded concrete room (Figure 14).

The electrofiners were loaded with 3 different recycled fuels:

1. ABTR U/TRU spent fuel with burnup of 94.5 GWd/tHM and after 5 years of cooling,

2. ABTR HALEU spent fuel with burnup of 149.74 GWd/tHM and after 5 years of cooling,

3. PWR spent fuel with burnup of 50 GWd/tHM and after 10 years of cooling.

For all 24 models (2 electrofiner models × 4 configurations × 3 fuel types), the following criticality calcula-
tions were performed:

1. Criticality as a function of the U mass building up in the steel cathode. The U mass in the cathode was
varied using a density multiplier ranging from 0.1 to 1.0 while assuming a U theoretical density of
18.56 g/cm3,

2. Criticality as a function of the salt height in the electrorefiner while considering the maximum mass of
U in the steel cathode.
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Figure 14. SCALE model of a electrorefiner (ER) placed in a room .

Figures 15 and 16 present the multiplication factor (k) of for the first two electrorefiner configurations, i.e.
the single electrorefiner with vacuum and with reflective boundary conditions, as a function of U mass
in the cathode and as a function of the salt height, respectively. The analyses were performed using both
ENDF/B-VII.1 (Chadwick et al. 2011) and ENDF/B-VIII.0 (Brown et al. 2018) continuous-energy libraries.
The application of reflective boundary conditions allows the assessment of the infinite multiplication factor
(kinf) for an infinite array of electrorefiners in both axial and radial directions, while the vacuum boundary
condition defines a single, isolated bare electrorefiner, resulting in the evaluation of the effective multiplication
factor (keff).

For the isolated bare electrorefiner, keff consistently remained lower than the typical limit of 0.95 for criticality
safety, even at the maximum conditions for the U mass in the cathode and the increased salt height. The
same is valid for the reflected electrorefiner model when using HALEU and PWR spent fuel. However,
when varying the salt height, the reflected electrorefiner model with ABTR U/TRU spent fuel resulted in kinf
exceeding the safety limit of 0.95 when the additional salt height surpassed 70%.

The increase in k with U mass in the cathode when recycling HALEU spent fuel is due to the fact that the
ABTR HALEU spent fuel still contained approximately 6% 235U. Increasing the U mass in the cathode
consequently leads to more fissile material in the cathode and a k increase. A similar, but less steep, increase
is observed for the same reason when recycling PWR spent fuel and increasing the U mass in the cathode.
Because the remaining fissile material in the ABTR U/TRU spent fuel is Pu which is present at a high
weight fraction of approximately 68% in the salt, the multiplication factor for recycled U/TRU fuel is steeply
increasing with an increasing salt height in the tank. However, due to a small fraction of 235U (0.08%) and a
high fraction of 238U (99.88%) of the U in the cathode, k is only insignificantly impacted by an increased
U mass in the cathode in a single electrorefiner configuration. Furthermore, in an array of electrorefiners
configuration, k exhibits a gradual decrease with an increasing U mass due to increasing absorption rate by
238U.
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Consistent k results were found for both applied nuclear data libraries with overall absolute maximum k
differences of 197 ± 9 pcm. Additionally, a negligible increment in k was observed between the single- and
the dual-cathode models.

(a) With reflective boundary conditions

(b) With vacuum boundary conditions

Figure 15. Multiplication factor of a bare electrorefiner as a function of U mass in the cathode.
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(a) With reflective boundary conditions

(b) With vacuum boundary conditions

Figure 16. Multiplication factor of a bare electrorefiner as a function of salt height in the tank.
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Figures 17 and 18 provide the keff of the electrorefiner model located in the center of a room at normal and
flooded conditions. In the flooded conditions, the air within the room was replaced by water to represent
increased neutron moderation. The results show that the keff trend at normal conditions aligns with the
bare electrorefiner model employing the vacuum boundary conditions. In all cases, including the flooded
conditions, keff remained below the subcriticality safety limit of 0.95. The maximum keff increase of
approximately 5243 ± 14 pcm due to flooding was found for the maximum salt height when recycling ABTR
U/TRU spent fuel. Similar to the previous analysis of the bare electrorefiner, the higher increase in keff
during the flooded condition when recycling ABTR U/TRU spent fuel is attributed to the higher fraction of
plutonium in the salt. A minimal increase of keff between the results of ENDF/B-VII.1 and ENDF/B-VIII.0
(maximum 226 ± 19 pcm) was observed for all cases. On the other hand, the maximum difference in keff
between single- and dual-cathode electrorefiners was about 2012 ± 16 pcm for all cases.

Figure 17. Multiplication factor of an electrorefiner placed in the center of a room as a function of U
mass in the cathode.

