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A B S T R A C T

Previous studies assessed the feasibility of designing Sodium-cooled Fast Reactors (SFR) in a novel Seed-and-
Blanket (S&B) configuration in which a significant fraction of the core power is generated by a radial metallic
thorium-fueled blanket that operates in the Breed-and-Burn (B&B) mode. The radiation damage on the cladding
material in both seed and blanket does not exceed the presently acceptable constraint of 200 Displacements per
Atom (DPA). This paper investigates a number of blanket fuel options other than metallic thorium fuel, including
thorium dioxide fuel, thorium hydride fuel, thorium nitride Fully Ceramic Encapsulated (FCM) fuel, and
Pressurized Water Reactor (PWR) Used Nuclear Fuel (UNF) after limited reprocessing. Since the neutron spec-
trum of the oxide fueled blanket is softer than that of the reference metallic thorium fueled blanket, it can
discharge its fuel at an average burnup of around 110 MWd/kg versus 65 MWd/kg of the metallic thorium. The
two thorium hydride fueled blankets feature an even softer neutron spectrum than the oxide fueled blanket and,
therefore, a higher average discharge burnup — 192 MWd/kg and 245 MWd/kg when the H-to-Th ratio is,
respectively, 0.5 and 2.0. The FCM fuel is composed of SiC matrix and cladding that is expected to self-anneal the
neutrons induced damage. With the assumption that the FCM fuel will indeed be proven not limited by radiation
damage, its discharge burnup could be up to 482 MWd/kg. As a result, the corresponding thorium utilization is
the highest of all options examined – close to 80 times the utilization of natural uranium in present Light Water
Reactors (LWRs). The amount of Trans-Th isotopes accumulated in the thorium blanket per unit of generated
electricity decreases as the blanket fuel is discharged at a higher burnup. Therefore, a higher discharge blanket
burnup results in lower long-term radioactivity and radiotoxicity. It is also found that the 232U/233U ratio in the
discharged thorium fuel is over 3 times higher in the thorium hydride than in the other blankets thus improving
the thorium-hydride blanket's proliferation resistance. Softening of the blanket spectrum leads to softening of the
seed spectrum region interfacing with the blanket and this enables to discharge the seed fuel at a higher average
burnup. The higher discharge burnup of the seed fuel reduces the required reprocessing and fuel fabrication
capacities per unit of generated electricity. The cores having softer neutron spectrum blankets also feature less
positive feedback to sodium voiding and much more negative Doppler coefficient.

When PWR UNF is used after limited reprocessing to fuel the blanket, the subcritical blanket driven by the
excess neutrons from the seed can discharge this fuel at an average burnup of ∼120 MWd/kg. Combined with
the burnup in the first stage PWRs, this two-stage energy system can achieve an accumulated uranium burnup of
∼170 MWd/kg. This increases the fuel utilization of natural uranium by a factor of three relative to once-
through PWRs while at the same time reducing the amount of high-level waste that needs to be disposed of per
unit of generated electricity.

Another scenario examined in this paper is a 3-stage closed energy system: TRU extracted from Stage-1 PWRs
used fuel is charged to the seed of Stage-2 S&B cores while the Trans-Th (mainly 233U) extracted from Stage-2 S&
B blanket discharged fuel is used as the fissile feed for Stage-3 PWRs. It is estimated that 1GWe of S&B SFRs in
such a 3-Stage energy system can support 3.2 GWe of PWRs versus ∼1.7 GWe of PWRs that can be supported by
1 GWe of CR=0.5 Advanced Burner Reactor (ABR).
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1. Introduction

Sodium-cooled Breed-and-Burn (B&B) fast reactors were proposed
(Greenspan and Heidet, 2011; Ellis et al., 2010; Sekimoto et al., 2001;
Driscoll et al., 1979) to make beneficial use of the large stockpiles of
depleted uranium without need for fuel enrichment and reprocessing
technologies beyond the provision of enriched fuel for establishing in-
itial criticality. The minimum average burnup required for sustaining
the B&B mode of operation is close to 20% Fissions per Initial Metal
Atom (FIMA). This corresponds to a peak radiation damage on the
cladding of ∼500 Displacements per Atom (DPA) (Hou et al., 2016;
Heidet and Greenspan, 2012). However, the maximum radiation da-
mage that cladding materials have been exposed to so far in a fast re-
actor is ∼200 DPA. While waiting for the development of cladding
material qualified to withstand ∼500 DPA, it was proposed
(Greenspan, 2012) to start benefiting from the B&B mode of operation
using a Seed-and-Blanket (S&B) core in which a subcritical breed-and-
burn blanket is driven by excess neutrons generated by a TRU burning
seed.

Typical Sodium-cooled Fast Reactor (SFR) cores have a height on
the order of 1m and feature an axial neutron leakage probability of
over 20% and are passively safe. A larger neutron leakage tends to
reduce the coolant temperature positive reactivity coefficient and
coolant voiding reactivity worth and to increase the negative reactivity
feedback from the core radial expansion and fuel axial expansion.
Besides this safety reason, there is no constructive use of the axially
leaking neutrons. Previous studies (Zhang and Greenspan, 2014a;
Zhang et al., 2013, 2015a) found that it is feasible to design a passively
safe S&B core to have a large height-to-thickness annular TRU burner
seed (or “driver”) to maximize radial neutron leakage into the sub-
critical blanket, and to reduce neutron loss probability via axial
leakage. The blanket in the S&B core makes beneficial use of the leaking
neutrons for improved fuel utilization and reduced fuel cycle cost. Since
the blanket fuel requires neither reprocessing nor remote fuel fabrica-
tion, a larger fraction of power from the blanket results in a lower fuel
cycle cost (Zhang et al., 2017). One of the promising S&B cores in-
vestigated in (Zhang and Greenspan, 2014a) features a seed with TRU
Conversion Ratio1 (CR) of 0.5 and a cycle length of ∼7 years. It was
found that this S&B core requires only 60% of the reprocessing capacity
as compared to an equal power CR=0.5 ABR. This is attributed to the
high discharge burnup achieved by the seed and to the large fraction of
core power generated by the blanket. The blanket, that is loaded with
metallic thorium fuel, can generate more than 40% of the core power
and utilizes 7% of the thorium potential energy content without need to
develop reprocessing capability for irradiated thorium. This is ∼12
times the utilization of natural uranium in LWRs. The long cycles will
enable the S&B reactor to have a higher capacity factor and, thus, will
further improve the economics of the corresponding SFR.

The primary objective of this paper is to evaluate several alternative
fuel options for the blanket of the S&B core with CR=0.5. These op-
tions enable a significant increase of the thorium resource utilization as
compared to the reference metallic thorium fueled design without re-
cycling the blanket fuel. In order to achieve the best neutron economy,
the seed of the S&B core requires the hardest possible neutron spec-
trum; therefore, it is loaded with metallic fuel of high TRU concentra-
tion. On the other hand, it is possible to increase the blanket thorium
utilization by softening the blanket spectrum because a softer spectrum
enables achieving higher burnup per unit DPA. The alternative blanket
fuel options examined contain low atomic weight elements (e.g. O, H,
Si, and C), which would soften the blanket spectrum but only slightly
soften the seed spectrum. An additional fuel cycle examined in this
study involves loading the blanket with PWR UNF that underwent

limited reprocessing.
A second objective of this work is to evaluate another approach to

improve fuel utilization through a multi-stage fuel cycle. The TRU from
Stage-1 PWRs used fuel provides the fissile feed for the seed of a Stage-2
S&B SFRs and the used thorium blanket fuel is reprocessed and provides
the feed fuel for Stage 3 PWRs.

This paper is organized as follows: Section 2 briefly describes the
model, computational methods, design constraints, and optimization
strategy; Sections 3 and 4 discuss alternative blanket fuel options and
multi-stage fuel cycles, respectively; conclusions are given in Section 5.

2. Methodology

2.1. Core design

The S&B core configuration considered in this study is shown in
Fig. 1. The radial dimensions of the active core, reflector, and shielding
assemblies (shown in Table 1) are those of the metallic fuel version of
the Super Power Reactor Innovative Small Module (S-PRISM) core de-
veloped by General Electric (Dubberley et al., 2000) so it could fit
within the S-PRISM reactor vessel. The active core height is
250 cm—typical value of B&B reactor cores but about 2.5 times that of
compact cores, like the S-PRISM. The length of the fission gas plenum is
assumed to be 1.9m although longer fission gas plenum may be re-
quired for the higher burnup cores unless a vented fuel design is
adopted. The annular seed fuel is surrounded by an internal blanket and
an external blanket. All the S&B cores examined in this study are de-
signed to operate at a nominal thermal power of 1000MW as the S-
PRISM and most of the ANL designed modular SFRs. The seed fuel is the
ternary metallic alloy U-TRU-10Zr that has a theoretical density of
15.7 g/cm3. A smear density of 75% is assumed to accommodate for
fuel swelling during burnup. In the reference case (Section 3.2.1), the
blanket feed fuel is natural thorium in metallic form that has a theo-
retical density of 11.7 g/cm3 and a smear density of 85%. The low-
swelling ferritic martensitic steel HT9 is selected as the structural and
cladding material; its density is 7.874 g/cm3. A uniform sodium density
of 0.849 g/cm3 is set throughout; it corresponds to an average coolant
temperature of 700 K.

