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Nuclear power is an abundant source with zero CO
2
output,

and expanded fission power is an attractive option especially
in growing countries. Various reactor concepts are being
studied to comply with requirements of future nuclear fuel
cycle such as safety, sustainability, cost-effectiveness, and pro-
liferation risk reduction. These generation IV reactor con-
cepts include both thermal and fast reactors and are being
developed in conjunction with advanced reprocessing tech-
nology. In addition, beyond-generation IV type reactors are
being developed, which mitigate the concern on the nuclear
waste issue by adopting very high-burnup fuel and long-life
core. Consideringmovement towards future nuclear cycle, we
have collected papers which cover the topical areas of new
activities in advanced reactors and fuel cycle technologies and
published these in this special issue on advanced reactor con-
cepts and fuel cycle technologies.

This special issue contains 10 research articles, including
seven papers on advanced reactor concepts. The advanced
reactor concept covers sodium-cooled fast reactor (SFR), gas-
cooled fast reactor (GFR), supercritical water reactor
(SCWR), and pressurized water reactor (PWR).The research
topics include an advanced Korean SFR system design and
analysis, improvement of Japanese SFR core performance
by moderators in the blanket region, use of moderating
materials to compensate the drawback ofminor actinide con-
taining transmutation fuel in European fast reactors, a multi-
physics modeling technique for in situ breeding and burning
reactors, an ultralong fuel cycle compact GFR system design
and analysis, a simulation strategy for the evaluation of
neutronic properties of a Canadian SCWR fuel channel, and
a thorium-plutonium fuel cycle for operating cycle extension
of a PWR. The special issue also includes research results

on the modeling forced-flow chemical vapor infiltration for
fabrication of SiC-SiC composite materials, development of
inactive demonstration facility for a proliferation-resistant
pyroprocessing technology, and the economic analysis of a
closed fuel cycle.

Hangbok Choi
Wei Shen
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Korea imports about 97%of its energy resources due to a lack of available energy resources. In this status, the role of nuclear power in
electricity generation is expected to become more important in future years. In particular, a fast reactor system is one of the most
promising reactor types for electricity generation, because it can utilize efficiently uranium resources and reduce radioactive waste.
Acknowledging the importance of a fast reactor in a future energy policy, the long-term advanced SFR development plan was
authorized by KAEC in 2008 and updated in 2011 which will be carried out toward the construction of an advanced SFR prototype
plant by 2028. Based upon the experiences gained during the development of the conceptual designs for KALIMER, KAERI recently
developed advanced sodium-cooled fast reactor (SFR) design concepts of TRU burner that can better meet the generation IV tech-
nology goals.The current status of nuclear power and SFR design technology development program in Korea will be discussed.The
developments of design concepts including core, fuel, fluid system, mechanical structure, and safety evaluation have been per-
formed. In addition, the advanced SFR technologies necessary for its commercialization and the basic key technologies have been
developed including a large-scale sodium thermal-hydraulic test facility, super-critical Brayton cycle system, under-sodium viewing
techniques, metal fuel development, and developments of codes, and validations are described as R&D activities.

1. Introduction

In Korea, electricity demand has increased by about eleven
times since 1980 with an average annual growth rate of 8.7%
mainly due to economic growth. The anticipated average
annual growth rate is estimated to be 2.2% during the period
of 2010 to 2024, as shown in Figure 1 [1]. However, the
available energy resources are extremely limited in Korea:
no domestic crude oil, little natural gas, and limited sites for
hydro power. Consequently, about 97% of energy resources
come from abroad. Nuclear power plants currently generate
about 40% of the total electricity, and the role of nuclear
power plants in electricity generation in Korea is expected to
become more important in the years to come due to Korea’s
lack of natural resources. The significance of nuclear power
will become even greater, considering its practical potential
in coping with the emission control of green-house gases.
This heavy dependence on nuclear power eventually raise the
issues of an efficient utilization of uranium resources, which

Korea presently imports from abroad, and of a spent fuel
storage [2].

From the viewpoint that a sodium-cooled fast reactor
(SFR) has the potential of an enhanced safety by utilizing
inherent safety characteristics, transuranics (TRU) reduction,
and resolving the spent fuel storage problems through a pro-
liferation-resistant actinide recycling, an SFR is sure to be the
most promising nuclear power option.

The Korean Atomic Energy Research Institute (KAERI)
has been developing SFR design technologies since 1997
under aNational Nuclear R&DProgram.The goals of the SFR
design technology development project are to secure strategic
key technologies and develop the conceptual design of an SFR
which are necessary for an efficient utilization of uranium
resources and a reduction of a high level waste volume. The
SFR design technology development project has been carried
out as follows. From 2002 to 2005, the preliminary design
concept for KALIMER-600 was developed [3]. The basic
key technologies were developed according to a power level
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Figure 1: Forecast for electricity demand.

increase based on the KALIMER-150 design concepts and
the advanced concepts such as a nuclear proliferation resis-
tant core, a simplification of an IHTS pipeline and reactor
structures, have been developed.The experimental data were
secured through basic experiments such as a verification
experiment for the computational models and sodium detec-
tion experiments.The basic key computer codes andmethod-
ologies have been continuously improved, and additional
ones have been developed as necessary. Recently, the long-
term advanced SFR R&D plan has been set up again aiming
at the construction of an advanced SFR prototype reactor in
2028.

2. Design Concept of
the Demonstration Reactor

2.1. Top-TierDesignRequirements. TheKALIMER-600 design
served as a starting point for developing a new advanced
design which is equipped with advanced design concepts and
features. Various advanced design concepts have been pro-
posed and evaluated against the design requirements which
were established to satisfy the Gen IV technology goals.

The top-tier design requirements of a 600MWe TRU
burner are categorized by three criteria: general design requi-
rements, safety and investment protection, and plant perfor-
mance and economy.Details of these design requirements are
given in Table 1. These requirements reflect the design poli-
cies, especially emphasizing proliferation resistance, safety
assurance, and metal fuel performance, and form the basis
for developing the detailed system design requirements for
key NSSS concepts.

2.2. CoreDesign. Aconceptual core design for demonstrating
TRU burning has been developed. The main objectives are
to test and demonstrate the TRU fuel, operate a large sized
(1,500MWth) SFR, and show the TRU burning capability of
a commercial burner reactor [4]. It is scheduled to use ura-
nium fuel for the initial core due to the uncertainty of the
demonstration of TRU fuel. The LTRU core fuel from a light
water reactor (LWR) spent fuel and MTRU core fuel, which
consists of LMR spent fuel and self-recycled fuel, will be used
progressively, and thus three cores a uranium core, LTRU
core, and MTRU core were designed.

Table 1: Summary of top-tier design requirements of an SFR
demonstration plant.

General design
Reactor type: pool type
Plant size: 600MWe
Plant design lifetime: 60 years
Design basis earthquakes (SSE: 0.3 g)
Initial core: U-Zr metal fuel
Reloading core: U-TRU-Zr metal fuel

Safety and investment protection
Design simplification
Negative power reactivity coefficient

CDF < 10−6/reactor ⋅ yr
No fuel-cladding liquid phase propagation during DBEs
Diversified core shutdown mechanism
Reliable and diversified decay heat removal
Accommodating unprotected ATWS events without any
operator’s action

Large radioactivity release <10−7/reactor ⋅ yr
3 days grace time w/o any operator’s action for design basis
events

Performance and economy
Plant thermal efficiency: net > 38%
Plant availability ≥ 70%
Refueling interval: U-Zr initial core ≥ 6 months

TRU burner core ≥ 11 months
Spent fuel storage capacity in RV ≥ 1.5 cycle discharge
100% off-site load rejection w/o a plant trip
Safety grade diesel generator

The core functions are given in Table 2. Every core was
designed maintaining the same core dimension of the TRU
core. Figure 2 shows the layout of the 600MWe-rated ura-
nium core. As shown in Figure 2, the core consists of two fuel
regions. It consists of 151 fuel assemblies in the inner core and
174 fuel assemblies in the outer core. The fissile enrichments
of the inner/outer cores for the radial power control are
15 and 20wt.%, in which the enrichment of 20wt.% is the
maximum allowable enrichment in the commercial market
for the uranium core. The hexagonal fuel assembly consists
of 271 rods within a duct wrapper. The outer diameter of a
rod is 7.4mm.The core configuration is a radial homogeneous
one that incorporates annular rings with a region-wise enri-
chment variation. The active core height was adjusted to
make the enrichment of the outer core 20wt.%, and the
adjusted height is 85 cm. Table 3 shows a summary of the core
performance analysis results, obtained with the equilibrium
cycle analysis. The burnup reactivity swing for the uranium
core was estimated to be 1,698 pcm.
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Table 2: Core function for TRU burning.

U core Trans core LTRU core Trans core MTRU core
Pure U core equilibrium
Open fuel cycle
LWR-TRU (LTRU) fuel
demonstration
LTRU test zone install

U/LWR-TRU transition
cycle
Open fuel cycle

LWR-TRU equilibrium
Open fuel cycle
LWR-TRU and self TRU
mixed (MTRU) fuel
demonstration

Transition core to final
TRU core
Beginning of self cycle

Pure TRU core
equilibrium (MTRU fuel
equilibrium)
FOAK role start

Table 3: Core performance of demonstration cores.

Uranium core LTRU core MTRU core
Charged fuel enrichment (U, TRU) (wt.%) (inner/outer core) 15.0/20.0 19.2/24.8 21.5/28.8
Conversion ratio (Fissile/TRU) 0.54/− 0.80/0.71 0.81/0.64
Burnup reactivity swing (pcm) 1,698 2,588 2,945
Cycle length (EFPD) 255 365 365
Avg. discharged burnup (MWD/kg) (inner/outer core) 51.8/42.4 83.4/76.0 79.5/81.9
Peak fast neutron fluence (×1023 n/cm2) 1.92 3.23 3.12
Power peaking factor (BOEC/EOEC) 1.480/1.53 1.50/1.44 1.57/1.50
TRU consumption rate (kg/cycle) — 145.9 184.9
Sodium void worth (EOEC, $) −0.22 7.70 7.03
Doppler coefficient (pcm/∘C) −1172.7𝑇

−1.122
−1012.4𝑇

−1.152
−911.0𝑇

−1.149

Axial expansion coefficient (pcm/∘C) −0.140 −0.217 −0.268
Radial expansion coefficient (pcm/∘C) −0.780 −0.949 −0.980
Sodium density coefficient (pcm/∘C) 0.076 0.717 0.627

The LTRU core was designed next to the uranium core.
The core uses the spent fuel from the LWR and adapts a once-
through cycle option. Radial and axial power distributions
were flattened through searching enrichment ratios between
the inner and outer cores to minimize power peaking. When
the TRU enrichments of the inner and outer core regions
reach 19.2 wt.% and 24.8wt.%, the power peaking factorswere
estimated to be 1.50 at the beginning of equilibrium cycle
(BOEC) and 1.44 at the end of the equilibrium cycle (EOEC),
and these values are well below 1.60 of the predetermined
design limit.

The MTRU core uses a mixed TRU fuel with LWR spent
fuel and self-recycled fuel. In theMTRU core design, reflector
assemblies were introduced in the central region of the
core to reduce the increased sodium void worth. The TRU
consumption rate was estimated to be 185 kg/cycle, and the
burnup reactivity swing, 2,945 pcm.

A demonstration core was selected after a series of core
designs, ranging from the U core to the LTRU and MTRU
cores. A special effort to increase the discharge burnup was
made due to a relatively low discharge burnup in the U core.
As shown in Table 4, five candidates including the first one
as the reference were applied and analyzed. Candidates 1, 2,
and 3 had the same core height but a different fuel loading
cycle to simplify core modification from U core to TRU core
without any geometry changes in structure. However, these
modifications could not improve the discharge burnup effec-
tively in the U core as well as sodium void reactivity also
increased in the LTRUandMTRUcores, as shown in Figure 3.

Table 4: Parameters of candidate cores.

Core candidate 1 2 3 4 5
U core height (cm) 85 85 85 95 106
TRU core height (cm) 85 85 85 85 85
Fuel diameter (mm) 7.4 7.4 7.4 7.4 7.0
Fuel batch cycle (inner/outer core) 3/3 4/3 4/4 3/3 3/3

As alternate approaches, candidates 4 and 5 were suggested
by changing the active core heights and a fuel pin diameter
for the same purpose, even though modification of the core
structure was required. Candidates 4 and 5 had an improved
discharge burnup compared with candidates 1, 2, and 3 in the
U core, but higher sodium void reactivity relatively than that
of candidates 1 and 2 in theMTRU core.Therefore, candidate
1 was selected even though this core showed a lower discharge
burnup than that of candidates 4 and 5 because it revealed
the best performance from U core to TRU core in the safety
aspect between candidates 1, 2, and 3 and could keep the same
core dimension.

2.3. Fuel Design. The probability of cladding failure or dam-
age during the steady state and transient conditions must
be evaluated by appropriate predictive codes. To prevent a
metallic fuel rod failure in a fast reactor, it is required to
evaluate the design limits such as (1) cladding strain and
cumulative damage fraction (CDF), (2) fuel melting, and (3)
eutectic melting.
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Figure 2: Layout of uranium core (600MWe).
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Figure 3: Core performance comparison.

