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We are developing a metal-fueled sodium-cooled fast reactor (SFR) to solve social issues regarding nuclear
power for the future. Fast reactors are effective for efficient use of uranium (U) resources and reducing the
volume and radiotoxicity of high-level radioactive wastes (HLWs). In particular, the combination of fast reactors
with metal fuel and pyrometallurgical reprocessing has the potential to achieve both at an early stage. In this
development, we studied the fast reactor with metal fuel implementation scenario in Japan, in which the 1st
reactor is introduced in 2040 and existing light water reactors (LWRs) are replaced by the fast reactor in stages.
In this paper, based on this scenario, we evaluated the performance of cores with three types of fuel; LWR UO,
spent fuel, LWR MOX spent fuel, and the fast reactor spent fuel. As a result, all cores satisfied design criteria,
and the Pu breeding ratio was sufficient for the scenario to work. We have also shown that transmutations of
minor actinides (MAs) such as neptunium (Np), americium (Am) and curium (Cm) in the fast reactor and the
recycling of MA remaining in the spent fuel through pyrometallurgical reprocessing can remarkably reduce MA
migration to HLWs with proven technology. These results confirmed the feasibility of the implementation
scenario that contributes to the effective use of resources and the reduction of the hazardous level of HLWs.
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1. Introduction
1.1. Japanese approach to fast reactor development

The Japanese government has declared a policy to
achieve carbon neutrality by 2050, and in accordance with
this policy, the use of nuclear energy is specified in the
Sixth Strategic Energy Plan and Energy White Paper 2022
[1]. Furthermore, from the viewpoint of satisfying social
demands for nuclear power, the following are required:
high safety, excellent economic efficiency, stable energy
supply, reduction of the radiotoxicity and volume of high-
level radioactive wastes (HLWSs), non-proliferation of
nuclear materials, and coexistence with renewable energy.
Fast reactors that can effectively resolve these issues are
attracting attention, and in the Japanese government’s
conference on fast reactor development in 2016, a policy
regarding the continued development of fast reactors was
presented in anticipation of the effective use of resources
by fast reactors, the effect of reducing the potential
hazards of HLWs, and the volume reduction of HLWs. In
response to this policy, a strategic road map for fast reactor
development was published in 2018. According to this
roadmap, full-scale use of fast reactors is expected in the
second half of the 21st century.
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1.2. Issues in implementing fast reactors in Japan and
Advantages of Metal-Fueled Fast Reactor Systems

From the viewpoint of effective use of uranium (U)
resources, fast reactors and the nuclear fuel cycle must be
introduced. In addition, plutonium (Pu) derived from light
water reactors (LWRs) could be used in the start-up phase
of fast reactors. Most current LWRs use enriched U as a
fissile nuclide, but sustainability is an issue because this
method requires continuous importation of natural U. For
this reason, in Japan, nuclear fuel cycle facilities are under
construction to recover Pu from spent fuel and manufacture
mixed oxide (MOX) fuel. Japan already has a large
amount of LWRs spent fuel for manufacturing MOX fuel,
and we expect that MOX fuel fabricated from them will
not only be loaded into LWRs but will also be used for the
start-up of fast reactors. Eventually, achieving sustainability
requires multi-recycling with fast breeder reactors. In
addition, separation and recovery of minor actinides
(MAs) contained in HLW and their transmutation in fast
reactors can reduce the radiotoxicity of HLW [2].

In Japan, aqueous reprocessing will be used to
reprocess LWR UO; spent fuel. The technology readiness
levels (TRL) for aqueous reprocessing are in the practical
stage if only U and Pu are recovered. However, additional
processes are required to separate and recover MAs from
HLW in aqueous reprocessing. Although various
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approaches to separation and recovery are currently being
considered for aqueous reprocessing, no methods are
immediately available for demonstration on an engineering
scale. On the other hand, pyrometallurgical reprocessing
is applicable when metal fuels are used in fast reactors,
and this technology is highly suitable for group separation
of transuranic (TRU) elements. There is no need for an
additional process for MA separation, and it is more
reasonable when Pu and MAs need to be co-recovered [3]. In
addition, although this technology has low decontamination
factor, it has a high proliferation resistance because the
recovered Pu is inevitably accompanied by MAs and a small
amount of rare earth elements. Although the economies of
scale may be limited for large-scale operations, pyrochemical
reprocessing comprises small-scale batch processes, making
it feasible to maintain economic viability even in small-
scale facilities. However, establishment of the solid waste
treatment technology remains an issue and ensuring
operability in high temperature and inert atmosphere is a
design consideration.