The seed of the S&B cores evaluated in Section 3 is designed to have
a TRU CR of 0.5 at the Beginning of Equilibrium Cycle (BOEC); this is
consistent with the CR of the representative ABR chosen for the recent
Fuel Cycle Evaluation and Screening campaign (Wigeland et al., 2014).
The seed fuel is managed as in a conventional ABR (Kim et al., 2009;
Hoffman et al., 2006): at the end of each cycle, a fraction of the seed
fuel is discharged and recycled; the fuel assemblies that remain in the
seed are not shuffled. It is assumed that the heavy metals are fully re-
covered and recycled into fresh seed fuel assemblies after being mixed
with the makeup fuel—depleted uranium and TRU from PWR UNF
(Table 2).

The blanket operates in a multi-batch once-through B&B mode. At
the End of Equilibrium Cycle (EOEC), the innermost blanket batch is
discharged and stored; each blanket batch is shuffled inward. The outer
blanket fuel batch next to the seed is shuffled to the inner blanket batch
closest to the seed. Table 1 shows the dimensions and composition of
the reference S&B core and surrounding components. The assembly
pitch, duct gap, and duct wall thickness are fixed for all the S&B cores at
16.124 cm, 0.432 cm, and 0.394 cm, respectively. Those values are used
for components’ volume fractions in the homogeneous model.

2.2. Modeling

As the neutron mean free path in SFR cores is larger than the lattice
pitch, fuel, structural-cladding material, and coolant in each burnup
node are homogenized preserving their volume fraction. The core is
represented by a simplified “R-Z” model. The results from the R-Z
model are in good agreement with those obtained when the core is

1 The TRU conversion ratio is defined as the ratio of the neutron capture rate by 238U in
the seed to the fission rate of all the seed TRU isotopes.
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modeled as a collection of hexagonal fuel assemblies (Heidet and
Greenspan, 2013; Yang, 2012). Due to the limitation of the R-Z model,
the control assemblies are not accounted for in this study. This slightly
overestimates the performance of the S&B core performance shown in
this paper. The seed of all S&B cores examined is radially divided into
three equal-volume concentric burnup zones. 1/Nth of the seed fuel in
each burnup zone is recycled where N is the number of seed batches
and is a design variable. Each blanket batch constitutes one radial
burnup zone; the number of blanket batches is a design variable. Each
radial burnup zone of both seed and blanket is further divided into six
axial burnup nodes.

The neutronic calculations are performed using the Monte Carlo
code MCNP6 and ENDF/B-VII.0 cross-section libraries. For each simu-
lation, the acceptable statistical error on keff is set at ∼100 pcm; it is
reached using 1200 neutron histories per cycle and 200 active cycles.
The temperature for Doppler broadening of cross-sections is set at
900 K, which is close to the fuel average temperature at nominal op-
erating conditions. ORIGEN2.2 is used for the burnup calculations.

Zone-dependent total neutron flux and one-group spectrum-averaged
cross-sections for the major actinides and fission products are obtained
from MCNP6. The isotopes tracked by MCNP6 are determined ac-
cording to their mass density along with contribution to the region-wise
absorption and fission rates. Any isotope whose atom fraction, weight
fraction, absorption rate fraction, and fission rate fraction do not exceed
a cutoff value (usually set at × −1 10 5) are not tracked in the transport
calculations. The burnup-dependent compositions are calculated for
each zone by ORIGEN2.2 and sent back to MCNP6 to update neutron
flux and cross-sections. MCNP6 and ORIGEN2.2 are coupled via a two-
tiered solver (MocDown) that automates the iterative search for the
equilibrium composition of multi-batch cores based on a prescribed fuel
management scheme. The iteration process in search for the equili-
brium core is described in Reference (Seifried et al., 2013). The results
for all the cores presented in this paper are at the equilibrium compo-
sition as calculated by MocDown.

2.3. Design constraints

The following engineering constraints are applied throughout the
analysis: (1) the coolant pressure drop across the core, including the
1.9 m long fission gas plenum plus the pressure drop at the core inlet
and outlet, is constrained to 0.9MPa; (2) the coolant inlet temperature
is 355 °C, and it increases by 155 °C across the active core (Dubberley
et al., 2000); (3) the maximum sodium coolant velocity is 12m/s (Qvist
and Greenspan, 2014); (4) the inner cladding temperature should be
lower than 650 °C — the eutectic point of the HT-9 and plutonium
mixture — and the fuel centerline temperature is conservatively con-
strained to 800 °C (Hofman et al., 1997); (5) the peak radiation damage

Table 2
Composition of the TRU from LWR's UNF at dis-
charge burnup of 50 MWd/kg and 10-year cooling
(Kim et al., 2009).

Isotope Weight Percent

237Np 4.7%
238Pu 2.2%
239Pu 47.3%
240Pu 22.8%
241Pu 8.4%
242Pu 6.8%
241Am 5.6%
243Am 1.6%
244Cm 0.5%

Table 1
Dimensions and composition of the components in the reference ultra-long cycle S&B core (Zhang et al., 2017).

Property Component Value (cm) Material (volume %)

Axial dimension Upper reflector 60.0 50% HT9 – 50% Na
Upper end plug 2.5 22% HT9 – 78% Na
Upper plenum 191.1 HT9 and Na as in the corea

Active core 250.0 35% Fuel – 23% HT9 – 42% Na (seed)
47% Fuel – 21% HT9 – 32% Na (blanket)

Lower end plug 111.7 22% HT9 – 78% Na
Grid plate 5.2 50% HT9 – 50% Na
Lower shielding 30.0 47% B4C - 21% HT9 - 32% Na

Radial dimensionb Active core ODc 270.3
Reflector OD 326.2 50% HT9 – 50% Na
Shielding OD 354.1 47% B4C - 21% HT9 - 32% Na

Assembly geometry Assembly pitch 16.124 –
Duct gap 0.432 –
Duct wall thickness 0.394 –

a volume fractions of cladding and coolant are the same as in the active core region.
b Approximate values for R-Z model.
c Outer Diameter (OD).

Fig. 1. Schematic configuration of the S&B core.
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in the cladding of both seed and blanket is limited to 200 DPA that,
currently, is the acceptable constraint based on the data obtained in the
Fast Flux Test Facility (FFTF) (Leggett and Walters, 1993); (6) there is
no hard limit for the burnup reactivity swing (defined as Δk/k, where k
is the core effective multiplication factor and Δk is the difference be-
tween its maximum and minimum value during an equilibrium cycle);
nevertheless it is desirable to limit the reactivity swing to ∼3.5%. The
larger the burnup reactivity swing, the greater is the required number
of control assemblies because the reactivity worth of a single control
assembly is set to be less than $1.0 for safety considerations.

The DPA value is calculated using the Norgett, Robinson, and
Torrens (NRT) model by assuming a displacement energy of 40 eV
(ASTM Standards, 2009) and a collision efficiency of 80%. The region-
wise effective (spectrum weighted) one-group DPA cross-sections are
generated by MCNP using continuous energy DPA cross-sections in the
ENDF/B-VII.0 library.

2.4. Design optimization

The search for the optimal equilibrium core design involves a tra-
deoff among core design variables. The TRU concentration in the driver
fuel is determined almost exclusively by the desirable conversion ratio.
Since the effective microscopic cross sections in SFR change moderately
with most core design variations, the BOEC TRU loading in the seed can
be readily estimated. The BOEC approximate average enrichments
(TRU-to-HM ratio) at BOEC required to obtain a CR of 1.00, 0.50 and
0.00 are 14%, 33% and 100%, respectively (Hoffman et al., 2006).

In order to maximize the neutron leakage towards the subcritical
blanket, the number of assemblies in the seed is minimized, and the P/D
ratio is maximized as long as criticality is maintained throughout the
cycle. The number of fuel assemblies in the inner and outer blanket is
optimized so as to minimize the net neutron leakage from the active
core and to obtain a reasonable radial power peaking factor. The
blanket is designed to have the smallest P/D ratio (i.e., the largest
thorium fuel volume fraction) that allows to safely accommodate the
assembly peak power in the blanket; this results in a maximum blanket
power fraction. The cycle length and the number of batches in the seed
and in the blanket are determined such that the burnup reactivity swing
is less than ∼3.5%, and the peak radiation damages of the fuel dis-
charged from both seed and blanket are ∼200 DPA.

The core radial power peaking factor and fuel assembly composition
at BOEC and EOEC are obtained from the neutronic calculations and
transferred to ADOPT – a code for thermal-hydraulics and structural
analyses (Qvist and Greenspan, 2014). The intra-assembly parameters,
like the number of fuel pins per assembly and the fuel pin outer dia-
meter are determined by ADOPT with the aim to maximize the P/D
ratio in the seed fuel assemblies and at the same time to ensure criti-
cality of the core throughout the equilibrium cycle. More details related
to the design optimization of S&B cores can be found in (Zhang et al.,
2017).