The design requirement for cladding is assumed to be 1%
of the thermal creep strain and 0.05 of CDF. The cladding
strain limit and CDF limit for metal fuel were evaluated by
theMACSIS code.These limits depend on the plenum-to-fuel
ratio, cladding thickness/temperature, and burnup.

If the cladding temperature becomes higher than 625∘C,
it was estimated that the HT9 cladding was not conservative
enough to satisfy the CDF limit because the creep rupture
strength was too low at a higher temperature. If the cladding
temperature becomes higher than 645∘C, it was estimated
that the HT9M cladding satisfied the CDF limit by estab-
lishing the optimum design parameters. Therefore, 625 and

645∘C are conservatively selected as the peak clad tempera-
ture for the HT9 and HT9M, respectively.

Figure 4 shows the calculation results of the CDF limits
according to the plenum-to-fuel ratio, cladding temperature,
and burnup. If the plenum-to-fuel ratio was enlarged, it was
estimated that the HT9M cladding satisfied the CDF limit at
the discharge burnup goal.

Radiation damage to the cladding by fast neutrons can
result in swelling and a ductility reduction of the cladding.
HT9 and HT9M cladding are very tolerant to fast neutron
irradiation owing to their lattice structure of body centered
cubic (BCC). HT9 cladding is known to show very low
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swelling and maintain its mechanical integrity up to 4.0 ×
10
23 n/cm2. The peak fast neutron fluence of the cladding

shown in Table 3 is below 4.0 × 1023 n/cm2.
The fuel melting temperature limits of 955 and 1200∘C are

used for U-TRU-Zr and U-Zr fuel, respectively. It was esti-
mated that themetallic fuel had a sufficientmargin to the slug
melting temperature. However, the fuel surface temperature
to avoid eutectic melting is limited to 650 and 720∘C for U-
TRU-Zr and U-Zr, respectively. It was calculated that there is
a sufficient margin for U-Zr. However, the power-to-eutectic
limit was decreased to about 350W/cm for U-TRU-Zr. This
result showed that the concept of a barrier cladding may be
necessary for preventing the eutectic melting, in the case of
U-TRU-Zr.

2.4. Fluid System Design. The fluid system has been designed
to ensure the safety goal of the Gen IV reactor system and
enhance the economics through a tradeoff study between
various proposed design candidates based on proven tech-
nologies [5].The fluid transport system is composed of a heat
transport system and safety system.

The heat transport system consists of a primary heat
transport system (PHTS), intermediate heat transport system
(IHTS), and power conversion system (PCS).TheDecayHeat
Removal System (DHRS) is employed as one of the safety
design features to remove the decay heat of the reactor core
after the reactor shutdown when the normal heat transport
path is unavailable.

The PHTS is a pool type in which all the primary com-
ponents and primary sodium are within a reactor vessel to
prevent primary sodium from leaking outside of the con-
tainment, as shown in Figure 5. Two PHTS pumps and four
intermediate heat exchangers (IHXs) are immersed in the
sodium pool inside a reactor vessel, and their arrangement is
presented in Figure 6. The PHTS pump is a centrifugal type
mechanical pump with a capacity of 290.3m3/min. The IHX
is a counter flow shell and tube types (TEMA type S) with
a vertical orientation inside the reactor vessel where PHTS
sodium flows through the shell side and IHTS sodium flows
through the tube side. The schematic design concepts of the
PHTS pump and IHX are shown in Figure 7. The core inlet
and outlet temperatures are 365∘C and 510∘C, respectively.

The IHTS is two loops, and two IHXs are connected to
one steam generator and one IHTS pump in each loop as
shown in Figure 6. An IHTS pump is a centrifugal type with
a capacity of 209.8 m3/min and is located in each cold leg. A
steam generator is a helical tube type with a thermal capacity
of 776.7MWt, and its schematic design concepts are shown
in Figure 7. The IHTS sodium flows downward through the
shell side while the water/steam goes up through the tube
side. Steam temperature and pressure at a 100% normal oper-
ating condition are 471.2∘C and 17.8MPa, respectively. The
cold leg of the IHTS piping is a bottom up U-shape with
sufficient height to prevent sodium-water reaction products
from reaching the IHX in case of a steam generator tube
failure. Also, the IHTS piping is arranged to enhance the
natural circulation capability in IHTS pump trip case.

HT9, clad temperature 625∘C
HT9M, clad temperature 645∘C
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Figure 4: CDF limits according to plenum-to-fuel ratio, cladding
temperature, and burnup.

The PCS employs a superheated steamRankine cycle.The
normal operating condition at 100% power is shown in
Figure 8. It was determined in such a way to minimize the
total heat transfer area of IHX and steam generator andmaxi-
mize the plant efficiency.

TheDHRS is composed of two passive decay heat removal
circuits (PDRCs) and two active decay heat removal circuits
(ADRCs). It was designed to have the sufficient capacity to
remove the decay heat in all design bases events by incorpo-
rating the principles of redundancy and independency. The
heat removal capacity of each loop is 9MWt. The PDRC is a
safety-grade passive system which is comprised of two inde-
pendent loops with a decay heat exchanger (DHX) immersed
in a hot pool region and a natural-draft sodium-to-air heat
exchanger (AHX) located in the upper region of the reactor
building for each loop. It is operated based on the natural
circulation by density and the elevation difference between
the DHX and AHX. The ADRC is a safety-grade active sys-
tem, which is comprised of two independent loops with a
DHX, a forced-draft sodium-to-air heat exchanger (FDHX),
an electromagnetic pump, and an FDHX blower for each
loop. The electromagnetic pump and FDHX blower derive
the sodium circulation in the loop and the air flow in the
shell side of FDHX, respectively. Because the ADRC can also
be operated in natural convection mode against a loss of
power supply, the heat transferred to the DHRS can be finally
dissipated to the atmosphere through AHXs and FDHXs
by the natural convection mechanism of sodium and air.
Figure 9 shows the design concepts of heat exchangers.

2.5. Mechanical Structure Design. The reactor enclosure sys-
tem is composed of double vessels (reactor vessel and guard
vessel) and a thick flat plate of the reactor head. Figure 10
shows the configuration of the conceptually designed reactor
steam supply system. In this design, the reactor vessel size is
12m in diameter and 16.5m in height. IHTS main piping is
144m long per loop system. Figure 10 shows the top view of
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Figure 5: Configuration of the heat transport system.

the arrangements of the main components and IHTS piping
including the decay heat removal system.

The reactor system is supported by a skirt type support
structure which joints the reactor head and the reactor vessel
by bolts. This will provide access holes for in-service inspec-
tion devices to inspect the reactor and guard vessels.The core
support structure is a detached skirt type structure which
has no welds between the core support structure and reactor
vessel bottom head.This is just put on the flange forged with a
reactor vessel bottom head to allow a free thermal expansion.

2.6. Safety Analysis. The TOP, LOF, LOHS, primary pipe
break, and reactor vessel leak event are analyzed using the
MARS-LMRcode.TheANS-79model is used for a core decay
power after a reactor scram. AHX dampers are assumed to
open at 5 seconds after a reactor trip.The isolation time of the
SG feed water line is assumed to be the same as the pump trip
time. Two independent PDRCs and one ADRC are assumed
to be available by applying a single failure criterion.

The TOP accident was assumed to be initiated due to a
control rod withdrawal by the drive motor failure. The TOP
accident is initiated at 10 seconds, and a positive reactivity
is inserted by the amount of 30 ¢ during 15 seconds. The
reactor trip occurred at 22.73 seconds by a high power/flow
trip.The power peaks after the initiation of rod withdrawal, it
decreases drastically due to the reactor trip, and the cladding
temperature in the reactor core shows the highest value.
The peak cladding temperature was calculated at 580.93∘C
which was lower than the limit value. Figures 11(a) and 11(b)
show behavior of the core inlet temperature and total heat
balance in the plant, respectively. The AHX heat removal
exceeds the core power after 4400 seconds, and the core outlet
temperature decreases continuously. In conclusion, PHTS
and the fuel temperature meet all safety criteria for the TOP
accident.

The LOF means the loss of core cooling capability due
to a pumping failure of the primary pumps. The imbalance
between the reactor power and primary flow rate is a main
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Figure 6: The arrangement of PHTS and IHTS.

safety concern in the LOF event. To prevent the occurrence
of the severe imbalance between power and flow, the DFR is
designed so as far the reactor to be tripped by a high power/
flow trip. Figure 12 shows the coolant temperature behaviors
during the LOF accident. In this simulation, all primary
pumps are tripped at 10 seconds. The reactor scram occurs
at 16.9 seconds, and the reactor power and flow rate decrease.
The power decreases drastically due to the reactor trip, and
the cladding temperature in the reactor core then shows the
highest value. The peak cladding temperature was calculated
at 624.27∘C. The temperature is evaluated to meet the safety
criteria.

The LOHS accident was assumed to occur from an ini-
tiated steam generator feedwater isolation. IHTS pumps and
PHTS pumps are also stopped with the assumption that the
loss of offsite power occurred at 5 seconds after the reactor
trip. Therefore, the residual heat removal is achieved only by
the evaporation of water in SG tubes and by the SHRS after
the accident. In this simulation, a loss of feedwater to SG is
assumed to occur at 10 seconds. The reactor was tripped at
58.77 seconds by an abnormal rise of the IHX inlet temper-
ature after the accident. The reactor trip occurs late unlike
other accidents. Figure 13 shows the coolant temperature
behaviors during the LOHS accident. After the pump trip,
the coolant temperatures go up rapidly and the maximum
coolant temperature is calculated as around approximately
513.56∘C.The temperature meets the safety criteria.

Coolant flows into the inlet plenum from four pipes
which are connected with two PHTS pumps. The primary
pipe break accident is occurred by a pipe break for one of the
pipes.The flow through the broken pipe is discharged into the
cold pool, and some of the low temperature sodium flowing

through an intact pipe into the inlet plenum is released into
the pool. Essentially, this event is similar to an LOF accident.
The accident occurs at 10 seconds as shown in Figure 14. The
initial temperature increases due to the decrease of sodium
flux into the reactor core. In this simulation, the peak coolant
temperature was calculated at 579.23∘C. The temperature is
lower than the limit value.

A reactor-vessel-leak accident is a typical accident of a
sodium leak at the PHTS boundary. It mainly affects the level
of sodium in the PHTS. To analyze the damage of the reactor
vessel leak accidents, the leak was assumed to occur at the
bottom of the reactor vessel, conservatively, and the leak size
was assumed to be 10 cm2 in size.

Figure 15 shows the coolant temperature behaviors during
the reactor vessel leak. The accident occurred at 10 seconds.
The reactor trip occurred at 884.47 seconds. It is detected by
the low liquid level from the reactor vessel leak. After the
reactor trip, the flow behavior is similar to the loss of flow.
The highest cladding temperature was calculated at 609∘C.
The peak cladding temperature satisfies the safety criteria.

The consequence of the blockage formation in a drive fuel
assembly was deliberately analyzed with a subchannel analy-
sis code, MATRA-LMR/FB, for the demonstration reactor. It
was applied to the analysis of flow blockage accidents postu-
lated in a conceptual design of the demonstration reactorwith
3 types of core designs, that is, uranium, L-TRU, and M-TRU
cores.The analysis was performed for a hot fuel subassembly.
The blockage size and radial channel blockage position in the
subassembly were the main parameters taken into account
in the analysis. The three radial positions examined in the
analysis were the center, themiddle between the subassembly
center and the duct wall, and the edge of the subassembly.

Figure 16 summarizes the analysis results. The design
basis event, that is, 6 subchannel blockage was ensured to
satisfy the safety limits. The cases for the 24 and 54 subchan-
nel blockages, however, could not meet the peak cladding
temperature limit. Although a sufficient margin of more
than approximately 150∘C might be obtained against sodium
boiling, fuel melting was threatened for the 54 subchannel
blockage.

3. R&D Activities

3.1. Large-Scale Sodium Thermal-Hydraulic Test Facilities.
According to the long-term SFR development plan approved
by the Korean government, a specific design approval of
the prototype SFR will be obtained by 2020, and its con-
struction is scheduled to be completed by 2028. To support
this program plan, a large-scale sodium thermal-hydraulic
test program called STELLA (sodium test loop for safety
simulation and assessment) is recently being progressed by
KAERI.

The reference design of the program is the Korean pro-
totype SFR which employs highly reliable safety-grade decay
heat removal systems. Since a reliable decay heat removal is
one of the most important issues of nuclear safety, the per-
formance of a decay heat removal system should be verified
using a large-scale test facility. To this end, the first test facility
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of the STELLA program (hereafter called STELLA-1) was
completedwhich is to be used for demonstrating the thermal-
hydraulic performance of major sodium components such as
heat exchangers and a mechanical sodium pump and their
design code V&V.