Figure 18. Multiplication factor of an electrorefiner placed in the center of a room as a function of salt
height in the tank.
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4.3 RELEASE OF FISSION PRODUCTS DURING REPROCESSING

One of the waste streams during the reprocessing stage is the gaseous and volatile FPs, including I, Xe, and
Kr, typically collected during the fuel chopping stage. These FPs can be retained in a tank and safely released
to the environment directly once their activities decay to low enough values. Figure 19 depicts the activity of
these gaseous and volatile FPs, measured in Ci/metric ton heavy metal (MTHM), for the three recycled spent
fuels. Notably, the salt recycling ABTR HALEU spent fuel had the highest activity because it contained more
gaseous and volatile FPs due to higher burnup.

Figure 19. Activity of the gaseous and volatile fission products as a function of decay time.

Another waste stream during the reprocessing stage is the used salt that contains TRUs and FPs. In this
scenario, the used salt storage tank was assumed to leak. The volumetric activity of the salt used in Section 4.2
was calculated as a function of cooling time and is illustrated in Figure 20. Similar to Figure 19, the salt
recycling ABTR HALEU spent fuel had the highest activity because it contained more FPs. The activity of
the salt was about 4.6 Ci/ml. According to the International Atomic Energy Agency (1972), liquid-waste
activity larger than 10−2 Ci/ml requires cooling and shielding. However, the obtained activity in this study
should be further confirmed because many assumptions were used to obtain the salt composition because
of a lack of publicly available information. This analysis considered all TRUs and the majority of the FPs
dissolved in the salt, but future studies should aim to refine these assumptions for more accurate assessments.

Figure 20. Volumetric activity of the salt as a function of decay time.
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5. CONCLUSIONS

The presented study showcased SCALE 6.3.1 capabilities in analyzing postulated accident scenarios across
different stages of the SFR nuclear fuel cycle, in support of the NRC non-LWR fuel cycle demonstration
project. Three distinct accident scenarios were investigated, selected based on their suitability for code
demonstration, regardless of their probability of occurrence. Utilizing the ABTR as the SFR reference design,
the analyses covered both ABTR U/TRU-10Zr fuel and U-10Zr metallic fuel, reflecting recent industry design
choices.

In the first scenario, a seismic event was assumed, resulting in the collapse of the refueling machine, and
releasing a spent fuel assembly inside the reactor CB. Radiation source terms were generated for a cooling
time of 10 days and the equivalent of 7 irradiation cycles, and the dose rates from radiation exposures
inside and outside the CB were calculated. The radiation source terms generated with SCALE/ORIGAMI
showed that gamma radiation dominated ABTR radiation sources and dose rates. The dose rate at 10 days
of cooling produced by the ABTR spent fuel, whether U/TRU or HALEU, was similar to that produced
by a representative PWR spent fuel with a burnup of 50 GWd/MTU. However, validation through assay
measurements is essential to confirm the accuracy of the SCALE’s predicted radiation source terms.

A criticality analysis of the electrorefiner was conducted in the second scenario. Using limited publicly
available information, a SCALE/CSAS electrorefiner model was developed and multiple configurations were
analyzed. The effective multiplication factor of all single electrorefiner models was found lower than the
subcriticality limit of 0.95 in all considered configurations, including the variations of U mass in the steel
cathode, the height of the salt, the number of steel cathodes, and during the flooded conditions. Only for a
specific configuration of a reflected model that simulates a lattice of electrorefiners, when recycling U/TRU
and when largely increasing the salt height in the tank, a multiplication factor larger than 0.95 was obtained.
Consistent results were obtained when using the ENDF/B-VII.1 and ENDF/B-VIII.0 nuclear data libraries,
with a maximum obtained difference of 226 ± 19 pcm.

The activity of the gaseous and volatile FPs and the volumetric activity of liquid salt that contains TRUs
and FPs were evaluated in the third scenario. The findings emphasized the necessity of shielding and
cooling measures for the liquid salt. However, assumptions were made regarding salt mixtures, presuming
the inclusion of all TRUs and the majority of FPs. For future analyses to obtain accurate results, detailed
information on the salt compositions during reprocessing is indispensable.

Overall, this study effectively demonstrated the diverse capabilities of the SCALE code system, including
inventory generation, criticality, and shielding analyses of the SFR nuclear fuel cycle through the three
selected scenarios. As additional details regarding configurations, dimensions, and compositions become
available across various stages of the SFR nuclear fuel cycle, further analyses can be conducted to enhance
result accuracy. To improve the generation of accurate fuel inventory at all times during SFR operation, a
new capability in SCALE is proposed that calculates SFR equilibrium cycles. Additionally, incorporating
a capability to model complex geometries, including the dendritic shape of U in the steel cathode during
reprocessing, by allowing users to provide a geometry defined through an unstructured mesh would enhance
modeling accuracy.
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