3. Alternative fuel types for the blanket

The following fuel types are considered to replace the reference
metallic thorium (Section 3.2.1) as the blanket fuel of the S&B core with
the objective to soften the blanket spectrum and to increase thorium
utilization:

(1) Thorium dioxide. Oxide is the most widely used fuel type in com-
mercial power reactors and would require the least R&D efforts
among all alternative fuel considered in this study.

(2) Thorium hydride. U-ZrH1.6 fuel developed by Dr. Massoud Simnad
has been successfully used for over 50 years in TRIGA type research
reactors around the world with no safety problems (Stone et al.,

1959; Simnad, 1974; Greenspan et al., 2009). Six hydride-fueled
space reactors were built and operated, and one was placed in earth
orbit as part of the Space Nuclear Auxiliary Power (SNAP) project
(Lillie et al., 1973). It has been suggested that U-ThH2 fuel is even
more stable than U-ZrH1.6 fuel and can operate at higher tem-
peratures (Simnad, 1985). This study focuses on a ThH0.5 fueled
blanket but also examines a ThH2 fueled blanket to establish an
upper bound on the attainable burnup.

(3) Fully ceramic micro-encapsulated (FCM) fuel. FCM fuel consists of
TRISO fuel particles embedded in Silicon Carbide (SiC) matrix
(Powers and Wirth, 2010). The SiC matrix has good thermal con-
ductivity, can withstand high fast neutron fluence, and is en-
vironmentally stable (Terrani et al., 2012). In this study, the TRISO
kernels are assumed to be made of ThN as this offers the highest
heavy metal loading among the candidate ceramic thorium com-
pounds (Stauff et al., 2013; Peterson et al., 1965).

(4) Denatured thorium. A mixture of 60% thorium, 36.4% depleted
uranium (DU), and 3.6% Zr fuel is considered for diluting the 233U
bred in the blanket by 238U below the concentration required for
weapon usable uranium.

3.1. Neutron balance

The neutron balance analysis quantifies the difference between the
cumulative number of fission neutrons generated and the cumulative
number of neutrons absorbed during the breed and burn process. It was
initially developed to estimate the minimum burnup required to es-
tablish the breed-and-burn mode and the maximum attainable burnup
before ∞k drops below unity (Heidet and Greenspan, 2012). In this
study, the neutron balance analysis provides a fair comparison of the
neutronic performance expected from the various blanket fuel options.
This comparison is based on a simple model represented by a 0–D fully
homogenized unit cell with reflective boundary conditions (Heidet and
Greenspan, 2012). The volume fraction occupied by fuel, gap, cladding,
and coolant is assumed to be 37.5%, 12.5%, 22.0%, and 28.0%, re-
spectively. A complete set of data for fuel is provided in Section 3.2.

Figs. 2 and 3 compare ∞k and the neutron balance evolution with
burnup for the blanket fuel options proposed above. Fig. 3 estimates the
net number of neutrons that is generated by a unit volume of the
blanket from the moment of the initial loading until the fuel reaches a
specific burnup. In order to establish a breed-and-burn mode of op-
eration, the neutron balance curve must cross, or at least touch, the zero
neutron-balance line. It is observed that the fuel containing low atomic

Fig. 2. Comparisons of ∞k evolution with burnup among the blanket fuel op-
tions.
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weight elements (i.e., thoria, ThH0.5, ThN in FCM) fails to achieve
criticality2 and requires far more excess neutrons to reach a given
burnup as compared to denatured thorium and metallic thorium fuel.
Due to breeding of plutonium, denatured thorium fuel, which shows the
best neutron economy, is still not able to establish a sustainable breed-
and-burn mode of operation.

3.2. Full core analysis

For each proposed blanket fuel option, a full core analysis was
performed in order to determine the optimal core design that meets all
the constraints (Sections 2.3 and 2.4). Results are presented in the
following sections starting with the reference metallic fuel.

3.2.1. Metallic thorium fuel (reference case)
The ultra-long cycle S&B core (Zhang and Greenspan, 2014a) with

metallic thorium fueled blanket is used as the reference design. The
annular seed is designed to operate in a single batch mode and features
the same TRU CR of 0.5 as the reference ABR. There is one batch in the
internal blanket and two in the external blanket. Performance char-
acteristics of this reference ultra-long cycle S&B core are given in
Table 3 together with the characteristics of the reference ABR.

It was found possible to design such a core to have a cycle length of
88 months or 7 years–12 times that of the CR=0.5 ABR (Hoffman
et al., 2006). This ultra-long cycle length is attributed to the large re-
activity gain in the thorium blanket over one cycle that compensates for
part of the reactivity loss of the TRU burning seed. The large inventory
of heavy metals also contributes to the long cycle length, which can
significantly improve the capacity factor relative to a typical ABR
(Zhang and Greenspan, 2014a). The fraction of power generated by the
blanket is more than 40%, and the reprocessing capacity required by
the S&B core (1703.6 kg/GWt-EFPY) is about 62% that of the ABR
(2767.2 kg/GWt-EFPY). The sodium void worth at BOEC (calculated as
Δk/k) is +0.024 that is less positive than the sodium worth in the re-
ference ABR core design (+0.028). However, there is a relatively large
shift in the seed and inner-blanket power over the ultra-long cycle
(Fig. 43). The power shift can be reduced by increasing the number of
batches both in the seed and in the blanket, and by reducing the cycle
length. According to the sensitivity analysis described in Reference

(Zhang et al., 2017), the discharge burnup of the thorium blanket fuel
and the blanket power fraction are expected to be compromised slightly
by making such a change. As a result, the reactivity gains in the blanket
batches as well as the power change in one cycle are expected to be
lower.

3.2.2. Thorium dioxide fuel
The thorium dioxide fuel is assumed to have a theoretical density of

10.0 g/cm3 (Mcconn et al., 2011) and a smear density of 90%. The seed
of this core is designed to have a conversion ratio of ∼0.5, same as of
the reference metallic-Th-fueled ultra-long cycle S&B design (Table 3).

Table 4 shows the performance of the S&B core with thoria-fueled
blanket as compared with the reference core performance. Since the
oxide fuel has softer neutron spectrum along with lower heavy metal
density, the thoria blanket contributes less reactivity to the core than
the metallic Th blanket. As a result, the burnup reactivity swing per
year for the thoria blanket core is two times that of the reference ultra-
long cycle core and, therefore, the seed has to use a 2-batch fuel
management scheme together with a smaller but acceptable cycle
length of 1640 EFPD. The thoria-fueled blanket has one internal and

Fig. 3. Comparisons of neutron balance evolution with burnup among the
blanket fuel options.

Table 3
Performance characteristics of the reference ultra-long cycle S&B core design
with metallic thorium fueled blanket and of the reference ABR core design.

Reference Ultra-Long
Cycle

Reference ABR

Seed/Blanket

Fuel form U-TRU-10Zr/Th U-TRU-10Zr
Target TRU CR of seed CR=0.5 CR=0.5
Number of assemblies
Inner blanket 42a –
Seed 61 144
Outer blanket 168 –

Number of batches
Inner blanket 1 –
Seed 1 6/6/7
Outer blanket 2 –

P/D ratio 1.261/1.151 1.293
Permissible assembly power (MWth) 12.3/7.3 –
Fraction of maximum permissible

assembly power
0.96/0.99 –

Cycle length (EFPD) 2630 221
Total fuel residence time (EFPD) 2630/7890 1326/1326/1547
keff at BOEC 1.039 ± 0.001 –
keff at EOEC 1.004 ± 0.001 –
Burnup reactivity swing (%Δk/k) −3.39 −2.90
Burnup reactivity swing rate (%Δk/

k/EFPY)
−0.47 −4.79

Average blanket power fraction 42.5% 0.0%
Average discharge burnup (MWd/kg) 123.2/65.0 131.9
Peak radiation damage (DPA) 175/204 −b

TRU/HM of seed at BOEC (wt%) 29.9 33.3
Seed CR at BOEC 0.46 0.5
HM at BOEC (tons) 12.3/51.4 9.4
Specific power (MWt/tHM) 46.8/8.3 106.4
TRU feed rate (kg/EFPY) 93.2/0.0 173.8
DU feed rate (kg/EFPY) 117.0/0.0 217.5
Thorium feed rate (kg/EFPY) 0.0/2386.0 0.0
Trans-Th discharge rate (kg/EFPY) 0.0/174.5 0.0
Reprocessing capacity (kg/GWt/Yr) 1703.6 2767.2
Safety Parameters
Sodium void worth (Δk/k)
BOEC 0.024 ± 0.001 0.028
EOEC 0.034 ± 0.001 0.029

Doppler coefficient (¢/°C)
BOEC −0.03 ± 0.02 −0.08
EOEC −0.02 ± 0.02 −0.09

a The innermost blanket batch has 70 assemblies. 42 assemblies are placed in
the inner blanket and the others are loaded in the outer blanket.

b The peak radiation damage on the cladding of the ABR design is con-
strained by a peak fast fluence of 4× 1023 n(> 0.1MeV)/cm2.