The second step of an integral effect test loop, called
STELLA-2, will be constructed to demonstrate the plant
safety and support the design approval for the prototype
reactor. Starting with the conceptual design of the prototype
reactor, the basic and detailed design of the test facility
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Figure 9: Heat exchanger design concepts of DHRS.
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reflecting the prototype design concept will be performed
on the basis of design requirements subject to the prototype
reactor. The facility is scheduled to be installed by the end
of 2016. The main experiments including the start-up tests
will commence in 2017.The STELLA programfinally aims the
integral effect test to support a specific design approval for a
Korean prototype SFR.

STELLA-1 consists of a main test loop, a sodium purifi-
cation system, and a gas supply and related auxiliary systems.
Themain components of this facility are a sodium-to-sodium
heat exchanger, sodium-to-air heat exchanger, mechanical
sodium pump, loop heaters, cold trap, plugging meter, elec-
tromagnetic pumps, flow meters, and a sodium storage tank.
The general arrangement of the STELLA-1 facility is shown in
Figure 17.

The designed maximum temperature of the facility is
600∘C, and the designed power capacity of the main heat
exchangers, such as sodium-to-sodium and sodium-to-air
heat exchanger, are 1MWt.Themaximum electric power into
the facility is around 2.5MWt, and the nominal liquid sodium
flow rate supplying the test heat exchangers is designed to
be less than 10 kg/sec. During the mechanical pump test,
more than 120 kg/sec of liquid sodium circulates along 10-
inch diameter pipes.

At the first step of the demonstration of the design char-
acteristics and system performance, separate effect tests for
assessing the performance of heat exchangers and themecha-
nical sodium pump have been planned. The sodium-to-
sodium heat exchanger tests are performed to investigate the
rate of heat transfer through the tube wall by hot and cold
sodium loop operation. In the sodium-to-air heat exchanger
tests, the heat transfer performance from liquid sodium flow
inside the tubes to the air flow is investigated by cooling the
external tube surface with ambient air. To evaluate the heat
removal capability in passive mode, a natural circulation flow
inside sodium loop piping is also investigated using a bypass
of the electromagnetic pump. The PHTS pump test loop
consists of a reservoir, pipes, valves, and a vertical pump unit.
This loop is equipped with various sensors for measuring the
flow rate, temperature, liquid sodium level, and so forth. The
main test loop is designed to simulate the transient operation
mode using a flywheel as well as normal operation mode.

3.2. S-CO
2
Brayton Cycle System. The S-CO

2
Brayton cycle

energy conversion option hasmany advantages such as excel-
lent thermal efficiency and compactness of its equipment,
for example, small turbo machinery and heat exchangers.
Furthermore, by coupling the system to the SFR, the safety of
the SFR could be enhanced by an elimination of the sodium-
water reaction. To adopt the S-CO

2
Brayton cycle to the SFR,

several R&D activities were done, such as the system design,
operational strategy, Na-CO

2
reaction, and heat exchanger

development.
In the system design, a design concept of an S-CO

2
Bray-

ton cycle coupled with a KALIMER-600 was developed, and
the system operational strategy was developed to evaluate the
operating conditions at various power levels. When changing
the system flow rate to vary the system power level, a pres-
sure imbalance occurs from the difference of turbine and
compressors design characteristics. To resolve the pressure
imbalance, a clutch and throttle valve design concept was
introduced and a system transient analysis was done by the
use of the MMS-LMR commercial code.

For the enhancement of system performance by decreas-
ing the pressure loss in a high and low temperature recuper-
ator, a new design concept of heat exchanger was proposed
by the application of an airfoil type fin to S-CO

2
flow path.

For the new model, three-dimensional numerical analysis
was performed to investigate the heat transfer and pressure
drop characteristics of supercritical CO

2
flow using the com-

mercial CFD code, Fluent 6.3. From the simulation results,
the total heat transfer rate per unit volume was almost the
same with a zigzag channel PCHE and the pressure drop was
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Figure 12: Coolant temperature behaviors for LOF event.

reduced to one-twentieth of that in the zigzag channel PCHE
by suppressing the generation of a separated flowowing to the
streamlined shape of the airfoil fins [6].

To test the performances of the new design, a model heat
exchanger was fabricated as shown in Figure 18 and installed
in the test facility in Figure 19.The test facility is composed of
a storage tank, an electromagnetic pump, an electromagnetic
flowmeter, an expansion tank, a heat exchanger test section, a
liquid sodium line, and a cover gas line used for the charging
and returning the sodium. There are two emersion heaters
inside of an expansion tank as a 4 kWheat source, 2 kW each.
The storage tank has a capacity of 10 liters with a cylindrical
shape. An EM pump is installed vertically upright to prevent
trapping the cover gas inside the pump.Thematerial of every

1 10 100 1000 10000
300

350

400

450

500

550

600

Time (s)

SHRS heat removal ∼ power

Te
m

pe
ra

tu
re

 (∘
C)

Reactor trip

LOHS initiation

LOHS
Core inlet temperature
Core outlet temperature

Figure 13: Coolant temperature behaviors for LOHS event.

component and piping is stainless steel 316 L, and only the
cover gas lines are stainless steel 304. The total charged
amount of sodium in the storage tank is 8 liters, and 5∼6 liters
of sodium were used for the experiment.

From the test results, the pressure loss was one-fifth of
that of a zigzag channel which comes from the fact that the
streamlined shape of airfoil fins also suppresses the gener-
ation of a separated flow. Thus, the airfoil shape fin model
resulted in amuch smaller pressure drop than observed in the
zigzag PCHE.However, the smaller pressure loss in the exper-
imental results than the numerical results seems to come
from the uncertainties of manufacturing and fabrication but
the heat transfer rate is almost similar to the numerical simu-
lation results [7].
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Figure 14: Coolant temperature behaviors for pipe break event.
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Figure 15: Coolant temperature behaviors for vessel leak event.

Even though the S-CO
2
Brayton cycle has many advan-

tages, there still exists a possibility of CO
2
leakage into liquid

sodium from a pressure boundary failure. The pressure
boundary failure can raise technical issues such as structural
integrity from the blow down of high pressure CO

2
gas into a

liquid sodium space with a significant chemical reaction and
the introduction of solid reaction products into the primary
coolant system, which could result in the plugging of narrow
flow channels.

To quantify the reaction rate for various sodium temper-
atures and determine the detailed kinetic parameters coupled
with amass diffusion process, a two zonemodelwas proposed
and experimental work on a surface reaction test was carried
to decide the value of the 𝐸

𝑎
/𝑅 values of Figure 20. From
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Figure 16: Outlet temperatures for subassembly with flow blockage.

the test results, it was found that the reaction kinetics over a
sodium temperature range of 300∘C to 500∘Cdepends heavily
on temperature but is not sensitive to a mass transfer effect,
and it was also found that the two zone model with a 460∘C
threshold temperature is valid for the temperature range of a
sodium fast reactor [8]. Furthermore, we need to investigate
the ingress of a CO/CO

2
mixture gas into the primary coolant

path and the resulting induction of a potential CO
2
void

transport to the reactor core as a critical issue. The potential
introduction of solid particles into the primary coolant
system would also lead to a risk of plugging in narrow in-
core fuel assembly channels, very narrow sections of PCHEs,
and so forth. Particle formation makes adequate purification
systems necessary; such systems should be equipped with
high-performance filters to eliminate particles and control
the quantity of solid reaction products. This design feature
only needs to be considered for a supercritical CO

2
system.

Therefore, highly reliable detection systems are required
for mitigating the CO

2
ingress event and should include

several complementary devices accommodating various local
conditions to cope with a sodium-CO

2
interaction [9].

3.3.Under-SodiumViewingTechnique. Theultrasonicwaveg-
uide sensormodules have been developed for potential appli-
cation to under-sodium viewing of in-vessel structures in
opaque liquid metal sodium. The sensor modules have a
slender structure so that they can be inserted into the ISI
access ports in the rotating plug. Two prototype ultrasonic
waveguide sensor modules were designed and fabricated for
the basic performance tests in water. One is single waveguide
sensor module and the other is the dual waveguide sensor
module.

The single waveguide sensor module was designed and
developed for the under-sodium viewing and ranging using
one channel waveguide sensor. The dual waveguide sensor
module was designed and developed for the detection and
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Figure 17: Current images of general arrangement for STELLA-1 facility.
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Figure 18: Shape of heat exchanger plates.

identification of the loose parts by the double rotation scan-
ning of two channel waveguide sensors.

The 13m long H-beam frame structure was designed
and constructed to install the 10m long prototype ultrasonic
waveguide sensor modules in a vertical state. The prototype
ultrasonic waveguide sensor modules are comprised of an
ultrasonic waveguide senor, the multistage cylindrical guide
tubes, and an upper head unit. In the upper head unit, the
stepping motors are installed for the rotation and vertical
movement of the ultrasonic waveguide sensor.

The experimental facility is composed of a 13m long H-
beam frame, an XYZ scanner, a scanner driving module, and
an ultrasonic C-scan system. Also the under-sodium inspec-
tion software program (US-MultiView) has been developed
for control of the ultrasonic waveguide sensor modules and

the C-scan imaging visualization using a LabVIEW graphical
programming language.The visualization imaging resolution
using the 10m long single waveguide sensor module was
evaluated by a C-scan test of various targets in water. The test
targets are a reactor coremockup, loose part pins, and surface
slit flaws on the block. The reactor core mockup and loose
part pins were clearly identified and resolved in the image,
as shown in Figure 21. It was shown that a spatial resolution
of the C-scan image for the detection of surface slits is about
0.8mm.

The novel under-sodium ultrasonic waveguide sensor
module has been developed for actual application in sodium.
The under-sodium ultrasonic waveguide sensor where a
beryllium (Be) and a nickel (Ni) are coated on the SS304
waveguide plate is suggested for the effective generation of a
leaky wave in liquid sodium. The inside surface of the radi-
ating end section of the 1.5 mm thick waveguide plate was
coated with 0.25mm thick beryllium to decrease the angle of
the radiation beam and make a well-developed beam profile
in sodium.The outer surface of the radiating end section was
coated with 0.1mm thick nickel and micropolished to obtain
a surface roughness within 0.02𝜇m such that the sodium
wetting was greatly enhanced.

The sodium experimental facility has been designed and
constructed to demonstrate the performance of an under-
sodium ultrasonic waveguide sensor module in a sodium
environment condition. The sodium test facility consists of
an open-type sodium test tank, a sodium storage tank, a glove
box systemwith an antichamber, an electrical heater and con-
trol unit, and an argon circulation and cooling system. The
sensitivity of the under-sodium waveguide sensor module is
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evaluated by a measurement of the received ultrasonic signal
from a flat reflector in sodium.

Figure 22(a) shows the under-sodium C-scan test, and
Figure 22(b) shows the typical ultrasonic pulse-echo signal
which has the initial pulse, the reflection signal from the
end section of an under-sodium waveguide sensor, and the
reflection signal from the test target in sodium (250∘C). The
signal-to-noise (S/N) ratio of the reflection echo signal from
the test target in sodium was measured as the level of 10 dB.
The visualization performance tests of the 10m long under-
sodium waveguide sensor module have been carried out by
a C-scan test in sodium. The test target is the SS304 block in
which SFR character with 2mm slits was engraved. As shown
in Figure 22(c), the “SFR” character was clearly identified and
resolved in the C-scan image.

3.4. Metal Fuel Development. Metallic fuels, such as the U-
Pu-Zr alloys, have been considered as a nuclear fuel for a
sodium-cooled fast reactor (SFR) related to the closed fuel
cycle for managingminor actinides and reducing the amount
of highly radioactive spent nuclear fuels since the 1980s.
Metallic fuels fit well with such a concept owing to their high
thermal conductivity, high thermal expansion, compatibility
with a pyrometallurgical reprocessing scheme, and their
demonstrated fabrication at the engineering scale in a remote
hot cell environment [10]. A previous attempt at casting
metallic fuels with americium using an injection casting
furnace that had fabricated hundreds of U-Pu-Zr fuels for
EBR-II resulted in a significant volatile loss of elemental
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2
chemical interaction model.

Table 5: Material balance after casting of U-10wt.% Zr-5wt.% RE
fuel slugs.

Melting/casting part Weight (g) Fraction (%)
Before casting Crucible 2,461.3 100
After casting Crucible 122.4 5.0
After casting Mold 2,331.7 92.7
Fuel loss 7.2 0.3

americium during the process [11]. The reference fuel for the
Korean sodium-cooled fast reactor (SFR) being developed by
the Korean Atomic Energy Research Institute (KAERI) is a
metallic alloy. To increase the productivity and efficiency of
the fuel fabrication process, waste streamsmust beminimized
and fuel losses quantified and reduced to lower levels.