The Central Research Institute of Electric Power Industry
is studying the practical application of pyrometallurgical
reprocessing using LiCIl-KCI molten salt. Fuel cycle tests
using U and simulating elements have already been conducted
using process equipment with a throughput of 1-ton heavy
metal (HM)/yr. [4], and a series of electrorefining -
cathode treatment - casting tests have achieved a mass
balance of over 99% for Pu and americium (Am) [5]. In
addition, electrochemical reduction tests have also been
conducted on MOX fuel including MAs irradiated in a
commercial reactor [6].

Based on the above, we have determined that a
combination of pyrometallurgical reprocessing and metal
fuel fast reactors is effective from the viewpoint of
satisfying social demands for nuclear power. Examples of

the combination of pyrometallurgical reprocessing and
SFRs with metal fuel include the fast reactor cycle
technology development project (FaCT) and the development
of highly flexible technology for recovery and transmutation
of MAs [7]. The former is based on the plan developed
before Japan's nuclear power and fuel cycle policies were
revised, so it is necessary to reconstruct a scenario that
reflects the timing of SFR introduction and nuclear power
generation capacity based on the current plan. The latter
is based on a coexistence scenario of LWRs and SFRs. In
this paper, we showed a fuel cycle scenario and material
balance analysis based on the Japanese situation in 2022,
considering the replacement of all Japanese LWRs by
SFRs with metal fuel, as well as the corresponding core
concept and its neutron analysis results.

2. Domestic deployment fuel cycle scenario of sodium-
cooled metal fuel fast reactor

According to Japan's Energy White Paper, the share of
nuclear power generation in 2030 is set at 20-22% [1].
This study examines the transition from LWR fuel cycle
to a fast reactor fuel cycle, assuming that this nuclear
power generation capacity will continue into the future.

Figure 1 shows the fuel cycle configuration considered
in this study. LWR spent fuel is processed into MOX
powder by aqueous reprocessing. We considered a
scenario in which the MOX powder (mixed oxide of
reprocessed uranium and plutonium) is electrochemically
reduced to produce metal fuel. The metal fuel core loaded
with this fuel is hereafter referred to as core A. The fresh core
fuel isotopic composition of core A is shown in Table 1.
The Pu isotopic composition was based on the ratio of
PWR and BWR spent fuel masses and the Pu isotopic
composition evaluated by Ando et al. [8] considering
PWR and BWR spent fuels with discharged burnup of 45
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Figure 1.  Fuel cycle scenario for this study.
Table 1. TRU composition of fresh fuel.
c TRU isotope weight ratio [wt.%] (Total TRU : 100)
ore
Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241 Am-243 Np-237 Cm-244 Cm-245
Core A 2.5 56.4 27.0 5.9 8.2 — — — — —
Core B 2.1 35.7 31.6 6.2 9.5 11.2 2.3 0.6 0.5 0.1
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GWd/t and cooling period of 20 years.

We considered that spent fuel from LWR MOX will
be electrochemically reduced and pyrometallurgically
reprocessed to produce metal fuel to be loaded into a fast
reactor. The core loaded with this metal fuel is hereafter
referred to as core B. The proportion of fissile Pu (Puf:
Pu239+Pu241) in LWR MOX spent fuels is less than 50%,
and even if reprocessed, it is difficult to reload them into
LWRs from the viewpoint of criticality. Therefore, we
intend to utilize core B as a recipient of LWR MOX spent
fuel after 2080. The fresh fuel isotopic composition of
Core B is shown in Table 1. The TRU composition was
based on PWR and BWR MOX spent fuels considering 20
years cooling period with discharged burnup of 45 GWd/t
and 33GWd/t respectively [8] and most of the TRU in
LWR MOX spent fuel is transferred to the metal fuel cycle.
As a result, the fresh fuel in the Core B contains certain
amount of MA. Irradiation test results up to ~7 at.% burnup
of fuel containing 5 wt.% MA per HM have reported no
significant effects on physical properties [9].

The spent fuel from the metal fuel core is
pyrometallurgically reprocessed and loaded back into the
fast reactor itself. This metal fuel core is hereinafter
referred to as the core C. When the breeding ratio exceeds

1.0, the Puf fraction of the fresh fuel does not decrease
even after repeated reprocessing, thus enabling multiple
recycling without replenishing fissile material from the
outside. In addition, since more than 99% of MA is
transferred to fresh fuel in pyrometallurgical reprocessing,
the potential radiotoxicity of HLWs after the transition to
the metal fuel cycle can be effectively reduced. In the
study of core C, the spent fuel from core A is used as the
starting point for multi-recycling, but it is expected that
the spent fuel from core B can be repeatedly multi recycled
to obtain an equilibrium core with the same fuel composition.