2 The thoria k∞ gets slightly above unity but if leakage was accounted for, keff would be
lower than 1.0.

3 The power density is generated by a fine mesh across the core. There is no correlation
between the number of batches and the number of radial regions used to calculate the
power density.
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five external batches, and generates 45% of the core power—slightly
higher than that generated by the metallic thorium blanket. The seed
discharge burnup is 164.0 MWd/kg—higher than 123.2 MWd/kg (or
145.0 MWd/kg if normalized to the same DPA value of 206) of the
reference design. This is attributed to a slightly softer neutron spectrum
in the seed caused by the thoria blanket. Due to the higher burnup of
the seed fuel and smaller fraction of power generated in the seed, the
reprocessing capacity of the core with oxide fuel blanket is noticeably
lower than that of the reference core. The thoria blanket requires about
80% of the HM inventory as compared to the metallic thorium blanket
and features a higher burnup per DPA due to the softer spectrum; it
offers a thorium discharge burnup of 109.5 MWd/kg versus 65.0 MWd/
kg of the metallic fuel. This corresponds to a thorium utilization of more
than 18 times that of natural uranium in LWRs. The softer neutron
spectrum of the S&B core with the oxide fueled blanket increases the
Doppler effect by a factor of five relative to that of the reference ultra-
long cycle core.

3.2.3. Thorium hydride fuel
A previous study investigated the feasibility of designing a self-

sustaining (not a S&B) SFR core fueled with ThH0.5 featuring a nearly
zero sodium void worth and significantly reduced radiation damage
rate (Brown et al., 2015; Zhang and Greenspan, 2014b). The study
concluded that (1) due to its relatively soft neutron spectrum, a large
3000 MWt SFR can be designed to have a small positive sodium void
worth of $1.15 at BOEC; (2) the corresponding value for the same SFR
core fueled by thorium dioxide is $8.41 (Zhang and Greenspan, 2014b).

The Doppler coefficient of thorium hydride fueled SFR is five times
more negative than the corresponding value in thorium dioxide fueled
SFR (Zhang and Greenspan, 2014b). However, the achievable burnup of
such a thorium hydride fueled SFR is only 3.3% FIMA—much smaller as
compared to an average burnup of 111 MWd/kg of self-sustaining SFR
fueled by thorium dioxide.

Nevertheless, a blanket fueled by thorium hydride in the S&B core
configuration can be driven by the excess neutrons from the seed to
very high burnup without fuel reprocessing. Table 5 shows the per-
formance characteristics of the S&B core with the ThH0.5 and ThH2

fueled blankets. Without violating the radiation damage constraint of
200 DPA, the ThH0.5 fuel can be irradiated up to an average burnup of
191.8 MWd/kg—about three times that of the metallic thorium fueled
blanket (65.0 MWd/kg)—and can generate about 49.9% of the core
power—higher than that generated from the metallic thorium fueled
blanket (Tables 3 and 5). The achievable discharge burnup of the ThH2

fuel is even higher: 244.6 MWd/kg. However, this core has an un-
favorable radial power peaking as illustrated in Fig. 5b,4 larger burnup
reactivity swing, shorter cycle, lower seed discharge burnup, and higher
required reprocessing capacity.

The fractional power change of the ThH0.5 blanket power over one
cycle is small and manageable (Fig. 5a). Due to the softer neutron
spectrum in the thorium hydride blanket, the seed can discharge its fuel
at a relatively high burnup, and the reprocessing capacity per unit of
electricity generated is reduced to 1240.1 kg/GWth-yr for the ThH0.5

case. The rate of trans-thorium discharge from the ThH0.5 blanket is less
than half that discharged from the metallic Th blanket. The sodium void
worth of the S&B core with thorium hydride blanket is less positive and
the Doppler coefficient is fifteen folds more negative than that of the
reference ultra-long cycle core with metallic thorium.

A trade-off study is required to identify the optimal H-to-Th ratio
and thorium-hydride blanket designs. These should be followed by a
thorough fuel performance analysis, assessing the feasibility of
achieving adequate shutdown margin, and a comprehensive safety
analysis. The design of the initial core loading and the optimal strategy
for the transition to the equilibrium core composition should be eval-
uated in a future study as well.

3.2.4. FCM fuel
The objective of the Laser Inertial Fusion Energy (LIFE) project,

Fig. 4. Radial power distribution across the reference ultra-long cycle S&B core.

Table 4
Performance characteristics of the S&B core with thoria fueled blanket.

Thorium Dioxide

Seed/Blanket

Fuel form U-TRU-10Zr/ThO2

Target TRU CR of seed CR=0.5
Number of assemblies
Inner blanket 35
Seed 61
Outer blanket 175

Number of batches
Inner blanket 1
Seed 2
Outer blanket 5

P/D ratio 1.281/1.158
Permissible assembly power (MWth) 13.2/7.6
Fraction of maximum permissible assembly power 0.78/0.99
Cycle length (EFPD) 1640
Total residence time (EFPD) 3280/9840
keff at BOEC 1.046 ± 0.001
keff at EOEC 1.004 ± 0.001
Burnup reactivity swing (%Δk/k) −4.04
Burnup reactivity swing rate (%Δk/k/EFPY) −0.90
Average blanket power fraction 45.0%
Average discharge burnup (MWd/kg) 164.0/109.5
Peak radiation damage (DPA) 206/187
TRU/HM of seed at BOEC (wt%) 30.8
Seed CR at BOEC 0.49
HM at BOEC (tons) 11.0/39.9
Specific power (MWt/tHM) 50.0/11.3
TRU feed rate (kg/EFPY) 88.5/0.0
DU feed rate (kg/EFPY) 111.4/0.0
Thorium feed rate (kg/EFPY) 0.0/1500.6
Trans-Th discharge rate (kg/EFPY) 0.0/142.5
Reprocessing capacity (kg/GWt/Yr) 1223.3
Safety Parameters at BOEC
Sodium void worth (Δk/k)
BOEC 0.024 ± 0.001
EOEC 0.030 ± 0.001

Doppler coefficient (¢/°C)
BOEC −0.15 ± 0.02
EOEC −0.17 ± 0.02

4 The power density is generated by a fine mesh across the core. There is no correlation
between the number of batches and the number of segments used to calculate the power
density.
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initiated by the Lawrence Livermore National Laboratory (LLNL) and
active until few years ago (Kramer, 2011; Morses et al., 2009), was to
use fusion neutrons to drive a subcritical blanket fueled with pebbles
containing TRistructural-ISOtropic (TRISO) particles in a breed-and-
burn mode of operation. The rationale for this fuel option is the ex-
perimental evidence that TRISO fuel particles can withstand very high
burnup without releasing fission products. In addition, TRISO particles
make a chemically stable waste form that promises to maintain its in-
tegrity in a high level waste repository for a long time. More recently,
the Fuel Cycle Evaluation and Screening campaign conducted by the
U.S. Department of Energy (Wigeland et al., 2014) considered a number
of variants of the LIFE reactor concept. Specifically, 3 out of the 40
evaluation groups (EG06, EG07, and EG08) feature a subcritical core
(or “blankets”) in which either thorium or natural uranium is driven by
an external neutron source to very high burnup. The attractive feature
of all these concepts is the possibility to extract a significant fraction of
the energy value of the natural resource without fuel enrichment and
reprocessing.

The objective of this section is to assess the neutronic feasibility of
using excess neutrons from fast fissions instead of neutrons from fusion
or an accelerator driven spallation source to drive the subcritical breed-
and-burn blanket. Specifically, it is proposed to use the previously de-
scribed S&B core configuration for this application. Instead of pebbles
used in the LIFE project (Kramer, 2011; Morses et al., 2009), it is
proposed to use Fully Ceramic Microencapsulated (FCM) fuel (Powers
and Wirth, 2010).

The FCM fuel used in this study is made of thorium-bearing TRISO

particles of the following dimensions (Powers, 2014): 800 μm diameter
fuel kernels; 75 μm carbon buffer layer; 20 μm thick Inner Pyro-Carbon
(IPyC) and Outer Pyro-Carbon OPyC; 40 μm SiC layer. The TRISO
particles packing fraction in the SiC matrix is 45%. Detailed informa-
tion about the modeling is provided in Zhang et al. (2015b). The re-
sidence time of the FCM fuel was not constrained by neutron induced
radiation damage because this constraint is currently unknown for SiC.
In fact, SiC is supposed to tolerate high fluence of fast neutrons as it
anneals the dislocations if at high enough temperature (Terrani et al.,
2012). The obtained results in this section provide an upper bound
estimate of the attainable thorium utilization in this type of S&B core.

As the FCM fuel features double-heterogeneity and includes sig-
nificant amount of low Z material (SiC), a study was performed on a
single unit cell model to quantify the significance of the self-shielding
effect in such a system. The simulation of an infinite unit cell is im-
plemented with SERPENT 2.1.11 (Leppänen, 2013). Fig. 6 compares the
infinite multiplication factor as a function of burnup obtained using
three infinite unit cell models: (1) explicit representation of TRISO
particles, SiC matrix, cladding, and coolant (“Heterogeneous” model);
(2) homogenized TRISO particles and SiC matrix fuel (“Partial homo-
geneous” model); (3) fully homogenized unit cell model, including the

Table 5
Performance characteristics of the S&B design with thorium hydride fueled
blanket.