U-Zr alloy system fuel slugs were fabricated by a gravity
casting method, as shown in Figure 23 [12]. After casting a
considerable number of fuel slugs in the casting furnaces, the
fuel loss in the melting chamber, the crucible, and the molds
have been evaluated quantitatively. The elemental lumps of
depleted uranium (DU), zirconium, and RE (Nd 53%, Ce
25%, Pr 16%, La 6%) were used to fabricate U-10wt.% Zr-
5wt.%RE alloy fuel slugs.Thematerial balance in the crucible
assembly and the mold assembly after melting and casting of
fuel slugs are shown in Table 5. A considerable amount of
dross and melt residue remained in the crucible after melting
and casting; however, most charged materials were recovered
aftermelting and casting of the fuel slugs.Themass fraction of
fuel loss relative to the charge amount after the fabrication of
U-10wt.% Zr-5wt.% RE fuel slugs was low, about 0.3%. Based
on these results, there is a high level of confidence that RE
losses will be effectively controlled.
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Figure 22: Basic performance tests of 10m long under-sodium ultrasonic waveguide sensor in sodium.

HT9 cladding tubes were preliminary fabricated in coop-
eration with the steel tube making companies. The HT9
cladding tubes were examined by optical microscopy and
TEM (transmission electron microscopy). The microstruc-
ture of the cladding tube was martensite + delta ferrite. Ten-
sile tests were carried out at room temperature to 700∘C.The
HT9 cladding tube had yield and tensile strengths similar
to the data in the literature. A burst test was performed by

pumping gas up to a burst of a 200mm long section tube.
The pressurization speed was 14MPa/min. Burst tests were
performed at room temperature to 688∘C.The ultimate hoop
stresses of the HT9 cladding tubes were 1135MPa and
487MPa at room temperature and 688∘C, respectively. Tube
creep tests were also carried out at 650∘C. The HT9 cladding
tube had creep rupture strength similar to the data in the lit-
erature (Figure 24).The tube fabrication process also is being
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Figure 24: HT9 cladding tubes.

developed to improve the characteristics of the cladding tube.
The HT9 cladding tube will be fabricated with an optimized
fabrication process in 2013.

One of the factors that may limit burnup in metal alloy
fuel is cladding wastage due to the reaction of fuel con-
stituents and fission products with the cladding (FCCI—fuel
cladding chemical interaction). To resolve this issue, diffusion
couple tests were carried out by inserting barrier materials
such as Zr, Nb, Ti,Mo, Ta, V, andCr between the fuel slug and
cladding. Among these barriers, V and Cr exhibited the most
promising performance (Figure 25). After scoping various
coating methods, Cr electroplating has been selected as one
of the probable candidates because it is cost effective and
easily applicable to a smaller tube geometry. To demonstrate
barrier tube technology, 20𝜇m of Cr has uniformly plated at
the inner surface of the 9Cr-2W FMS tube having 4.6mm
inner diameter and 170mm length (Figure 25). However,
it was revealed that when plating conventional condition,
numerous cracks generated during the plating which acts as
the diffusion path for the fuel component during the diffusion
couple test. Research has focused to reduce such crack to

Figure 25: Diffusion couple test and Cr-plated barrier cladding pro-
totype.

enhance the Cr barrier performance. A diffusion couple test
showed excellent results when compared to conventional Cr
plating.

The irradiation test of U-Zr-(Ce) metal fuel in HANARO
was done from 2010 to 2012. HANARO is an experimental
thermal reactor using water coolant. Therefore, the tempera-
ture and fission density of a fast reactor fuel were simulated,
while the fast neutron flux of HANARO is much lower
than fast reactor. The composition of the fuel slug is U-10%
Zr-(0, 6 Ce). Its objective is to irradiate U-Zr-Ce fuel up
to 3 at.%. It is also intended to identify the characteristics
of the Cr barrier which is being developed to suppress a
eutectic reaction between the metal fuel and cladding. The
composition of the fuel slug is U-10% Zr-(0, 6 Ce). Figure 26
shows the irradiation capsule schematic diagram and coolant
channel cross-section. Figure 26 also shows the irradiation
history of HANARO metal fuel. The average burnup of
metal fuel was about 3 at.%. The as-run linear heat rate was
240W/cm at BOC, and decreased to 220W/cm at EOC. The
as-run analysis shows that the experiment reached an average
2.73 at.% burnup at the completion of the irradiation test. It
was estimated that the maximum burnup goal was satisfied.

Postirradiation examination of the irradiated capsule and
fuels is being carried out in a hot cell from 2012. Represen-
tative destructive tests are to measure or observe the fuel
burnup, microstructure, fission gas release, and constituent
redistribution. Nondestructive test such as gamma scans was
carried out for the five rodlets. A destructive test such as the
measurement of the fission gas release and a microstructure
analysis is being carried out.

3.5. Development of Codes and Validations

3.5.1. Reactor Physics Experiment for TRU Burner. KAERI
has been collaborating with IPPE for validating the reactor
core design code system (TRANSX/TWODANT/REBUS-3),
in which the self-shielded fine-group (150 groups) cross-
sections are generated by TRANSX [13], and the region-wise
spectrums from TWODANT [14] are subsequently used to
collapse the cross sections in TRANSX. The resulting few-
group (25 groups) cross sections are used for the whole core
depletion calculation by REBUS-3 [15].
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Figure 26: Irradiation test in HANARO.

Four critical assemblies had been constructed in BFS-1
or BFS-2 facilities, called BFS-73-1, -75-1, -76-1A, and -109-
2A. The first two critical assemblies represent the early phase
of the KALIMER-150 core design in the late 1990’s which is
a metal uranium fuel (U-10Zr) loaded sodium cooled fast
reactor.TheBFS-76-1A stands for the recent TRUburner core
which is characterized by a core without a blanket, a low
conversion ratio core, a high burnup reactivity swing, and the
consequent deep insertion of a primary control rod at BOEC.
Also, the BFS-109-2A demonstrates the initial uranium core,
in which the metal uranium fuel is loaded without radial and
axial blankets. The recent experimental work of BFS-109-2A
will be finished at the end of this year (2013), and the analysis
of BFS-109-2A will be finalized at 2014.

3.5.2. System Transients Analysis Code. For a successful
design and analysis of a sodium-cooled fast reactor (SFR), it
is necessary to have a reliable andwell-proven system analysis
code. To achieve this purpose, KAERI has been enhancing the
modeling capability of the MARS code by adding the SFR-
specific thermal-hydraulic models and reactivity feedback
models.This effort resulted in the development of theMARS-
LMR code. Before using the MARS-LMR code in wide
applications, it is necessary to verify and validate the code
models through analyses for appropriate experimental data

or analytical results. The reference design of an SFR, which
is being developed in Korea, is a pool-type design. In a
pool-type SFR, all the main components of the primary heat
transport system are arranged in two big sodium volumes: a
hot pool and a cold pool. During the transients in a pool-type
SFR, the thermal-hydraulic phenomena in the pools become
highly complex due to the formation of mixing, stratification
and existence of buoyancy force. Therefore, it is necessary
to have flexible modeling including a multidimensional
approach to enhance the accuracy of a safety evaluation.

Recently, KAERI evaluated the capability of multidimen-
sional modeling for large pools using available test data. One
of the important data sets suitable for this evaluation was
provided from phenix end-of-life (EOL) natural circulation
tests. In the MARS-LMRmodeling, the hot pool region from
the core outlet to the inlet of IHXs has been divided into
8 axial nodes, 4 radial nodes, and 6 azimuthal nodes, as
shown in Figure 27. Further, the cold pool region has been
modeled with 12 axial nodes, 1 radial node, and 9 azimuthal
nodes. The remarkable results of this multidimensional pool
modeling are compared with one-dimensional modeling in
Figure 28. It was found that the overpredicted core outlet
temperature with a one-dimensional approach is diminished
in the multidimensional calculation. This result indicated
that the multidimensional effect in the pool behaviors is
important in a pool-type SFR.
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4. Summary

In Korea, most energy resource supplies depend on imports
because the available energy resources are extremely limited.
Therefore, the portion of nuclear power in electricity gener-
ation is expected to be continuously increased in the years
to come in achieving energy self-reliance. A fast reactor is
the most promising future nuclear power plant because of
efficient usage of uranium and reduction of radioactive waste.
In particular, a sodium cooled Fast reactor (SFR) has been
focused as a new generation of nuclear power plants in
Korea.

Since 1977, the basic key technology development for
an SFR has been continued, and the design concepts of
KALIMER-150 and KARIMER-600 have been successfully
achieved. In 2008, KAEC approved a long-term advanced
SFR R&D plan which aims at the construction of an
Advanced SFRprototype plant by 2028 in associationwith the
pyroprocess technology development. To support this R&D
plan, KAERI has been focusing on the development of an
advanced design concept of a burner reactor, which satisfies
the future goals of safety, economics, sustainability, and pro-
liferation resistance. In addition, R&D activities have been
worked to achieve a safe and reliable advanced SFR design,
such as large scale sodium thermal-hydraulic test facilities,
a supercritical CO

2
Brayton cycle system, an under-sodium

viewing technique, metal fuel, and a safety analysis code.
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Silicon carbide fiber/silicon carbide matrix (SiC-SiC) composites exhibit remarkable material properties, including high
temperature strength and stability under irradiation. These qualities have made SiC-SiC composites extremely desirable for use in
advanced nuclear reactor concepts, where higher operating temperatures and longer lives require performance improvements over
conventional metal alloys. However, fabrication efficiency advances need to be achieved. SiC composites are typically produced
using chemical vapor infiltration (CVI), where gas phase precursors flow into the fiber preform and react to form a solid SiC
matrix. Forced flow CVI utilizes a pressure gradient to more effectively transport reactants into the composite, reducing fabrication
time. The fabrication parameters must be well understood to ensure that the resulting composite has a high density and good
performance. To help optimize this process, a computer model was developed. This model simulates the transport of the SiC
precursors, the deposition of SiC matrix on the fiber surfaces, and the effects of byproducts on the process. Critical process
parameters, such as the temperature and reactant concentration, were simulated to identify infiltration conditions which maximize
composite density while minimizing the fabrication time.

1. Introduction

Advanced nuclear reactor concepts promise significant
improvements over current technology, including increased
efficiency, higher fuel burn-up, and longer core life. However,
these features put increasing demands on the performance of
fuel cladding and other reactor components, and materials
must be developed for these reactors that are both resistant
to high levels of irradiation damage and offer accident
tolerant behavior. Silicon carbide fiber/silicon carbide matrix
(SiC-SiC) composites offer many desirable properties, and
are being considered for use in advanced nuclear reactor
designs, such as the General Atomics Energy Multiplier
Module (EM2) concept. Experiments on monolithic silicon
carbide have shown that it maintains excellent mechanical
performance in harsh, high temperature, and high irradiation
rate environments, but its low toughness limits its application
[1–3]. High purity and high quality SiC fiber-reinforced
composites have shown similar performance under harsh

conditions but offer improved toughness to address this
limitation. In these composites, a silicon carbide matrix is
deposited within a preform composed of high purity, near-
stoichiometric silicon carbide fibers, such as Tyranno-SA
fibers (Ube Industries, Ube, Japan) or Hi-Nicalon type S
fibers (Nippon Carbon Co., Ltd., Tokyo, Japan). The perfor-
mance of these composites has the potential to enable the
development and construction of high temperature, long-life
advanced reactor concepts.

Several techniques have been developed to fabricate SiC
matrix composite materials, including melt infiltration, poly-
mer infiltration and pyrolysis, and chemical vapor infiltration
(CVI) [4–6]. However, in order to achieve good irradiation
resistance, very high purity material is required, and CVI
is the most reliable approach to produce a sufficiently pure
matrix for nuclear applications. In CVI, a silicon carbide
precursor (or precursors) is introduced into a high temper-
ature chamber in the gas phase. This is commonly done
under vacuum, and the precursors are allowed to diffuse
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into the preform and chemically react, forming a silicon
carbide matrix within the sample. The most commonly
used precursor is methyltrichlorosilane (CH

3
SiCl
3
), which is

mixedwith hydrogen anddecomposes to form silicon carbide
according to (1) [1]

CH
3
SiCl
3(g) +H2(g) → SiC

(s) + 3HCl
(g) +H2(g). (1)

While CVI produces a very high puritymatrix, the deposition
process is dependent on the diffusion of reactants into the
fiber preform, and a slow reaction rate can be desirable
to ensure uniform transport of reactants throughout the
fiber preform. The reaction rate can be controlled through
selection of the deposition parameters; for example, higher
process temperatures generally lead to more rapid reaction
and higher deposition rates. Uniform matrix deposition
is essential to achieve high composite density and good
material properties, but by slowing the reaction rate, the
fabrication process may require long infiltration times. For
fiber-reinforced composite materials, small voids between
fibers within the tows are vulnerable to being closed off by
matrix deposits on the tow surface. Because of this, density
uniformity is especially important for thicker samples, and
reduced density can lead to reduced material performance.
Often, a density gradient will exist in the composite, where
the densest regions are located near the surface (where the
precursors first reach the composite), and the least dense
areas are located towards the center, especially inside fiber
tows. A schematic of this conventional CVI is shown in
Figure 1(a).