3. Development of Core Concept
3.1. Metal fuel core concept

Based on a small metal-fueled core developed in the
United State [10,11], fuel assembly specifications and
core configurations were determined. We conducted
neutronic analysis for each of the cores (Core A, B and C)
loaded with the three types of fuel described in Chapter 2.
Figure 2 shows the horizontal cross section and the
vertical cross section approximated by the 2D R-Z model
of the core A. Table 2 shows the core specifications that
are common to core A, B and C.
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(a) Horizontal section of the core A, (b) Vertical section of the core A (1/2 core).

Table 2. Common core specifications.

Item Unit Value

Thermal power MWt 840

Electric power MWe 311

Primary sodium inlet/outlet temperature °C 360/499

Core equivalent diameter(include shield) cm 3352

Assembly pitch cm 16.142

Total number of C and IB assemblies — 150

Height of fuel (C/IB/RB) ! cm 101.6/142.2/142.2
Pin count (C/IB/RB) ™! — 271/127/127

Pin outer diameter (C/IB/RB) ! mm 7.44/12.01/12.01
Fuel smeared density (C/IB/RB) ™! %TD 75/85/85

Fresh fuel materials (C/IB) ! — U-TRU-Zr/U-Zr™
Fuel density kg/em®  15.8 (Constant value was used in this study)

*1 C: Core fuel, IB: Internal blanket fuel, RB: Radial blanket fuel.
*2 See Table 1 for TRU compositions. FPs are also included in fresh fuel of Core B and C. Zr isotopic

composition ratio is natural.
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These cores are radially heterogeneous in which the
core region is also loaded with an inner blanket assembly
composed of U-Zr fuel. In this core, the burnup of the
inner blanket fuel affects the core criticality conditions. In
contrast to the core fuel, which fissile material decreases
with burnup, fissile material is produced with burnup in
the inner blanket fuel. Therefore, the issue is to optimize
the ratio of the number of assemblies of the core fuel to
inner blanket fuel in order to achieve criticality conditions
for the entire operation cycle. In a well-designed radially
heterogeneous core, the inner blanket is loaded at a
position with high neutron importance, which effectively
suppresses the burnup reactivity swing during an
operation cycle through Pu production. As a result, the
reactivity required to the control rods in the beginning of
cycle is reduced, which has the effect of reducing the
control rod withdrawal reactivity during unprotected
transient over power (UTOP). It also has the effect of
suppressing the power peak in the center of the core and
suppressing the reactivity increase when coolant sodium
temperature rises or void in the core region.

In addition, gas expansion modules (GEMs) are installed
in these cores. The GEM has an argon gas region and a
sodium region inside, and its liquid level is set to be the
same as the top of the core fuel during normal operation.
The bottom end of the GEM is connected to the inlet
plenum at the bottom of the core, and when the inlet
plenum pressure drops due to the primary pump failure,
the argon gas expands and the liquid level inside the GEM
drops which promotes neutron leakage. The immediate
negative reactivity effect by GEMs is effective against
unprotected loss of flow (ULOF).

The inner blanket fuel assemblies loaded into core for
2 cycles are moved to radial blanket positions and further
burned. This method can flatten the radial power profile
and distribute the coolant flow more effectively. [11]

3.2. Neutronic analysis method

For nuclear property analysis, a seventy-group cross
section library UFLIB.J40 for fast reactors based on
JENDL-4.0 [12] was used and the effective cross
section was calculated with SLAROM-UF [13]. Burnup
characteristics and reactivity coefficients were calculated
with CITATION-BURN [14] based on diffusion theory
using a two-dimensional R-Z model. However, the
neutron leakage effect dominates the GEM reactivity, and
the evaluation by diffusion theory is not sufficient.
Therefore, we evaluated the reactivity of GEMs using the
SN neutron transport calculation code MINISTRI [15]
using a three-dimensional TRI-Z model.

In cores B and C, which use pyrometallurgical reprocessed
metal fuel, fission products (FPs) and MAs are included.
As a result, there are effects of changes in neutron
absorption and a decrease in the volume fraction of HM.
On the other hand, it is not reasonable to calculate the burnup
of all FPs in the neutronic analysis. In such cases, a method
is known to select representative nuclides among FPs [16].
In this study, Nd-143 was selected as a representative
nuclide of FPs in the core fuel, and the following equation

was used to obtain an equivalence factor o such that the
neutron absorption reaction rate is equivalent to that when
all FPs are considered.