Thorium Hydride

Seed/Blanket Seed/Blanket

Fuel form U-TRU-10Zr/ThH0.5 U-TRU-10Zr/ThH2

Target TRU CR of seed CR=0.5 CR=0.5
Number of assemblies
Inner blanket 19 23
Seed 61 76
Outer blanket 191 172

Number of batches
Inner blanket 2 4
Seed 5 6
Outer blanket 20 30

P/D ratio 1.212/1.208 1.194/1.198
Permissible assembly power (MWth) 10.1/9.9 9.3/9.5
Fraction of maximum permissible

assembly power
0.90/0.89 0.78/0.91

Cycle length (EFPD) 700 545
Total fuel residence time (EFPD) 3500/15400 3270/18530
keff at BOEC 1.038 ± 0.001 1.043 ± 0.001
keff at EOEC 1.010 ± 0.001 1.000 ± 0.001
Burnup reactivity swing (%Δk/k) −2.73 −4.08
Burnup reactivity swing rate (%Δk/k/

EFPY)
−1.42 −2.73

Average blanket power fraction 49.9% 49.6%
Average discharge burnup (MWd/kg) 147.3/191.8 105.7/244.6
Peak radiation damage (DPA) 190/209 182/198
TRU/HM of seed at BOEC (wt%) 29.2 27.9
Seed CR at BOEC 0.50 0.48
HM at BOEC (tons) 11.9/38.6 15.6/35.7
Specific power (MWt/tHM) 42.1/13.0 32.3/13.9
TRU feed rate (kg/EFPY) 80.8/0.0 84.2/0.0
DU feed rate (kg/EFPY) 101.0/0.0 99.1.0/0.0
Thorium feed rate (kg/EFPY) 0.0/950.4 0.0/740.4
Trans-Th discharge rate (kg/EFPY) 0.0/80.6 0.0/30.6
Reprocessing capacity (kg/GWt/Yr) 1240.1 1739.4
Safety Parameters at BOEC
Sodium void worth (Δk/k) 0.014 ± 0.001 0.008 ± 0.001
Doppler coefficient (¢/°C) −0.45 ± 0.03 −0.48 ± 0.02

Fig. 5. Radial power distribution across the S&B core with (a) ThH0.5 and (b)
ThH2 fueled blanket.
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cladding and coolant (“Fully homogeneous” model). It is found that the
fully homogeneous model underestimates ∞k below 10 MWd/kg be-
cause the fast fission probability of thorium is under-
estimated—thorium contributes the majority of the fissions at low
burnup. As the 233U concentration builds up with burnup, the homo-
genized models overestimate the 233U breeding and, hence, ∞k because
they do not adequately account for the spatial self-shielding effects.
Starting from about 100 MWd/kg, the overestimation of ∞k in the
homogeneous models becomes burnup independent—about 400 pcm
for the partial homogeneous and about 800 pcm for the fully homo-
geneous unit cell. In order to reduce the computational effort for this
preliminary feasibility study, the fully homogeneous model is used and
a bias of 800 pcm is applied requiring keff value at EOEC to be at least
1.008.

Table 6 compares selected design and performance characteristics of
two S&B cores with FCM fueled blankets. The seed of both cores is
designed to have a conversion ratio of ∼0.5. The FCM fueled blanket is
initially designed with a target discharge burnup of 240 MWd/kg—the
FCM1 case. However, as the FCM blanket contributes less to the core
reactivity than the metallic Th blanket, its seed needs to be loaded with
more fuel. For the same reason, the FCM blanket reactivity gain over
the cycle does not compensate as much for the seed reactivity loss. As a
result, the burnup reactivity swing per year for the FCM blanket core is
about four times that of the reference metallic thorium ultra-long cycle
core; the seed has to use five fuel batches and therefore a smaller but
acceptable cycle length of 750 EFPD. One third of the core power is
generated by the FCM blanket. This is less than the fraction of 42.5%
that the metallic thorium blanket generates in the ultra-long cycle core
but quite significant. On the other hand, the FCM blanket requires
about one fifth of the HM inventory and offers nearly quadruple
thorium burnup (i.e., thorium resource utilization). Moreover, due to
the softer spectrum, the seed discharge burnup of 190.6 MWd/kg is
higher than the 123.2 MWd/kg of the reference ultra-long cycle core (or
137.3 MWd/kg if normalized to the same DPA value of 195). Due to the
higher discharge burnup, the reprocessing capacity required for the
seed of the FCM1 core is somewhat smaller per unit of core energy
despite of the smaller fraction of core power generated by the blanket.
The radial power density distribution across the FCM1 core is displayed
in Fig. 7.5 The power density peaks at the interface between the seed

and the blankets due to the softer FCM blankets spectrum (Fig. 8).6

Nevertheless, this power peaking is still manageable for SFR cores with
coolant flow orificing. The FCM2 case is designed for a discharge
burnup of 481.5 MWd/kg. It aims to demonstrate that the thorium
resource utilization can be very high if the FCM fuel is able to keep its
integrity. Nevertheless, shorter cycles and more batches are required to
reduce the burnup reactivity swing to less than −3.5% in FCM2 case.

The study reported in Zhang et al. (2018) concludes that the fuel
cycle cost of S&B SFR that uses metallic thorium blanket will be sig-
nificantly smaller than that of a conventional SFR. Even though the
fabrication cost of the FCM fuel will be most likely higher than that of
the metallic fuel, the overall economic advantage of the S&B core is
likely to be preserved when using FCM fuel. The heavy metal inventory
in the FCM fuel is one fifth that of metallic thorium blankets while its
discharge burnup is much higher. However, the very high burnup of
both seed and blanket fuel in these S&B core designs make the fuel and
structural materials integrity particularly challenging. It is necessary to
determine the radiation damage limit of the FCM fuel under the con-
ditions prevailing in the blanket of the S&B core before the feasibility of
the FCM fueled S&B reactor concept could be reliably assessed.

3.2.5. Denatured thorium fuel
The proliferation analysis in Zhang et al. (2018) found that the

Fig. 6. Comparison of ∞k as a function of burnup for different FCM fuel unit cell
models.

Table 6
Performance characteristics of the S&B core using FCM fueled blanket.

FCM1 FCM2

Seed/Blanket Seed/Blanket

Target TRU CR of seed CR=0.5 CR=0.5
Number of assemblies
Inner blanket 40 40
Seed 71 71
Outer blanket 160 160

Number of batches
Inner blanket 2 2
Seed 5 5
Outer blanket 8 18

P/D ratio 1.227/1.085 1.218/1.072
Permissible assembly power (MWth) 10.8/4.2 10.4/3.6
Fraction of maximum permissible assembly

power
0.93/0.90 0.95/0.85

Cycle length (EFPD) 750 750
Total residence time (EFPD) 3750/7500 3750/15000
keff at BOEC 1.047 ± 0.001 1.051 ± 0.001
keff at EOEC 1.009 ± 0.001 1.006 ± 0.001
Burnup reactivity swing (%Δk/k) −3.60 −4.17
Burnup reactivity swing rate (%Δk/k/EFPY) −1.75 −2.03
Average blanket power fraction 33.7% 34.5%
Average discharge burnup (MWd/kg) 190.6/241.2 185.0/481.5
Peak radiation damage (DPA) 195/-a 187/-
TRU/HM of seed at BOEC (wt%) 31.7 31.6
Seed CR at BOEC 0.50 0.50
HM at BOEC (tons) 13.0/9.9 13.3/9.1
Specific power (MWt/tHM) 51.0/34.0 49.3/38.0
TRU feed rate (kg/EFPY) 108.7/0.0 107.7/0.0
DU feed rate (kg/EFPY) 130.8/0.0 129.0/0.0
Thorium feed rate (kg/EFPY) 0.0/510.3 0.0/261.4
Trans-Th discharge rate (kg/EFPY) 0.0/65.9 0.0/31.5
Reprocessing capacity (kg/GWt/Yr) 1269.0 1293.0
Safety Parameters at BOEC
Sodium void worth (Δk/k)
BOEC 0.023 ± 0.001 0.023 ± 0.001
EOEC 0.025 ± 0.001 0.025 ± 0.001

Doppler coefficient (¢/°C)
BOEC −0.34 ± 0.03 −0.30 ± 0.03
EOEC −0.36 ± 0.03 −0.30 ± 0.03

a The peak fast fluence in the FCM fuel is 2.61× 1023 n(> 0.1MeV)/cm2(a).

5 The power density is generated by a fine mesh across the core. There is no correlation
between the number of batches and the number of segments used to calculate the power
density. 6 Middle of Equilibrium Cycle (MOEC).
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Breed-and-Burn thorium blanket has an intrinsic proliferation re-
sistance as the discharged fuel is not required to be reprocessed. A re-
mote operation is required to extract the discharged 233U without in-
curring a large occupational dose because the uranium discharged from
the reference ultra-long cycle core is contaminated by 1321 ppm 232U.
A dilution of 233U with 238U to a sufficient level adds an extra difficulty
to extract fissile material and thus can further reduce the potential for
weapon-use of the uranium discharged from the blanket. Mixtures of
233U, 235U, and 238U are effectively non-weapon-usable uranium if they
obey the following condition (Forsberg et al., 1998):

+
<

wt U wt U
wt U

%( ) 0.6 %( )
%( )

0.12
233 235

(1)

This study examines the possibility and implications of denaturing
the thorium fuel with depleted uranium in order to dilute the weapon-
usable isotope 233U bred in the blanket. A mixture of 60Th-36.4DU-
3.6Zr feed fuel was found capable to dilute the 233U bred in the blanket
by 238U below the level required for weapon usable uranium. The
theoretical density of the mixture is 13.0 g/cm3 calculated by the
equation:

= +
−

− − −ρ
wt Th
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Th U Zr Th U Zr10 (2)

where

ρTh =theoretical density of metallic thorium at 11.7 g/cc;

−ρU Zr10 =theoretical density of metallic uranium at 15.7 g/cc.