Several approaches to reduce fabrication time have been
reported in the literature. Two of the more promising routes
are thermal gradient chemical vapor infiltration and pressure
gradient chemical vapor infiltration (also called forced flow
CVI). In thermal gradient CVI, modifications to both the
CVI chamber and fixtures are designed to establish a tem-
perature gradient in the opposite direction of the diffusion-
related reactant concentration gradient. This allows for faster
reaction rates near the center of the composite, which helps
offset the reduction in precursor concentration, and reduces
the overall infiltration time needed tomake the composite. In
forced flowCVI (FFCVI), a pressure gradient is established to
enhance reactant transport into the fiber preform (compared
to transport via diffusion only). By improving transport of
reactants into the preform, the depletion of the precursors
is reduced, and conditions allowing for faster deposition
rates can be used while still achieving acceptable final com-
posite densities. However, this approach must be carefully
controlled, as variations in pressure in different regions of
the composite can have detrimental effects on the matrix
infiltration uniformity. In addition, it is necessary to hold
the sample in more complicated fixtures to direct the flow of
reactants (Figure 1(b)).

In order to help understand the effects of different param-
eters on the composite infiltration process, the diffusion and
chemical reaction of the precursors can be modeled. Several
approaches have been reported in the literature, including
modeling chemical compositions of the gas and solid phases
[7], modeling diffusion through a fibrous preform [8], and

simulating precursor concentrations on a sample in a typical
reactor [9]. These models can be used to consider the
effects of different reaction parameters, although the trends
predicted by some models have not always been consistent
with experimentally observed results, and simplified models
cannot account for all the phenomena occurring during
deposition.

In this work, SiC-SiC composites were fabricated by
chemical vapor infiltration, and an empirical model was
developed to simulate forced-flowCVI.Thiswork expands on
a model which we had previously developed [10] to simulate
the infiltration process at the fiber scale (∼10–100𝜇m). In
these current results, the effects of forced flow are included
in the simulation. The infiltration simulated by the model
was qualitatively similar to that observed in the experiments,
and the effects of different fabrication parameters were
investigated.

2. Sample Fabrication and Characterization

SiC matrix composites were fabricated under a range of
conditions, including forced flow CVI and conventional CVI
(with no pressure gradient). Various composite geometries
can be fabricated; however, formost of this work, thematerial
was produced as larger planar sheets that were then cut into
samples appropriate for different characterization techniques.

The sample fabrication process has been described pre-
viously [10]. Briefly, SiC fiber fabric is cut to shape and
stacked to achieve a nominally 1mm thick preform of ∼35%
fiber volume fraction. This fiber preform is then processed
under vacuum and at elevated temperatures (900–1100∘C)
to form a composite using chemical vapor infiltration. This
infiltration process is used to first deposit a thin pyrolytic
carbon interface layer over the fibers and then infiltrate the
SiC matrix. The silicon carbide matrix was deposited from
a dilute reactant mixture composed of methyltrichlorosilane
(MTS) evaporated into a hydrogen flow.

Samples were infiltrated using both conventional (iso-
baric)CVI and forced flowCVI, and all sampleswereweighed
prior to infiltration and at regular intervals during infiltration
to monitor weight gain as a function of processing time.
Forced flow samples were processed until the pressure dif-
ferential through the sample increased approximately tenfold
from the starting pressure drop, which varied with the fiber
preform size and structure. Depending on the deposition
conditions, this process took up to 3 days. In order to allow
a more direct comparison, the durations of the conventional
CVI runs were selected to yield samples with similar densities
to the forced flow samples, and these runs took significantly
longer than the forced flow runs. The relative sample density
was calculated from the measured sample volume and mass
and was compared to the maximum theoretical density of
3.2 g/cm3 for SiC fiber-reinforced samples.

3. Modeling SiC Matrix Infiltration

In order to help optimize infiltration process parameters,
a two-dimensional computer simulation was developed to
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Figure 1: (a) Schematic of conventional (isobaric) CVI and (b) schematic of forced flow or pressure gradient CVI.

model the effects of different deposition conditions on the
infiltration process. To accurately simulate the matrix infil-
tration process, the transport of the reactants through the
fiber preform must be followed. However, due to the size
of the fibers (7–10𝜇m diameter), a system including several
fibers would be much too large (approximately 100 𝜇m)
to practically model and track the motions of individual
reactant molecules. Typical Knudsen numbers (Kn = mean
free path 𝜆, divided by characteristic length 𝐿) for deposition
conditions are also too large (𝜆/𝐿 ≫ 1) to use standard
computational fluid flow codes to model the infiltration. In
order to address these restrictions and accommodate the
larger system size, the model uses a direct simulation Monte
Carlo (DSMC) solver with the OpenFOAM toolbox.

With the DSMC approach, statistically representative
parcels are tracked, rather than individual molecules, and
each parcel contains many particles. During the simulation
of conventional (isobaric) infiltration, the initial velocity of
each parcel is obtained from a thermal velocity distribution
function. In the simulation of forced flow infiltration, a net
velocity is applied to the parcels in the model, with this
velocity representing the effect of a pressure gradient on the
reactant gas flow. In both cases, the subsequent motions of
the parcels are tracked ballistically, accounting for collisions
with walls and other particles.

In addition to tracking the motion of different parcels,
the DSMC solver also tracks the reaction of MTS on surfaces
to produce SiC. The general growth rate equation used in
the model is 𝐺 = 𝑆MT𝑆𝐹MTS, where 𝐺 is the growth rate,
𝑆MTS is the sticking coefficient, or probability that MTS will
react to form silicon carbide on a surface, and 𝐹MTS is the
flux of MTS on that surface. The sticking coefficient of MTS
is given by 𝑆0MTS = 𝐴 exp(−𝐸𝑎MTS/𝑅𝑇)√𝑃H

2

, where 𝑃H
2

is
the partial pressure of hydrogen in the system, 𝐸

𝑎MTS is the
activation energy for MTS decomposition, 𝑅 is the natural
gas constant, 𝑇 is the temperature, and 𝐴 is a constant [11].
This SiC deposition is modeled by depleting the number of
MTS particles in each parcel in contact with a surface. The
simulation also accounts for the presence of HCl byproducts,
which have been shown both experimentally and in other
models to inhibit the deposition process [11–14]. HCl can
occupy surface sites, and the probability of MTS conversion
to silicon carbide is reduced by 1−𝜃/𝜃

𝑚
, in proportion to the

surface area covered by adsorbed HCl (𝜃/𝜃
𝑚
).

As MTS decomposes on the surface to form SiC, 𝛾 is the
fraction of HCl that remains on the surface, and the HCl
adsorption rate is given by (2), where 𝑆0HCl is the sticking
coefficient of HCl on the surface and 𝐹HCl is the flux of HCl
particles on the surface:

𝑑𝜃

𝑑𝑡

= (𝑆
0

MTS𝛾𝐹MTS + 𝑆
0

HCl𝐹HCl) (1 −
𝜃

𝜃
𝑚

) . (2)

HCl will also desorb from the surface according to 𝑑𝜃/𝑑𝑡 =
−]𝜃 exp(−𝐸

𝑎HCl/𝑅𝑇), where𝐸𝑎HCl is the activation energy for
the desorption ofHCl and ] is a rate constant.The steady state
growth rate is given by (3), where 𝐶 is a constant:

𝐺 =

𝑆
0

MTS𝐹MTS𝐶

1 + (𝛾𝑆
0

MTS𝐹MTS+ 𝑆
0

HCl𝐹HCl) /𝜃𝑚] exp (−𝐸𝑎HCl/𝑅𝑇)
.

(3)

In this equation, the activation energies are taken from
the literature, with 𝐸

𝑎MTS = 188 kJ/mol [12] and 𝐸
𝑎HCl =

268 kJ/mol [13]. SiC deposition experiments were performed
across a range of different process conditions, and coating
rates were measured and compared to the simulation in
order to empirically fit values for the MTS and HCl sticking
coefficients and 𝛾. For each collision between a given parcel
and a surface, themodifiedDSMC solver uses the growth rate
equation to determine the amount ofMTS that reacts to form
SiC. The solver also tracks the HCl generated by the MTS
decomposition, of which a fraction remains on the surface
(given by 𝛾), and the remainder is added to the parcel. The
solver represents the deposited SiC by adding elements to
fiber surfaces upon which SiC has been deposited, increasing
the fiber diameter and reducing the open pore volume.

4. Results and Discussion

4.1. Forced Flow Chemical Vapor Infiltration. Forced flow
chemical vapor infiltration offers a means to increase trans-
port of reactants through the fiber preform during the matrix
infiltration process. As a result, process conditions that allow
for more rapid deposition can be used, such as higher
temperatures and MTS partial pressures. This can reduce
process time, while the pressure gradient helps ensure matrix
deposition uniformity.
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Figure 2: (a) Plot of normalized rate of mass gain as a function
of process time for conventional CVI and FFCVI and (b) plot
of increasing pressure differential across sample observed during
FFCVI.

The infiltration process was interrupted at several inter-
vals in order to measure the mass gain of the samples and
remove portions for characterization. It was found that the
infiltration process could be started and stopped in this man-
ner without causing discontinuities in the matrix. Figure 2(a)
shows a typical rate of mass gain for conventional CVI and
forced flow CVI. Also plotted is the pressure differential
between the inlet and exhaust sides of the sample in the forced
flow case (Figure 2(b)). As a result of the improved reactant
transport into the sample during FFCVI, higher deposition
rates can be used while still achieving reasonable infiltration
uniformity.

For both FFCVI and isobaric CVI, the rate of mass gain
typically starts out high, and then drops as the infiltration
process continues. The amount of SiC deposited on the
samples is a function of CVI conditions but also of the
available surface area of the substrate. Initially, the fiber
preformhas a very high surface area, and consequently, a high
rate of mass gain is observed. However, as the matrix fills in
the voidswithin the preform, some regions become closed off,
trapping voids within the sample. This reduces the available
surface area as well as the rate of mass gain.

In conventional CVI, very low deposition rates are used
to allow sufficient reactant diffusion into the preform. The
added pressure gradient in FFCVI allows for higher depo-
sition rates to be achieved while maintaining uniformity
through the sample. If process conditions are changed in
a conventional CVI process to achieve deposition rates
comparable to FFCVI, a significant SiC deposition gradient
develops from the surface of the sample (the surface exposed
to the reactant flow) towards the center of the sample
(Figure 3(a)). The gradient is much reduced when a forced
flow configuration is used to achieve similar deposition rates
(Figures 3(b) and 3(c)).

In both conventional and forced flow CVI, the rate
of mass gain drops with time, as pores are closed off
and the available surface area for deposition is reduced.
In conventional CVI, the reactants are flowing around the
sample, so SiC deposition on the sample and this eventual
pore closure do not affect the process pressure. However,
in forced flow CVI, all reactants are forced to flow through
the sample, and as the open porosity begins to be filled
or closed off, the pathways for gas flow are reduced, and
the pressure differential across the samples increases. This
pressure difference increases rapidly towards the end of the
process and can result in the upstream side of the sample
seeing significantly higher pressures than the exhaust. As
the deposition rate can be strongly dependent on reactant
partial pressures, this increasing pressure differential can
lead to nonuniform deposition (Figure 4). This can result
in excess SiC build-up on the inlet side of the composite
and can also result in deposition conditions that produce
nonstoichiometric, silicon-rich SiC.

4.2. Simulation of SiC Matrix Deposition. Although forced
flow CVI can be used to potentially provide increased
deposition rates, the conditionsmust be understood to ensure
uniform infiltration. To more rapidly investigate the effects
of various process parameters and sample geometries on the
fabrication process, a computer model was used to simulate
SiC infiltration into an idealized fiber arrangement. The
influence of different process parameters was explored in
the context of the maximum simulated composite density
achieved and the infiltration duration required to reach
that density. The end of the simulation was defined as the
time at which the reactant transport pathways to the inside
fibers became completely blocked off; after this point, any
additional deposition would occur only on the surface, and
the composite density and pore volume would no longer
change.

Prior to the start of infiltration, the structure of the com-
posite consists of bundles or tows of hundreds or thousands
of SiC fibers, and these tows are woven into the desired
macroscopic component geometry. The simulation devel-
oped in this work focuses on the deposition at themicroscale,
and the geometry and boundary conditions were selected to
provide an approximation of an actual fiber bundle. Although
transport of reactants within the CVD chamber and between
adjacent tows (on the macroscopic scale) is also important
to the overall composite uniformity, running the simulation
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Figure 3: (a) Cross-section of fiber preform partially infiltrated with higher rate isobaric CVI, (b) cross-section of fiber preform partially
infiltrated with forced flow CVI, and (c) SiC deposit thickness as a function of depth into the sample for CVI and FFCVI.
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Figure 4: SiC build-up on the upstream side of the sample caused
by increasing reactant pressure and varying deposition conditions
on the upstream side of the sample during FFCVI.

at this scale would be too computationally intensive to be
practical.

Infiltration into the fiber tows was simulated with a
narrow column of fiber cross-sections. Fiber spacing was
kept constant, although the simulation approach could also
be used to model a more realistic system or randomly
arranged fibers. The fiber tows used in these composites have
elliptical cross-sections, and the column of fibers used in the
simulation represents approximately half the yarnminor axis,
as shown in Figure 5. Reactant gases were introduced from
one side, and a net velocity could be applied to the reactants
to simulate forced flow conditions. The boundary conditions
used for the other sides of the system are shown in Figure 5(c).