P Yierp 9cNi Yicrp oiny/cN 4143 1)
Nd—-143 p,(Teference) App .
o N j /ANd—143
c Nd-143 ZjEFP_ Na—125

PFPj/ PNd-143

where ¢! is the one-group neutron capture cross section
of nuclide i (unit: barn), N; is the number density of
nuclide i, n; 3 (1€FP)n; = 1) is the FP isotopic composition
ratio, App is the chemical formula weight, and pgp is
density. Note that Nd-143 is not included for the blanket
fuel. Therefore, Mo-95, which is the heaviest element
among FPs, is stable, has a high isotopic fraction, and has
a neutron capture cross section similar to that of Nd-143,
was used as the representative FP nuclide in the blanket
fuel. Next, the effect of decreasing the volume of other
components by the volume fraction of FP is expressed by
the following Eq. [16].

VF(FP) = — VPP ©)

Vu-pu-ma-zrtVrp

where Vy.pu-ma-zr 18 the volume of metal fuel and Vep is
the volume of FP.

TRU and noble metals in FPs, which are transferred
from spent fuel to fresh fuel by pyrometallurgical
reprocessing, were considered to be 99.5 wt.% and 27
wt.%, respectively. Rare earth in FPs were to be
transferred to make up 0.3wt.% of the fresh core fuel
weight. However, no rare earth FPs were transferred to the
blanket fuel. The ratio of Zr was adjusted so that the
weight ratio of noble metal FPs and Zr is 10wt.%.

Inner blanket fuel assemblies are reloaded as a radial
blanket fuel assembly. Therefore, an iterative calculation
was performed in which the post-burnup composition of
the inner blanket fuel was used as the initial loading
composition of the radial blanket fuel until there was no
change in the effective multiplication factor (keff) at the
end of the equilibrium cycle (EOEC).

The FP isotopic composition of the spent fuel of cores
A and C was evaluated by ORIGEN2.2 [17] applying
ORLIBJ40 [18] based on JENDLA4.0. The residence time
and specific power of the fuel required for ORIGEN2.2
calculation were determined by CITATION-BURN. For
the C core, the calculation of the fresh fuel composition
by ORIGEN?2.2 and the neutronic analysis by CITATION-
BURN were repeated until there was no change in the Pu
enrichment of the fresh fuel.

3.3. Neutronic design criteria

The goals and constraints of this study are described
below. The maximum linear power should be less than 500
W/em in accordance with the viewpoint of preventing fuel
melt [19]. The Pu and neptunium (Np) enrichment should
be less than 25 wt.% from the viewpoint of preventing
liquid phase formation due to fuel-cladding chemical
interaction (FCCI) [20]. Considering the close chemical
properties of Pu and Np, the Pu enrichment limit is
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conservatively considered as the ratio of Pu and Np to HM.
The sodium void reactivity should be less than 8$ according
to previous studies in order to prevent prompt criticality
in ULOF initiating phase [19]. The breeding ratio is
targeted to be breakeven (1.03 or higher), considering the
large supply of Pu derived from LWRs spent fuel. The
target average discharge burnup of the core fuel is more
than 100 GWd/t. The GEM reactivity worth should be
about -40C or smaller to avoid coolant boiling under
ULOF conditions, referring to the ULOF evaluation
results for small metal fuel fast reactor [21]

To achieve the above conditions, parameters such as the
ratio of core fuel assemblies to blanket fuel assemblies,
the number of refueling batches, Pu enrichment, and
burnup period are determined by neutronic design criteria.

4. Results and discussion

Table 3 shows the results of neutronic analysis for core
A, B, and C. For all cores, all design criteria set in the
previous chapter were achieved by adjusting the effective
full power days (EFPD), core fuel/blanket assembly number
ratio, and Pu enrichment. The maximum linear heat generation
rate (MLHGR) of core fuel is less than 400 W/cm for all
cores. The results are based on a two-dimensional R-Z
model and dose not considered three-dimensional effects
such as fuel exchange patterns, but even if they are
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considered, the MLHGR is not expected to exceed the
limit of 500 W/cm based on our previous studies.