The smeared density of the blanket fuel is kept at 85%.
The denatured blanket is driven by TRU burner seed with a con-

version ratio of 0.5. The performance characteristics of the optimized S
&B core are summarized in Table 7; they are similar to the performance
of the reference ultra-long cycle S&B core in terms of the average
blanket power fraction and the required reprocessing capacity. Due to
the better neutron economy of the “denatured” blanket, there is a large
increase of the blanket reactivity with burnup, and therefore the overall
burnup reactivity swing is negligible compared with that of the metallic
thorium case. As a consequence, the cycle can be very long and only one
batch is required for the seed and two for the blanket. However, the
presence of 238U in the blanket results in breeding of plutonium al-
though the Pu breeding rate in the blanket is slightly smaller than the
Pu destruction rate by the seed. If the primary objective is to incinerate
the blanket-bred Pu in the seed, it is necessary to reprocess the blanket
fuel, which makes this option unattractive.

The fissile uranium bred in the “denatured” blanket is 11% of the
discharged uranium—below the 12% limit for weapons usable 233U.
However, the plutonium bred in the blanket has a fissile content of 93%

Fig. 7. Radial power distribution across the FCM1 core.

Fig. 8. Comparison of MOEC neutron spectra in the internal blankets of the S&B
cores with multiple blanket fuel options.

Table 7
Performance characteristics of the S&B core with 60Th-36DU-4Zr fueled
blanket.

Denatured S&B

Seed/Blanket

Fuel form U-TRU-10Zr/60Th-36U-4Zr
Target TRU CR of seed CR=0.5
Number of assemblies
Inner blanket 45
Seed 63
Outer blanket 163

Number of batches
Inner blanket 1
Seed 1
Outer blanket 1

P/D ratio 1.269/1.158
Permissible assembly power (MWth) 12.7/7.6
Fraction of maximum permissible assembly power 0.99/1.00
Cycle length (EFPD) 3125
Total fuel residence time (EFPD) 3125/6250
keff at BOEC 1.015 ± 0.001
keff at EOEC 1.007 ± 0.001
Burnup reactivity swing (%Δk/k −0.82
Burnup reactivity swing rate (%Δk/k/EFPY) −0.10
Average blanket power fraction 41.3%
Average discharge burnup (MWd/kg) 146.7/47.9
Peak radiation damage (DPA) 206/190
TRU/HM in the seed at BOEC (wt%) 30.4
Seed CR at BOEC 0.45
HM at BOEC (tons) 12.5/53.8
Specific power (MWt/tHM) 46.9/7.7
TRU feed rate (kg/EFPY) 95.4/-74.1
DU feed rate (kg/EFPY) 119.6/121.5
Thorium feed rate (kg/EFPY) 0.0/1967.8
Trans-Th discharge rate (kg/EFPY) 0.0/133.7
Reprocessing capacity (kg/GWt/Yr) 1459.9
Safety Parameters at BOEC
Sodium void worth (Δk/k)
BOEC 0.040 ± 0.001
EOEC 0.040 ± 0.001

Doppler coefficient (¢/°C)
BOEC −0.05 ± 0.03
EOEC −0.04 ± 0.03
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and is very attractive for weapon-use. To avoid the breeding of pluto-
nium, it is recommended to charge the blanket with pure thorium and
then denature the discharged blanket fuel by mixing it with depleted
uranium. A special technology needs to be developed for implementing
this option.

3.3. Summary of fuel options for thorium blankets

Figs. 8 and 9 compare the neutron spectra in the inner blanket and
seed of the different thorium-containing S&B cores examined in this
work, and Table 8 summarizes the attainable thorium burnup and the
corresponding thorium utilization relative to that of natural uranium
utilization in LWRs (a typical PWRs requires 5.9 MWd/kg of natural
uranium feed to the enrichment plant (Wigeland et al., 2014)). It is
found that by softening the blanket spectrum (Fig. 8) it is possible to
significantly increase the thorium fuel utilization—from 65.0 MWd/kg
for metallic thorium to 109.5 MWd/kg for ThO2, 191.8 MWd/kg for
ThH0.5, and 481.5 MWd/kg for FCM fuel in case that future experiments
could demonstrate that FCM fuel is able to maintain its integrity up to
such a high burnup. The higher discharge burnup of the blanket fuel
reduces the specific trans-thorium discharge rate from 174.5 to 31.5 kg/
EFPY, and this reduces the amount of high level waste generated in the
blankets. The 232U/233U ratio is much higher in the hydride fueled
blankets due to the larger fraction of neutrons with energy above
0.7 MeV where the (n, 2n) reactions occur. The higher concentration of
232U is expected to improve the proliferation resistance of the blanket
spent fuel.

It is also observed (Table 8) that the seed fuel discharge burnup
increases by softening the blanket spectrum because the spectrum in the
seed is softened to some extent as well (Fig. 9). As a result, the

reprocessing capacity required for the S&B reactors with the innovative
thorium blankets is lower than that of the reference ultra-long cycle
design.

Table 9 compares the sodium void reactivity worth and fuel Doppler
coefficients at the BOEC and EOEC of the S&B cores with the different
blanket options. It is observed that softening the thorium blanket
spectrum results in a reduction of the positive sodium void worth and
making the Doppler coefficient significantly more negative. For ex-
ample, the sodium void worth of the S&B core with the ThH0.5 blanket
is approximately one-half that of the reference S&B core with the me-
tallic thorium blanket as well as of the reference ABR core (that is of a
much smaller volume). The large negative Doppler coefficient of the S&
B cores having softened blanket spectrum will challenge the design of
the core control system. This issue needs to be explored in a future
study.

4. Multi-stage fuel cycles based on S&B fast reactors

An increase in resource utilization using S&B fast reactors can also
be obtained using multi-stage fuel cycles. This study examined two
options: (1) a two-stage cycle where PWR used fuel is recycled in the S&
B blanket; (2) a three-stage fuel cycle where PWR used fuel is recycled
in the S&B seed, and the used fuel from a thorium blanket of the same S
&B core is recycled in a stage-3 PWR.

4.1. A two-stage PWR-S&B nuclear system

The attainable burnup of contemporary PWRs is about 50–55 MWd/
kg; it is constrained by uranium enrichment of ∼4.5% 235U. The cor-
responding natural uranium utilization of these PWRs is only about
0.6%. It is proposed to increase the uranium utilization by charging the
PWR used nuclear fuel into the blanket of the S&B cores after limited
reprocessing. Instead of using aqueous reprocessing, it is suggested to
apply the Atomics International Reduction Oxidation (AIROX) tech-
nology developed for uranium dioxide fuel. The subcritical blanket
loaded with this reconditioned fuel is driven by the neutrons that leak
from the seed and discharges its fuel when the radiation damage on the
structural material gets close to 200 DPA.

The AIROX process technology (Feinroth et al., 1993) is considered
a dry process and includes the following major steps: fuel de-cladding;
gaseous plus volatile fission products removal; new fuel fabrication.
The feasibility of this technology has been demonstrated by the Korea
Atomic Energy Research Institute DUPIC (Direct Use of Spent PWR Fuel
in CANDU Reactors) project (Lee et al., 1993). In the AIROX process,
the discharged UO2 fuel is oxidized to U3O8 in O2 atmosphere at 400 °C.
The fuel pellets are converted this way into a fine U3O8 powder and part
of the gaseous and volatile fission products are removed in this step.
Then, the U3O8 is reduced back to UO2 in H2 atmosphere at 600 °C. The
UO2 powder is sintered into fuel pellets in which process additional
volatile fission products are removed. Since TRU elements and many
fission products are not separated from the spent fuel, the AIROX pro-
cess is considered to have a high proliferation resistance.

Fig. 9. Comparison of MOEC neutron spectra in the seed of S&B cores with
multiple blanket fuel options.

Table 8
Major performance characteristics of the S&B cores with spectrum softened blankets.