With the empirically determined reactant sticking coeffi-
cients, the simulated SiC infiltration is qualitatively similar to
the experimentally observed deposition gradient, as shown
in Figure 5(d). For this comparison, the coating thickness
was measured as a function of position within the fiber
bundle, and the model reproduced the variation in coating
thickness away from the tow surface that was observed in

the actual sample. The simulation was then used to model
the infiltration for both isobaric and forced flow conditions
and to investigate the effects of different coating parameters
on the deposition process. Certain parameters (including
temperature, pressure, and MTS concentration) were varied
within ranges that coincided with the typical conditions used
in the experiments.

4.2.1. Reactant Velocity Effects. In the model, reactants can be
introduced with a net velocity which can be set for different
forced flow conditions or reduced to zero to represent
isobaric (conventional) CVI. At very low velocities, reactant
transport into the fiber preformoccurs due to diffusion. If this
transport is slow relative to the reaction rate of the precursors,
SiC will be deposited towards the outer surface of the sample,
and a large deposition gradient will lead to a composite with
low final density and high internal porosity. Slow deposition
rates are needed to achieve higher final composite densities.

If the reactants have a positive net velocity, this provides
additional means to facilitate their transport into the fiber
preform. At moderate velocities, the time scale for transport
through the sample is comparable to the reaction rate of
the precursors, and deposition uniformity is improved. This
allows a faster reaction rate to be used which reduces
composite fabrication time while maintaining improved uni-
formity. However, the simulation indicated that if the reactant
velocities are very high, transport through the fiber preform
can be too fast, and the short residence time can reduce the
deposition uniformity. This effect could be exaggerated in
our simulation, as the system volume is very small relative
to an actual sample (which would be thicker and contain
many thousands of fibers).Thus, a given velocity in themodel
could be sufficient to transport the precursors out of the
system before they can completely react, whereas in an actual
sample, these unreacted precursors would react and deposit
elsewhere.
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Figure 5: (a) Cross-section of stacked fabric layers, (b) cross-section of fiber bundle, (c) model geometry showing MTS introduction and
boundary conditions, and (d) comparison between simulated and experimentally observed SiC deposition gradients into the fiber preform.

To examine the influence of reactant velocity, the model
was run with zero, moderate, and fast reactant velocities. The
precursor partial pressure was held constant, and infiltration
was simulated at two different SiC deposition temperatures
(900∘C and 1100∘C). These temperatures are in the range of
infiltration temperatures commonly reported in the literature
[5]. Reactant velocity was found to have a significant effect
on the deposition uniformity and the corresponding final
composite relative density. For both slow and moderate
reactant velocities, similar deposition was seen at the surface.
However, the improved reactant transport achieved by forced
flow CVI was apparent in the simulated deposition inside the
fiber preform. Moderate velocities (which could be obtained
under appropriate FFCVI conditions) provided the highest

relative density and most uniform infiltration, as shown in
Figure 6(a). The effects of reactant velocity were similar for
both temperatures modeled (Figure 6(b)).

4.2.2. Reactant Concentration Effects. The reactant partial
pressure also plays an important role in the infiltration
process. The MTS flux at the fiber surface is proportional
to the MTS partial pressure, and the growth rate increases
with the increasing flux (according to (3)). In the model,
the reactant concentration is varied by setting the MTS
partial pressure (a function of the MTS concentration and
the overall pressure). Unlike isobaric infiltration, in FFCVI,
the overall pressure cannot be simply controlled. Typically,
the downstream pressure is fixed, but unless a bypass is used,
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Figure 6: (a) Simulated deposition gradient for varying reactant
velocities and (b) variation in simulated composite density as a
function of temperature and reactant velocity.

the upstream pressure increases as the transport pathways
through the fiber preform close during infiltration. As the
process pressure then varies as a function of time and position
within the sample, control over the reactant concentration
becomes themeans bywhich the reactant partial pressure can
be set.

Simulations and experiments were carried out over a
range of MTS concentrations, with temperature and reactant
velocity held constant. For low MTS concentrations, SiC
deposition can be limited by reactant availability. With
increasing reactant concentration, the reaction becomes lim-
ited by surface site availability, and the deposition rate is no
longer strongly influenced by reactant concentration. Both
the simulation and experimental results show this effect, and
the infiltration process becomes less sensitive to the MTS
partial pressure at high MTS concentrations. The simulated
infiltration as a function of depth into the composite is
shown in Figure 7(a), and for moderate and higher MTS
concentrations, there is a minimal effect on the infiltration.

Model results were also compared with experimental
results for a range of MTS partial pressures (Figure 7(c)).
These experiments were carried out in both CVI and FFCVI
conditions, and the infiltration duration was limited (which
limited the densities that could be achieved). At higher MTS
partial pressures, there was good agreement between the
simulated and experimental densities, but at lower partial
pressures, the experimental densities were much lower than
the simulation. This is likely caused by reactant depletion in
the experiment before the precursors reach the fiber preform.
Precursors can react on other surfaces inside the furnace, and
with very low reactant partial pressures, this can deplete the
reactant concentration enough to impact the sample density
achieved. At higher reactant partial pressures, the relative
amount of depletion is greatly reduced, and in the simulation,
the reactants are introduced directly at the fiber preform
surface, so the depletion in other regions of the furnace is not
considered.

4.2.3. Fiber Spacing Effects. The final parameter modeled in
this work is the average fiber spacing in the preform. This
variable is governed by the fiber architecture and sample
preparation and is unlike reactant pressure or velocity, in
that it cannot be set during the actual infiltration. However,
the same simulation can be used to model the effects of
different fiber spacing by increasing the system size. Coupled
with the cyclic boundary conditions, this effectively increases
the width of the gaps between adjacent fibers, which allows
for more infiltration to occur before the reactant pathways
become blocked.

In this study, the width of the simulated system was
increased from 15 to 30 𝜇m. This effectively tripled the gap
between adjacent fibers from a 7.5 𝜇m gap to a 22.5𝜇m gap.
More SiC deposition is required before these larger reactant
transport pathways are closed off. As a result, prolonged
infiltration is required for this closure to occur, and a 3.1x
increase in processing time was observed in the simulation.
This is roughly proportional to the 3x increase in gap width
used in this study. While increased fabrication time is not
desirable in terms of rapid processing, if this is accompanied
by an increase in composite density and performance, then
these gains could offset the long infiltration required. At the
end of infiltration, the simulated composite with the larger
gap spacing showed an increase of 57% and 39% in density
compared to the narrow gap model for the 900∘C and 1100∘C
simulations, respectively (Figure 8).

Composite density has been shown to have a very
significant effect on mechanical and thermal performance,
and careful control of the average fiber spacing within
the composite could be a means to optimize the tradeoff
between fabrication time and improved material properties.
However, in increasing the average gap between fibers, the
overall fiber volume fraction of fibers in the composite is
reduced as well. Maintaining a sufficient fiber loading in the
composite is essential to obtain increased fracture toughness
and more graceful failure characteristic of a composite, so
any adjustments to the fiber architecture would need to be
evaluated in the context of composite behavior as well.
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Figure 7: (a) Simulated deposition gradient for varying MTS partial pressures, (b) simulated infiltration for low and high MTS partial
pressures, where black indicates deposited SiC matrix, and (c) comparison between simulation and experimental results for MTS
concentration effects on density.

Simulations of the SiC infiltration process have also been
performed by other groups and trends that are consistent
with the results of this work have been reported. Roman
et al. [15, 16] developed an extensivemodel of the reaction and
deposition process for forced flow CVI and observed similar
trends with increasing precursor velocity through the sample.
In that work, reactant introduction was given as a volumetric
flow, rather than a net velocity, and this makes it difficult to
make an exact comparison with this work. However, in both
that model and ours, increasing reactant flow from very low
to moderate velocities resulted in reduced processing time
and increased density and matrix uniformities (Figure 9).

5. Conclusions

SiC-SiC composites exhibit many properties that could
make them very desirable for use in advanced nuclear
reactor concepts, including strength at high temperatures
and exceptional stability under irradiation. However, one
of the challenges that must be overcome before these
materials are widely adopted is the time-consuming and
expensive fabrication process required to produce very high
purity material. Forced flow CVI is a modification to the
conventional isobaric infiltration process, which allows for
increased densification rates while maintaining infiltration
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Figure 8: (a) Simulated deposition gradient for varying fiber
spacings and temperatures, (b) simulated infiltration for small and
large fiber spacing, where black indicates deposited SiC matrix
around white fiber cross-sections.

uniformity. In this work, a model was developed to simulate
the chemical vapor infiltration process for the fabrication
of SiC-SiC composites under both isobaric and forced flow
conditions. This model uses a direct simulation Monte Carlo
approach and accounts for MTS deposition, depletion, and
the inhibition of this reaction due to the HCl byproducts.

The effects of different fabrication parameters were sim-
ulated to investigate ways to optimize forced flow CVI.
Increasing reactant flow through the sample increased both
the densification rate (reducing the required processing time)
and the final composite density. However, very high reactant
flow rates were found to reduce uniformity in the simulation,
which could be due to insufficient reactant residence time.
Very high reactant velocities are also associated with larger
pressure gradients across the sample, and in the supporting
experimental work, high pressures were found to lead to non-
uniform, nonstoichiometric deposition on the sample. The
trends of reactant velocity were similar between the model
developed in this work and the experimental results and were
also consistent with simulations reported in the literature.
The concentration of the MTS precursor (and the corre-
sponding partial pressure) was also found to influence the
infiltration process, although the effect wasmost pronounced
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Figure 9: (a) Simulation and experimental results from the current
work, showing effects of reactant velocity and (b) simulation results
from Roman et al., [15] showing similar trends with increasing gas
flow.

at lower concentrations. Finally, an increase in the average
spacing between fibers led to a composite with a higher final
density, but it increased the required processing time as well.
Any infiltration improvements achieved by a modification to
the fiber architecture would need to be carefully balanced
with any impacts the altered structure had on the mechanical
performance of the composite.

Further improvements to the model could allow simula-
tion of reactant transport through larger intertow porosity
and also account for randomized fiber positioning and the
more complex two- or three-dimensional structure found in
woven preforms. The model provides means to explore the
effects of different microstructures and infiltration process
parameters on the composite densification process. Using this
model, these effects can be simulated in far less time than
would be required to complete a corresponding experimental
test matrix. This allows for a much faster approach towards
optimization of the fabrication process, but it needs to
be coupled with, and confirmed by, experimental results.
More efficient composite fabrication can lead to improved
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consistency and reduced fabrication cost and time, whichwill
bring SiC-SiC composites closer to the deployment in actual
advanced nuclear reactor applications.
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In an attempt to allow nuclear power to reach its full economic potential, General Atomics is developing the Energy Multiplier
Module (EM2), which is a compact gas-cooled fast reactor (GFR). The EM2 augments its fissile fuel load with fertile materials to
enhance an ultra-long fuel cycle based on a “convert-and-burn” core design which converts fertile material to fissile fuel and burns
it in situ over a 30-year core life without fuel supplementation or shuffling. A series of reactor physics trade studies were conducted
and a baseline core was developed under the specific physics design requirements of the long-life small reactor. The EM2 core
performance was assessed for operation time, fuel burnup, excess reactivity, peak power density, uranium utilization, etc., and it
was confirmed that an ultra-long fuel cycle core is feasible if the conversion is enough to produce fissile material and maintain
criticality, the amount of matrix material is minimized not to soften the neutron spectrum, and the reactor core size is optimized
to minimize the neutron loss. This study has shown the feasibility, from the reactor physics standpoint, of a compact GFR that can
meet the objectives of ultra-long fuel cycle, factory-fabrication, and excellent fuel utilization.

1. Introduction

Nuclear power has much to offer in addressing the nation’s
energy security needs in an environmentally acceptable man-
ner. However, today’s nuclear power has its own challenges in
themanagement of nuclearwaste fromboth the front end and
back end of the fuel cycle, along with huge upfront financial
investment and competing against other energy resources-
electricity generation cost. Currently, the most prevailing
commercial reactor type is the Light Water Reactor (LWR),
and it is expected that the advanced LWR will be introduced
in the very near future based on proven technologies [1].
However, the International Atomic Energy Agency (IAEA)
predicts that for the longer term the focus will be on
innovative designs to provide increased benefits in terms
of safety and security, nonproliferation, waste management,
resource utilization, and economics, as well as to offer a
variety of energy products and flexibility in design, siting, and
fuel cycle options [2].

Small reactors are defined as reactors with an equivalent
electric output of less than 300MW. The small modular

reactor has been developed since the 1950s when the United
States (US) Army and Navy initiated research programs for
the design and test of various small nuclear reactors [3].
The Army was interested in producing electricity in remote
area, which included a transportable reactor by tractor trailer
without dismantlement and a barge reactor transportable by
sea. The Navy focused on development and deployment of
nuclear power sources for warships and submarines. In 2008,
more than 45 small- and medium-sized reactor concepts and
designs were developed under the national or international
Research and Development (R & D) programs [4].