Core B had the largest number of core fuel assemblies.
This change was made because the Puf fraction of the
fresh fuel is small, and the Pu and Np enrichment limit is
exceeded with the same configuration as Core A. On the
other hand, the breeding ratio is almost the same as that of
core A despite the decrease in the number of blanket fuel
assemblies. This is due to the reduced consumption of Puf
by MA fissions and the large fraction of the parent nuclide,
Pu240, in the fresh fuel. The operation cycle period of core
B is longer than that of core A. This is because the core
thermal power and the average discharged burnup of the
core fuel remain the same despite the increase in the
number of core fuel assemblies. The sodium void
reactivity of core B is 7.98. The reason for the increase
compared to core A is that the higher neutron energy due to
sodium voiding, increases the fission reaction rate of MAs.

Figure 4 (a) shows the changes in the Pu enrichment
and Puf content of the fresh fuel of core C because of
repeated pyrometallurgical reprocessing. The Pu enrichment
decreases with each cycle, corresponding to an increase in
the Puf content of the core fuel with each reprocessing
cycle because of the high Puf content extracted from the
radial blanket fuel. We determined that Pu enrichment
reached equilibrium when the fresh fuel was reprocessed
twelve times and defined the core at this point as the

Table 3. Nuclear performance of the core A, B and C.
Item Unit Core A Core B (Eqi?l?gricum) Design criteria
Pu and Np enrichment of the fresh core fuel ((Pu+Np)/HM) wt.% 23.7 243 234 =251[20]
MA content in the fresh core fuel (MA/HM) wt.% 0 4.2 0.7 =51[9]
FP content in the fresh core fuel (FP/(HM+Zr+FP)) wt.% 0 0.9 0.9 No target
FP equivalence factor a of fresh fuel(C/IB) — —/— 1.58/1.26 2.26/1.15 No target
Number of assemblies (C/IB/RB)" — 120/30/45  132/18/45 114/36/54 Total C and IB = 150
Refueling batches (C/IB/RB)" — 3/2/3 3/2/5 3/2/3 No target
Burnup period EFPD 598 611 567.5 No target
MLHGR of core fuel W/em 357 364 300 =500[19]
Average discharge burnup (Core fuel) GWd/t 106.3 106.3 106.3 =100
Pu-fissile Breeding ratio — 1.11 1.09 1.09 =1.03
Effective delayed neutron fraction % 0.355 0.332 0.349 No target
Burnup reactivity $ 5.1 4.8 4.0 Controllable with CRs
Sodium void reactivity at EOEC $ 6.0 7.9 6.2 =8%[19]
GEM reactivity ¢ -42 -37 -43 = -40€ or smaller [21]

* C: Core fuel, IB: Internal blanket fuel, RB: Radial blanket fuel, CR: Control rod.
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The MA fraction peaked at about 0.95 wt.% and then
gradually decreased, reaching equilibrium at about 0.7
wt.%. The reason for the decrease in the MA fraction is
that the fraction of Pu-242 decreased due to multi
recycling, resulting in a decrease in the fraction of Am-
243 produced in the core fuel, as shown in Figure 4 (b).

Figure 5 shows the power generation capacities and
total amount of spent fuel accumulation of LWRs, core A, B,
and C evaluated based on the mass balance of these spent
fuel. The results showed that within the nuclear power
generation capacity envisioned for Japan, the introduction
of the metal fuel fast reactors and pyrometallurgical
reprocessing would allow the transition to a metal fuel
cycle after processing almost all spent UO, and MOX
fuels from LWRs.

5. Conclusion

We have confirmed that cores of innovative small SFR
with metal fuel of three fuel conditions based on the fuel
cycle scenario satisfies all design criteria. The study of
cores A and B using metal fuel fabricated from LWR UO,
and LWR MOX spent fuel showed that, from the
viewpoint of core design and mass balance of LWRs spent
fuel , it is possible to transition from the LWR oxide fuel
cycle using aqueous reprocessing to the metal fuel cycle
using electrochemical reduction and pyrometallurgical
reprocessing. The neutronic analysis of core C using metal
fuel multi-recycled from metal fuel fast reactor spent fuel
showed that the MA production and transmutation are
balanced when the MA content reaches about 0.7 wt.%,
and that most of the MA in the spent fuel is transferred to
the metal fuel cycle through the pyrometallurgical
reprocessing. On the premise of using already proven
technology, the metal fuel cycle can be effective in
reducing the radiotoxicity of HLWs.

In the future study, we plan to examine the possibility
of recovering MA contained in spent fuel from domestic
LWR UO; and burning it in a metal fuel core, as well as
to conduct a safety evaluation for ULOF and UTOP
accidents. In addition, it will be necessary to optimize the
core design at the basic design stage although this study
showed example cores suitable for the scenario based on
material balance analysis from the implementation stage
to the equilibrium period.
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