Blanket fuel
option

Average blanket power
fraction

Discharge burnup
(MWd/kg)

Reprocessing capacity
(kg/GWt/Yr)

Thorium fuel utilization
relative to

Trans-Th discharge
rate (kg/EFPY)

232U/233U (ppm)

Seed/Blanket NU feed to LWRs

Metallic Th 42.5% 123.2/65.0 1703.6 11.0 174.5 1321
ThO2 45.0% 164.0/109.5 1223.3 18.6 142.5 1539
ThH0.5 49.9% 147.3/191.8 1240.1 32.5 80.6 3790
ThH2 49.6% 105.7/244.6 1739.4 41.5 0.6 7168
FCM2 34.5% 185.0/481.5 1293.0 81.6 31.5 1292
Th-DU 41.3% 146.7/47.9 1459.9 8.1 133.7 1096
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4.1.1. Neutron balance analysis of AIROX processed PWR UNF
A 0-D model is applied to quantify the neutron economy of an

AIROX processed PWR UNF with the dimensions and volume fractions
of the reference unit cell (Section 3.1). The UNF considered here is from
a typical PWR fueled with 4.5 wt% enriched UO2 and discharged at a
burnup of 55 MWd/kg. The depletion calculation is performed with
ORIGEN2.2 using the default cross-section library for PWR. After 1000
days of cooling time, the discharged fuel undergoes an AIROX process.
The resulting fuel composition and heavy metal density (DiSanzo et al.,
2014) are given in Table 10.

Fig. 10 shows the neutron balance of the AIROX processed PWR
UNF. Due to the TRU buildup and some 235U leftover in the PWR UNF,
the initial ∞k value is ∼0.33 whereas the corresponding ∞k value for
metallic thorium is close to 0.0 (Fig. 2). As the fuel burnup increases,
fissile Pu is bred in the PWR UNF, and the ∞k value rises to its maximum
at about 15% FIMA but fails to achieve criticality. Based on the neutron
balance analysis, it is expected that more external neutrons will be
required to drive such a blanket than metallic thorium fueled blanket to
the same burnup.

4.1.2. Full core analysis of the S&B core with PWR UNF fueled blanket
The fuel cycle scheme (Fig. 117) represents an AIROX processed

PWR UNF for the blanket of the S&B core. The seed is designed to be
fuel self-sustaining—having a CR of slightly above 1.0 (to account for
recycling losses), such that there is no need to separate TRU from PWR
UNF.

Table 11 summarizes the performance characteristics of the re-
sulting S&B core in comparison with the reference ultra-long cycle core.
About one third of the core power is generated from the blanket, and

the reprocessing capacity per unit of electricity generated is half of that
for the Advanced Recycling Reactor8 (ARR) featuring a TRU CR of 1.0
(Hoffman et al., 2006). It is possible to discharge the PWR UNF from the
blanket at a burnup of 117.1 MWd/kg whereas the average burnup
from the metallic thorium fueled blanket is 65.0 MWd/kg. The higher
discharge burnup is due to the softer neutron spectrum established by
the oxide fuel. Accounting for the burnup at the first stage, this two-
stage energy system can achieve an accumulated average burnup of
∼170 MWd/kg and therefore improve the utilization of natural ur-
anium by a factor of three while at the same time reducing the amount
of high level waste generated per unit of electricity. Compared with the
reference ultra-long cycle case, the S&B with PWR UNF fueled blanket
has more positive sodium void worth because this core is loaded with a
larger amount of TRU. A future study should focus on reducing the
coolant density reactivity coefficient and on a more comprehensive
safety analysis.

4.2. A three-stage PWR-S&B-PWR closed nuclear system

The fuel cycle options discussed so far operate the blanket of the S&
B reactor in a once-through mode and accumulate a large inventory of
Trans-Th waste. The study9 in this section assesses the feasibility of
feeding the discharged Trans-Th to PWRs that operate on a closed fuel
cycle. This fuel cycle option provides a possible solution to the large
amount of 233U bred in the S&B core whose decay daughters are the
major contributors to the radioactivity and radiotoxicity in the long-
term (Zhang et al., 2018). The specific fuel cycle option considered here
is a three-stage energy system PWR(LEU)-S&B-PWR(Trans-Th) illu-
strated in Fig. 1210: once-through low enriched uranium fueled PWRs
make Stage-1; S&B reactors with TRU transmuting seed and thorium
blanket are Stage-2; and LWRs that operate on a closed Trans-Th/Th
fuel cycle make Stage-3. The Trans-Thorium recovered from Stage-2 S&
B SFR blanket is mixed with thorium to make the fuel for Stage-3 PWR.
All the discharged fuel is reprocessed and recycled except for the ur-
anium recovered from Stage-1 spent fuel and a fraction of the thorium
recovered from Stage-2 discharged blanket fuel.

The S&B core of Stage-2 is similar to the reference ultra-long cycle
design (Section 3.2.1) but has a TRU CR of 0.0 (Zhang et al., 2017). The

Table 9
Comparison of safety-related characteristics of the S&B cores with spectrum
softened blankets.

Blanket fuel option Sodium void worth ((Δk/k) Doppler coefficient (¢/°C)

BOEC/EOEC BOEC/EOEC

ABR 0.028/0.034 −0.08/-0.09
Metallic Th 0.024/0.034 ± 0.001 −0.03/-0.02 ± 0.02
ThO2 0.024/0.030 ± 0.001 −0.15/-0.17 ± 0.02
ThH0.5 0.014/±0.001 −0.45 ± 0.03
ThH2 0.018/±0.001 −0.48 ± 0.02
FCM2 0.023/0.025 ± 0.001 −0.34/-0.36 ± 0.03
Th-DU 0.034/0.040 ± 0.001 −0.05/-0.04 ± 0.03

Table 10
Fuel composition of the AIROX processed PWR UNF in comparison with me-
tallic Thorium.

Fuel composition (wt%) Metallic Th PWR UNF after AIROX

Fissile Pu/HM 0.00% 0.69%
TRU/HM 0.00% 1.28%
Th/HM 100.00% 0.00%
U/HM 0.00% 98.72%a

O/HM 0.00% 14.38%
Zr/HM 0.00% 0.63%
Sr-90/HM 0.00% 0.09%
Tc-99/HM 0.00% 0.13%
Cs-135/HM 0.00% 0.01%
Cs-137/HM 0.00% 0.02%
HM atomic densityb (#/barn-cm) 3.042× 10−2 2.276× 10−2

a The 235U/U in the AIROX processed PWR UNF is about 0.6%.
b This is the theoretical density.

Fig. 10. ∞k (blue) and neutron balance (red) evolution with burnup for AIROX
processed PWR UNF. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

7 This figure was generated based on the template from the Fuel Cycle Evaluation and
Screening campaign (Wigeland et al., 2014).

8 The reprocessing capacity of the ARR design is 5000 kg/GWt.
9 Gang Wang—an intern student from Tsinghua University helped with the assessment

of this fuel cycle option.
10 This figure was generated based on the template from the Fuel Cycle Evaluation and

Screening campaign (Wigeland et al., 2014).
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seed of these S&B cores is fed with TRU separated from Stage-1 PWR
discharged fuel. This system may offer the fastest and, possibly, most
cost effective way to get rid of the HLW accumulated in the nuclear
industry. It also features a high energy support-ratio, which is defined
as the ratio of the electricity generated by Stage-2 S&B core to the
electricity generated by Stage-1 and Stage-3 PWRs. In order to have a
support-ratio definition consistent with the definition used by the re-
cent Fuel Cycle Evaluation and Screening campaign (Wigeland et al.,
2014), the thermal efficiencies of the SFRs and PWRs are assumed to be
40% and 33.3%, respectively.

A typical Westinghouse 17×17 PWR fuel assembly design (Ganda
and Greenspan, 2009) is used for the burnup analysis of Stage-3 PWRs.
Serpent 2 (Leppaenen and Isotalo, 2012) with ENDF/B-VII cross-sec-
tions is used for neutronic and burnup calculations. The equilibrium
cycle for a three-batch shuffling scheme is searched by EDIS (Qvist,
2014). The core average multiplication factor kcore is estimated from

=
∑

k
f k
1

/core
i i i (3)

where

fi = fraction of core power generated by batch i;
ki =multiplication factor of batch i.

This study assumes that 1/3rd of the power is generated by each
batch, and that the radial neutron leakage probability is 3%; axial
leakage is accounted for implicitly in the Serpent model. The amount of
Trans-Th in the makeup fuel of Stage-3 PWR is adjusted to enable a
discharge burnup of 50MWd/kg.

Several S&B cores were evaluated for Stage-2 reactors; they differ in
the value of the radiation damage constraint imposed on the blanket –
100 DPA, 200 DPA, 300 DPA or 400 DPA (Zhang et al., 2017). As the
cladding material of the blanket is qualified for higher DPA value, the
thorium blanket contributes a larger fraction of the S&B core power
(Zhang et al., 2017). As a result, the TRU consumption rate of the seed
decreases. The seed in all of these cores is fueled with TRU-40Zr be-
cause it is supported by existing irradiation experiments of inert matrix
fuel (Hayes et al., 2015). Metallic thorium is charged to all the blankets.

Fig. 11. Fuel cycle scheme of a PWR-S&B two-stage system using AIROX processed PWR UNF for the blanket feed.

Table 11
Performance characteristics of the S&B core with AIROX processed PWR UNF
fueled blanket.