Though it is difficult for small reactors to compete
economically under the same paradigm as large commercial
reactors, the market situation of the small reactors will be
different from those of large-capacity nuclear power plants.
In other words, it will depend on demand for a better dis-
tributed electricity supply, better match between the capacity
increment and investment, and flexibility in site selection or
diversity of the products [5, 6].The IAEA addressed attractive
features of innovative small reactors thatmight facilitate their
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progress in certain energy markets as follows:
(i) factory fabrication that reduces cost, shortens con-

struction time, and improves quality control; reduced
design complexity, impact of human factors, and
operation and maintenance requirements;

(ii) lower absolute capital costs, as compared to large
capacity plants; incremental capacity increase with
sequential construction; reduced financial risk for the
incremental increase of demand;

(iii) suitability for small electricity grids, including an
option of autonomous operation; feasible nonelectric
applications such as seawater desalination, district
heating, and process heat;

(iv) improved safety due to smaller core size.
In addition, small reactors with a longer fuel cycle can

further improve the plant economy and energy security. The
potential incentives of long-life small reactors will be the
reduced obligations for spent fuel and waste management
and greater or easier nonproliferation assurances to the
international community [7]. Many countries such as the
USA, the Russian Federation, Japan, India, and Brazil have
performed design studies of small reactors without refueling,
which include water, sodium, lead-bismuth and gas-cooled
reactors [8–14]. The liquid metal reactors have shown good
performance of long-life operation because of a high con-
version ratio and neutron yield owing to hardened neutron
spectrum and transuranic fuel, respectively [15–17]. It is also
possible to design a traveling wave type sodium-cooled fast
reactor with a capacity of 1000MW electric, which can last
more than 30 years with a single initial fuel loading [18].

General Atomics launched an innovative new gas-cooled
fast reactor (GFR) program in 2009, namedEnergyMultiplier
Module (EM2). The reactor system is designed to have dual
applications: electricity generation and high temperature heat
source. The reactor is small and transportable and can be
deployed in an established grid or as a stand-alone power
source for an isolated area or a military base. The reactor
will be operated for decades without refueling. The reactor
core is designed to use nonradioactive nuclear waste, that is,
depleted uranium (DU), along with low enriched uranium
(LEU). This paper describes the physics design approaches
and fuel cycle characteristics of the EM2.

2. Design Approach and Tools

2.1. Design Choices. The design choices and their linkage to
cost factor are schematically shown in Figure 1. For the high
temperature operation and high quality heat source, a gas
coolant such as helium is most feasible. When compared to
other coolants such as sodium, the helium coolant is inert,
single phase, nonradioactive, and chemically stable against
water, and no intermediate loop is required for thermal-to-
electric energy conversion [19]. High temperature operation
improves the thermal efficiency of the plant, which has a
direct effect on the electricity generation cost; however, it
requires use of high temperaturematerial for the fuel and core
structure.

Both the thermal and fast neutron spectrum reactors
are feasible for the gas coolant. From the physics design
viewpoint, it is recommended tomaximize the fuel burnup to
improve the fuel cycle economics with a reasonable amount
of fissile material in the core. From this perspective, a fast
neutron spectrum was chosen, under which fertile fuel can
be converted into fissile fuel and burned in situ. All the
actinides are effectively burned or transformed under the fast
neutron spectrum, while fissile nuclides are mostly burned
under the thermal neutron spectrum. To accommodate high
fuel burnup, the fuel design should consider high irradiation
swelling of the fuel, internal pressure buildup of the fuel rod
due to fission gas release, material damage due to high energy
neutrons, and so forth.

Both the small and large reactor options are feasible for
the gas-cooled fast reactor, while the gas-cooled thermal
reactor in general requires large moderator volume which
results in a lowpower density of the core. From the economics
viewpoint, small reactors mitigate financial risk owing to low
upfront capital investment, and economic competitiveness
can be achieved through a modular construction approach,
moving a large portion of the construction work from site to
factory, shortened site construction period, design simplifi-
cation, and so forth. In order to achieve an ultra-long fuel
cycle in the small reactor, high quality reflector materials are
required to minimize the neutron loss and the core configu-
ration needs to be optimized to maximize the fuel utilization.

2.2. Convert and Burn. The excess reactivity of the EM2
core is driven by the balance of fissile isotopes and fission
product poisoning. Initially, the core is loaded with only
uranium fuel, and therefore, fissile uranium producesmost of
the reactor power and burns quickly until fissile plutonium
builds up. Under a very hard neutron spectrum, fertile
uranium can also burn as shown in Figure 2. In fact, the
amount of fertile fission is around 20% in the GFR which
is a nonnegligible contribution to the excess reactivity of
the core [20]. However, this also indicates that neutron
spectrum softening significantly affects the fertile uranium
fission contribution because of its high fission cross-section
threshold around 1MeV. Figure 3 compares the production-
to-absorption cross section ratios (]𝜎

𝑓
/𝜎
𝑎
) ofmajor nuclides.

It can be seen that the nuclear properties of fissile plutonium
are strongly dependent on neutron energy. A harder neutron
spectrum will lead to higher excess reactivity; this excess
reactivity decreases as fission products build up during long-
life operation.

2.3. Physics Tools and Models. For the physics design calcu-
lations, a lattice code MICROX is used to generate multi-
group cross-sections of the fuel and structural materials [21].
MICROX is an integral transport theory flux spectrum code
which solves the neutron slowing-down and thermalization
equations for a two-region (particle and moderator) lattice
cell. The nuclear data of MICROX consists of GAM data
(99 groups between 14.9MeV and 0.414 eV) and GATHER
data (101 energy mesh points below 2.38 eV) for the fast
and thermal energy ranges, respectively [22, 23]. For the
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Figure 1: Design choices and economic factors.
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epithermal resolved energy range, the spectrum calculation
uses GAR data with temperature-dependent cross sections
[24].

The reactor core is analyzed by DIF3D and BURP for the
static and depletion calculations, respectively [25, 26]. DIF3D
is a multigroup steady-state neutron diffusion and transport
code, which is used to calculate the eigenvalue (criticality)
and power distribution of the core and to generate the neu-
tron flux distribution to be used for the depletion calculation.
The BURP code is also used to produce macroscopic cross
sections of each core region using the microscopic cross
sections and nuclide number densities, which are used by
DIF3D for static diffusion calculations.

The actinide depletion chain used in the calculations is
based on 20 nuclides and includes neutron capture, (𝑛, 2𝑛)
reaction, and decay chains. Fission product yields have been
generated for the fast reactor system based on JENDLE3.3
[27]. These yield data are available for 232Th, 233U, 235U,
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236U, 238U, 237Np, 239Pu, 240Pu, 241Pu, 242Pu, 241Am, and
243Am. For example, direct yield data are provided for 1227
isotopes for 1MeV neutron fission of 235U. In order to obtain
cumulative fission product yield, the decay chain has been
prepared for ∼800 isotopes for which the direct yield is
greater than 10−10. The cumulative fission product yield has
also been generated for 61 nonsaturating fission products
(NSFP), and pseudofission products (PFP) were introduced
to minimize the loss of fission products due to the truncated
burn-up chain. The properties of PFP were obtained from an
ORIGEN2.2 calculation [28].

The EM2 core is designed to release gaseous fission prod-
ucts in order to achieve a very high fuel burnup. Considering
that the operating temperature of the reactor is high, it
was assumed that not only the noble gases (Krypton and
Xenon) but also other nuclides with a relatively low boiling
temperature (<450∘C) are released during normal operation.
For the physics design study, it was assumed that 70% of
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gaseous fission products are removed.TheNSFP also contains
gaseous fission products; the effective number densities for
these materials were calculated by considering the reduction
of absorption rate due to fission gas removal. The amount
of gaseous fission products in the NSFP is 6%–8%. If the
removal rate of gaseous fission products is 70%, for example,
the inventory of saturating fission products and NSFP is
reduced by 9.0% and 6.5%, respectively, at the end-of-cycle,
resulting in a 7.2% reduction of total fission product inventory
[29].

The adequacy of using the legacy code system for the
EM2 core depletion calculation was assessed in the earlier
study especially for the prediction of peak excess reactivity
and fuel cycle length [29] by the Monte Carlo code MCNPX
with ENDF/B-VII.0 cross sections [30]. In general, the core
excess reactivity is well predicted by the diffusion-based
depletion model except for the initial core state where the
maximum difference is 0.5% 𝛿𝑘. The differences of the peak
excess reactivity and cycle length are less than 0.2% 𝛿𝑘 and 2
years, respectively. Currently the legacy code system is being
updated for its cross section library and solution methods
[31, 32].

3. Physics Design Requirements

A particular feature of EM2 physics design is that it aims
for an ultra-long fuel cycle and a very high fuel burnup
with a small reactor core size so that the fuel utilization
is dramatically increased when compared to a commercial
LWR. The principal requirements that guided the initial
nuclear design studies are as follows.

(i) The nuclear reactor system shall have a design life
of more than 20 years to enhance a high uranium
utilization and fuel cycle economics.

(ii) There will be no refueling and fuel shuffling during
the core life, and therefore, there will be nomovement
of either fresh or spent nuclear fuel materials to/from
the reactor core.

Scoping analyses indicated that a heterogeneous core
configuration is more favorable to obtain a longer fuel cycle
when using fertile fuel. Therefore, the core will be composed
of two distinctive fuel materials: the fissile starter (LEU) and
fertile converter (DU). In order to fulfill the principal design
requirements, the fissile enrichment, location, and size of
the starter have been optimized under the physics design
requirements given below.

3.1. Reactor Size. The reactor core size shall be limited by the
maximum size of the reactor vessel that can be manufactured
by competitive US fabricators and transported through spe-
cial overspecified routes by special permit. The reactor vessel
shall be sized to allow truck transport from the factory to the
designated site. The reactor vessel shall be sized to include
reactor core, reflector material, radiation shield, thermal
shield, instrumentation, and control system. A guideline for
maximum vessel size is 250 tons for component mass, 4.8m

for component diameter, and 30m for component length,
respectively.

3.2. Reactor Power. The reactor produces high temperature
heat through controlled fission reactions in the fuel and
regulates the rate of heat production to maintain a constant
coolant outlet temperature in response to changes in coolant
mass flow rate. The total reactor power is 500MW thermal,
and the core outlet temperature shall be 850∘C. The power
profile shall be flattened to reduce the peak fuel temperature.
The fuel assembly peak power density shall be less than
200W/cm3 throughout the core life.

3.3. Fuel Management. The reactor operation time shall
be maximized to enhance maximum overall fuel burnup.
During the core life, the magnitude of excess reactivity shall
be within the reactivity worth of the reactor control system
with a sufficient margin, and the peak power density shall
be kept below the 200W/cm3 design limit. The initial fissile
enrichment averaged over the whole core including both the
starter and converter fuel assemblies shall be minimized with
a goal of overall enrichment close to that of the conventional
LWR fuel. The plant life shall be at least 60 years and the
fuel life shall be greater than 20 years at rated power without
refueling or reshuffling.

3.4. Reactor Control System. The reactor core includes reac-
tivity control systems that consist of multiple control drums
strategically located in the reflector region and operating in
banks. The reactor control system provides overall reactor
power level and excess reactivity control. The reactor control
system shall be designed to provide enough negative reactiv-
ity to maintain the controlled criticality of the core.

3.5. Reactor Shutdown System. The reactor core includes
shutdown systems that are independently and adequately
activated to rapidly shut down the reactor core under postu-
lated accident conditions. The static and dynamic reactivity
worth of the shutdown system shall be sufficient to terminate
the reactivity and power transient following a reactor trip in
response to a reactivity excursion accident such as a loss of
coolant.

4. EM2 Physics Performance

The baseline core was selected through a series of parametric
calculations of key design parameters: reactor size, fuel mate-
rial type, matrix material type, fuel volume fraction, starter
size and enrichment, reflector material and thickness, and
so forth. The physics design calculations also incorporated
some of the fuel and thermal-fluid design features such as fuel
material chemical reaction, compatibility of the fuel material
with clad, and cooling capability of the fuel. The baseline
core model provides fundamental physics design values of
EM2 so that follow-up calculations are performed for the fuel
performance, reactor safety, and economics analyses.
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4.1. Baseline Core Model. The major components of the
reactor system and coolant flow are shown in Figure 4. The
reactor vessel is an internally insulated 4.7m diameter, 10.6m
high structure constructed from standard SA533-Grade B
plate steel. This vessel is of a size that can be manufactured
by many vendors and is small enough to be shipped by truck
to the construction site.

The EM2 baseline core, schematically illustrated in
Figure 5, has a cycle length greater than 30 years without refu-
eling, which means that the characteristics of the operating
core simply depend on initial fuel loading. The baseline core
is divided into three sections: starter, fertile, and reflector.The
starter is the “critical” section of the reactor at beginning of
life. It contains LEU to initiate criticality and provide excess
neutrons for converting fertile to fissile materials in the fertile
section. The core contains 85 fuel assemblies arranged in
a hexagonal prism. Seventy-nine assemblies contain 91 fuel
rods, each 2.7m long by 20.5mm in diameter. Six assemblies
contain central voids for shutdown rod insertion. The clad
is 1mm thick 𝛽-SiC composite, which is highly resistant to
both temperature excursions and neutron damage [33, 34].
The fuel is uranium carbide (UC) in the form of porous
pellets.The interstitial pores allow room for fuel swelling and
pathways for volatile fission products.The pellets are annular
with a central hole that provides a means for volatile fission
products to escape to a fission product collection system.This
vented fuel in principle alleviates the pressure buildup and
accommodates fuel swelling over the long core life.