AIROX processed PWR UNF

Seed/Blanket

Fuel form U-TRU-10Zr/Oxide PWR UNF
Target TRU CR of seed CR=1.0
Number of assemblies
Inner blanket 17
Seed 101
Outer blanket 153

Number of batches
Inner blanket 1
Seed 3
Outer blanket 9

P/D ratio 1.156/1.139
Permissible assembly power (MWth) 7.5/6.7
Fraction of max. permissible 0.96/0.98
Cycle length (EFPD) 1215
Total residence time (EFPD) 3645/12150
keff at BOEC 1.009 ± 0.001
keff at EOEC 1.015 ± 0.001
Burnup reactivity swing (%Δk/k) 0.56
Burnup reactivity swing rate (%Δk/k/EFPY) 0.17
Average blanket power fraction 31.3%
Average discharge burnup (MWd/kg) 111.8/117.1
Peak radiation damage (DPA) 194/200
TRU/HM of seed at BOEC (wt%) 15.3
Seed CR at BOEC 1.03
HM at BOEC (tons) 22.4/31.8
Specific power (MWt/tHM) 30.7/9.9
TRU feed rate (kg/EFPY) 0.1/0.0
DU feed rate (kg/EFPY) 246.1/0.0
Reprocessing capacity (kg/GWt/Yr) 2243.7
Safety Parameters at BOEC
Sodium void worth ($)
BOEC 0.031 ± 0.001
EOEC 0.038 ± 0.001

Doppler coefficient (¢/°C)
BOEC −0.11 ± 0.02
EOEC −0.13 ± 0.02

G. Zhang et al. Progress in Nuclear Energy 106 (2018) 440–454

451



The performance characteristics of the three-stage systems are
summarized in Table 12. When the blanket discharge burnup goes up,
the Trans-Th generation rate of the blanket decreases, and the energy
support ratio decreases correspondingly. Combining the PWRs of both
stages, one S&B core with radiation damage limit of 200 DPA enables
supporting ∼3.2 PWRs. The total support-ratio increases to ∼4.2 if the
blanket is designed with a cladding radiation damage limit of 100 DPA.
For comparison: (1) the support-ratio of a conventional ABR examined
in Evaluation Group 32 is ∼1.7 (Wigeland et al., 2014); (2) the support
ratio of a 3-stage PWR-SFR-PWR energy system that is similar with
Evaluation Group 37 is ∼1.0 (Wigeland et al., 2014). In EG37 Trans-Th
bred in a thorium fueled blanket of SFRs is fed into stage-3 PWRs that
operate in a closed Th/Trans (primarily 233U)-DU fuel cycle. It is con-
cluded that the S&B reactor in this three-stage energy system provides a
substantial improvement in the total support-ratio.

5. Conclusions

This paper evaluates the performance of the Seed-and-Blanket (S&B)
SFR core concept using innovative blanket fuel options. The primary

objective is to improve the blanket fuel utilization without the need to
reprocess the irradiated blanket fuel (except for one scenario). This
objective is achieved by softening of the neutron spectrum in the
blanket that results in a higher discharge burnup per permissible DPA
value. Three blanket fuel options were examined for spectrum softening
relative to the reference metallic thorium fueled blanket – thorium
oxide fuel, thorium hydride fuel, and thorium nitride fuel in the form of
TRISO particles embedded in SiC matrix (i.e. FCM fuel). The seeds of all
these S&B cores were designed to have a TRU conversion ratio of ap-
proximately 0.5. Both seed and blanket fuels were discharged when the
cladding radiation damage reached ∼200 DPA. Compared with the
reference metallic thorium fueled blanket that discharges its fuel at an
average burnup of 65 MWd/kg, the oxide fueled blanket discharge
burnup is around 110 MWd/kg. The average burnup achieved by
thorium hydride fueled blanket is close to 192 MWd/kg for the ThH0.5

fuel and ∼245 MWd/kg for the ThH2 fuel. Assuming that the FCM fuel
radiation damage is self-annealed, this fuel can achieve a discharge
burnup of 480 MWd/kg; the corresponding thorium utilization is close
to 80 times that of natural uranium utilization in present LWRs.

The softening of the blanket spectrum causes some softening in the

Fig. 12. Fuel cycle scheme of a three-stage PWR(LEU)-S&B-PWR(U3/RTh) closed nuclear energy system.

Table 12
Fuel cycle parameters of the PWR-S&B-PWR closed energy systems.

Property Case1 Case2 Case3 Case4

DPA constraint for the blanket 100 200 300 400
Average blanket power fraction 36.4% 50.7% 58.2% 64.2%
Discharge burnup of the S&B blanket, MWd/kg 35.1 79.8 121.3 171.6
Spent fuel discharged from S&B blanket, kg/GWt-EFPYa 3785.2 2319.0 1751.3 1365.6
Discharge rate of Trans-thorium from S&B, kg/GWt-EFPYb 239.5 182.1 148.7 120.4
233U/HM loaded to PWRstage-3 at BOEC, wt% 3.3 3.3 3.4 3.4
233U/HM discharged from PWRstage-3 at EOEC, wt% 2.0 2.0 2.1 2.1
Reprocessing capacity for a 3-stage energy system, kg/GWt-EFPYc 6822.5 6370.3 6018.0 5720.3
Feed rate of Trans-Th to PWRstage 3, kg/GWt-EFPYd 104.7 109.4 117.5 121.9
Support ratio of S&B-PWRstage-1 2.3 1.8 1.5 1.3
Support ratio of S&B-PWRstage-3 1.9 1.4 1.0 0.8
Combined support ratio of S&B-PWR 4.2 3.2 2.5 2.1

a The amount of discharged fuel is normalized by Stage-2 S&B core power.
b The discharge rate of Trans-Thorium from the S&B core is normalized by Stage-2 S&B core power.
c The processing capacity is normalized by this 3-stage energy system. It includes the reprocessing of the UNF from stage-1 PWR, the seed and blanket UNF from

stage-2 S&B core, and stage-3 PWR.
d The feed rate of Trans-Th to Stage 3 PWR is normalized by Stage-3 PWR core power.
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seed region adjacent to the blanket. As a result, the average discharge
burnup of the seed fuel is increased and the reprocessing capacity re-
quired for the seed fuel is reduced – from ∼1700 kg/GWt-yr of the
reference S&B core to as low as 1220 kg/GWt-yr when using a thorium-
hydride fueled blanket (Table 8). Relative to the reference S&B core as
well as to the reference ABR core, the S&B cores with the softer spec-
trum blankets have a less positive (by up to a factor of 2) reactivity
feedback to sodium voiding and a much more negative (by close to an
order of magnitude) Doppler reactivity coefficient (Table 9).

Although the spent thorium fuel discharged from the blankets fea-
tures high intrinsic proliferation resistance, a denatured thorium (a
mixture of 60Th-36.4DU-3.6Zr) fueled blanket was investigated in an
attempt to further reduce the material attractiveness for weapon-use.
The fissile uranium bred in the denatured blanket is 11% of the total
discharged uranium — below the lower limit for weapon usable ur-
anium. There is a large increase of the denatured blanket reactivity over
the cycle making the overall burnup reactivity swing of this core neg-
ligible and the cycle even longer compared with the ultra-long cycle
core design (metallic thorium case). However, the presence of the de-
pleted uranium in the blanket results in breeding high fissile content
plutonium, which is very attractive for weapon-use. Moreover, the Pu
bred in the blanket contributes to a large positive feedback to coolant
voiding. It is recommended to charge the blanket with pure thorium
and then denature the discharged blanket fuel by mixing it with de-
pleted uranium.

Another option investigated in this paper is to load PWR used nu-
clear fuel into the blankets of S&B cores after limited reprocessing by
using the high proliferation resistance AIROX technology. The sub-
critical blanket driven by the excess neutrons from the seed can dis-
charge its fuel at an average burnup of ∼120 MWd/kg. With the
burnup from the first stage PWRs, this two-stage energy system can
achieve an accumulated burnup of ∼170 MWd/kg and therefore im-
prove the utilization of natural uranium by a factor of three. The ca-
pacity of high-level waste per unit of electricity generated is reduced
accordingly.

If the thorium fuel discharged from the reference blanket is to be
reprocessed, the S&B reactors can be used to close the present PWR fuel
cycle by using a 3-stage energy system: TRU extracted from Stage-1
PWR is fed to the seed of Stage-2 S&B cores while the 233U (Trans-Th)
extracted from Stage-2 S&B blanket is used as the fissile feed for Stage-3
PWR. It is estimated that 1GWe of S&B SFRs in such a 3-stage energy
system can support 3.2 GWe of PWRs. This is nearly double the capacity
of PWRs (1.7 GWe) that can be supported by 1 GWe of CR=0.5 ABR.
This system may offer the fastest and, possibly, cost effective way to
minimize the HLW from the nuclear industry.

The paper also identifies several issues that require additional R&D.
Fuel performance analysis is necessary for the new blanket fuel options
considering the scarce irradiation experience available and the very
high burnup that some of these fuels can reach when ignoring fuel
performance constraints. Due to the softer neutron spectrum, the new S
&B cores have much more negative Doppler reactivity coefficients. The
feasibility of achieving adequate shutdown margin with reasonable
number of control assemblies needs to be proven, and thorough tran-
sient and safety analyses should be performed. There are significant
power density jumps near the interface between seed and blanket re-
gions which may cause thermal striping issues. Future investigation is
necessary to find out acceptable engineering solution for these issues.
The design of the initial core loading and the optimal strategy for the
transition to the equilibrium core composition should be evaluated in a
future study as well.
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