The reflector consists of an inner section of canned Be
2
C

and an outer section of graphite. These reflector materials
are highly neutron economic and keep the neutron leakage
from the core under 2%. Due to power peaking around the
core periphery, the starter fuel adjacent to the reflector has
a reduced enrichment, leading to a radially flattened power
profile that results in relatively uniform irradiation rates
during the fuel cycle; this precludes the need for shuffling.
Six rotatable drums are embedded in the reflector to provide
reactivity control during normal operation.

4.2. Core Performance. The average fuel enrichment of the
starter region is 11.4%, which results in an average fissile
content of 6.1% over the whole core. The 𝑘eff is shown in
Figure 6, where the 𝑘eff initially increases up to 1.023 due
to 239Pu buildup in the starter region, and subsequently
decreases due to 235U depletion and fission product buildup.
As 239Pu also builds up in the converter region, 𝑘eff decreases
slowly after ∼15 years.

The core performance is summarized in Table 1. The
average discharge burnup is 145GWd/t heavy metal (HM).
The peak fuel burnup is 298GWd/tHM for the starter
fuel while the lowest fuel burnup is 48GWd/tHM for the
converter fuel located at the core edge region. The average
fuel burnup of the starter and converter fuel is 192 and
95GWd/tHM, respectively. The inlet temperature is 500∘C
and the temperature rise in the core is ∼350∘C. Under this
condition, the peak fuel temperature is estimated to be
1490∘C.

Table 1: Summary of EM2 baseline core performance.

Reactor power 500MW thermal
Fuel material Uranium carbide
Clad/structure material Silicon carbide
Coolant material Helium
Cycle length 32 years
Average fissile content 6.1 wt%
Fuel loading

Uranium 42.8 t
235U 2.6 t

Fuel discharged
Heavy metal 36.7 t

Uranium consumed 23%
Excess reactivity 2.0% 𝛿k
Peak/average burnup 285/135GWd/t
Peak/average power density 165/58W/cm3

Peak/average fast fluence (>0.1MeV) 7.9/3.7 × 1023 n/cm2

System pressure 13.3MPa
System pressure (depressurized) 0.45MPa
Core pressure drop 25 kPa
Core inlet temperature 549∘C
Core outlet temperature 850∘C

Table 2: Isotopic inventory (kg) of EM2 baseline core.

Charge 10 years 20 years 30 years Discharge
235U 2,611 1,335 719 401 317
236U 0 250 334 349 345
238U 40,235 37,589 35,129 32,839 31,939
237Np 0 27 57 77 83
239Np 0 2 2 2 2
238Pu 0 6 20 36 41
239Pu 0 1,592 2,402 2,807 2,901
240Pu 0 81 225 372 428
241Pu 0 50 94 127 138
242Pu 0 3 10 19 22
241Am 0 6 17 31 37
242mAm 0 0 1 2 2
243Am 0 0 1 2 2
242Cm 0 1 1 2 2
243Cm 0 0 0 0 0
244Cm 0 1 3 7 9
HM 42,846 40,942 39,016 37,073 36,271
Fuel 42,846 42,589 42,304 41,992 41,856

The fuel inventory as a function of time is summarized in
Table 2. Fissile material burning and production are shown
in Figure 7 for 235U and 239Pu. One of the design targets
of the EM2 is to promote much higher uranium utilization
than that of the conventional power reactors. In the case
of EM2 once-through fuel cycle, the fissile uranium (235U)
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is appreciably burned at the end of cycle (EOC) with an
average consumption rate of 88%, which was calculated
based on initial loading and residual mass. The uranium was
most effectively transmuted in the inner layer of the starter,
resulting in the maximum consumption rate of 43% locally.
The average uranium consumption over the whole core is
25%. Figure 8 compares the fission rates of uranium with
those of other nuclides and shows that the fertile uranium
(238U) contributes to the total fission rate by 18%.

The EM2 core was designed to breed fissile plutonium
and burn it. However, not all the fissile plutonium is burned
at EOC and must be discharged. At EOC, the average fissile
content (a fraction of 235U, 239Pu, and 241Pu out of total heavy
metal) is 9.4%. The amount of residual plutonium is 3.5 t,
of which the fissile plutonium purity (a fraction of fissile
plutonium out of total plutonium content) is 87%. This has
a high fuel value and will be recycled in the subsequent fuel
cycles without conventional reprocessing [35].
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Table 3: Comparison of mass flow for once-through fuel cycle.

ALWR EM2

Comparative power output, MWe 1117 1117
Number of units 1 4.2
Refueling period, year 1.5 34
Number of batches 2.3 1
Fuel burnup, GWd/tHM 60 145
60-year operation

(i) Heavy metal loading, ton 1522 318
(ii) Heavy metal discharge, ton 1425 270

4.3. Fuel Cycle Characteristics. The mass flow of the EM2
baseline core is compared to that of an advanced LWR
(ALWR) based on fuel management parameters summarized
in Table 3 [36, 37].The total electricity generation of EM2 was
normalized to 1117MW, which requires 4.2 units of EM2. For
an operation period of 60 years, the amount of heavy metal
loading and discharge is reduced by ∼80% in the ultra-long
EM2 once-through fuel cycle when compared toALWRonce-
through fuel cycle.
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The energy production per natural uranium ore is shown
in Figure 9 for various reactor types including ALWR, gas
turbine modular helium reactor (GT-MHR), Canadian deu-
terium uranium (CANDU) reactor, and liquid metal fast
breeder reactor (LMFBR) [38–40]. The maximum energy
obtainable from 1 ton of natural uranium (U

3
O
8
) is estimated

to be 796GWd, if all uranium atoms fission and release
200MeVper fission.The amount of thermal energy produced
per ton of natural uranium is 10.3 GWd for the EM2, while it
is 5.4GWd for the ALWR under the assumption that the fuel
enrichment and fuel burnup are 4.8 wt% and 60GWd/tHM,
respectively.

The amount of high level waste (used nuclear fuel)
generated per energy production is shown in Figure 10 for
EM2 and other reactors. The waste generation is the largest
in the CANDU reactor due to the use of natural uranium
fuel under a fully thermalized neutron spectrum. For the
EM2, the waste generation is 5.8 kgHM/GWd, while it is 15.6
kgHM/GWd for the ALWR.
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Table 4: Comparison of unlevelized electricity costs.

ALWR EM2

Number of cycles 20 1
Total electricity 270 TWh 66TWh
Unit cost of fuel ∼2,400$/kgHM ∼4,760$/kgHM
Total fuel cost 1,600M$ 200M$
Unlevelized average ∼6$/MWh ∼3$/MWh

4.4. Cost Estimation. Table 4 compares unlevelized electricity
costs of EM2 and ALWR. The fuel cost of EM2 baseline
core loading is estimated to be ∼200M$ which includes
uranium ore, conversion, enrichment, assembly structures,
and fabrication costs. This fuel generates 66 TWh electricity
over 30 years at a capacity factor of 95%. For the ALWR,
total fuel cost is expected to be ∼1600M$ for 30-year
operation, including initial core loading. The corresponding
total electricity generation will be 270 TWh over 30 years.
Therefore, the EM2 cycle yields a reduced fuel cycle cost when
compared to the ALWR fuel cycle even though the unit fuel
cost is expected to be higher for the EM2 (∼4,760 $/kgHM on
average) when compared to theALWR fuel (∼2,400 $/kgHM)
[41]. It is also worth noting that the fuel is an upfront capital
charge in EM2 as opposed to an operational charge in case of
the ALWR.

A preliminary estimation of the electricity generation
cost was made for EM2 and other power plants such as
ALWR, coal, and natural gas plants, and the results are shown
in Figure 11. The assumptions and methodology used for
the cost estimation are consistent with the Department of
Energy (DOE) GEN IV International Forum cost estimating
guidelines [42], and the cash flow methodology is from Du
and Parsons [41]. Specifically, the pertinent assumptions used
for cost calculations of the EM2 and other technologies are as
follows:

(i) the EM2 plant consists of 4 reactormodules, eachwith
thermal rating of 500MW, with a net plant efficiency
of 53% and a capacity factor of 95%;

(ii) ALWRplant consists of a 1,117MWenet electric rating
with a capacity factor of 92% averaged over the life of
the plant;

(iii) the costs are levelized over 60 years for the 𝑛th-of-a-
kind plant;

(iv) major financial parameters for nuclear and fossil fired
plants include

(a) 50% debt at an 8% interest rate,
(b) 50% equity at a rate of 12%,
(c) general inflation of 2.5% per year;

(v) enriched uranium cost is based on 95 $/kg-U
3
O
8
feed,

6 $/kg-U
3
O
8
conversion, and 165 $/Separation Work

Unit (SWU) enrichment.

It can be seen that EM2 has a significant cost advantage
over a comparable ALWR. It would break even with natural
gas combined cycle plants at a natural gas price of 6-
7 $/MMBtu. The EM2 cost advantage primarily comes from
the compact equipment sizes, fewer components, signifi-
cantly higher net plant efficiency, factory fabrication, and
shorter field construction time. The EM2 overnight capital
cost is 3,800 $/kWe versus 5,000–6,600 $/kWe for ALWR
plants. A single unit capacity addition is ∼1 B$ versus ∼5 B$
for ALWR. With the ability to add EM2 units as power
demand grows, the financial risk associated with an EM2
plant substantially lower than a large ALWR can be achieved.

It should be noted that the uncertainty of the cost
estimation is relatively large for the EM2 when compared
to the commercial power plant, because the materials and
manufacturing technologies are still being developed for the
fuel, clad, structural components, and auxiliary systems of
the EM2 while the market prices are well established for the
commercial power plants.

5. Summary and Recommendations

The EM2 is a 500MW thermal GFR loaded with uranium
carbide fuels, which satisfies physics design requirements of
an ultra-long fuel cycle, high burnup, and compact reactor
size, and is also economically competitive to large-scale com-
mercial nuclear plants. These features offer new possibilities
for fuel cycles to greatly improve fuel utilization and waste
reduction, when compared to large-scale nuclear plants and
other power sources. Nevertheless, there are many technical
issues, which should be addressed and resolved through R &
D activities as follows.

In particular, it is required to resolve uncertainties asso-
ciated with fission product buildup during the ultra-long fuel
cycle with low excess reactivity.

Transient and safety analyses are required to confirm the
controllability of excess reactivity and local power peaking
throughout the fuel cycle.

Experimental verifications are required for the core
criticality and fuel irradiation along with thermal-fluid and
mechanical integrity tests.
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The in situ breeding and burning reactor (ISBBR), whichmakes use of the outstanding breeding capability of metallic pellet and the
excellent irradiation-resistant performance of SiCf/SiC ceramic composites cladding, can approach the design purpose of ultralong
cycle and ultrahigh burnup andmaintain stable radial power distribution during the cycle life without refueling and shuffling. Since
the characteristics of the fuel pellet and cladding are different from the traditional fuel rod of ceramic pellet and metallic cladding,
the multiphysics behaviors in ISBBR are also quite different. A computer code, named TANG, to model the specific multiphysics
behaviors in ISBBRhas been developed.Theprimary calculation results provided byTANGdemonstrate that ISBBRhas an excellent
comprehensive performance of GEN-IV and a great development potential.

1. Introduction

After 60 years of development and deployment, nuclear
energy has become one of the three main energy sources
supporting human society. Although it happened to three
major nuclear accidents during past decades and projected
a big shadow on the nuclear energy development, especially
the Fukushima Nuclear Event, occurred in March, 2011,
significantly twisted people’s understanding to nuclear safety,
but, people still could not stop 1 the prospects on nuclear
energy, as the fossil energy on earth is gradually drying up
and increasingly expensive, and the other renewable energy
is not enough stable and reliable. By now, except for a few
European countries, who claim to terminate their nuclear
power projects, the main energy consumers of the world,
including China and the United States, have clearly declared
their positive position to their established nuclear power
route, and several new projects just have been approved
during the past recent years.

However, it should be pointed out that the existing
nuclear power technology could not support the sustainable
nuclear energy development for long-term prospects. The
reason is that the existing nuclear power technology ismainly
based on water-cooled reactor. It is well known that the fuel

utilization of water-cooled reactor is less than 1%, which
means that the existingwater-cooled reactors are quickly con-
suming the limited natural uranium resource and producing
the huge volume of depleted uranium in front end and the
high radioactive spent fuel in back end. According to the
2009 edition of the IAEA red book [1], the natural uranium
reserves (including proven and inference) on the earth are
about 3.7 million tons (development costs < $80/kgU) or 4.5
million tons (development costs < $130/kgU), and the global
natural uranium consumption in 2011 is about 70000 tons
[2]; at this rate, the existing nuclear development way can
only maintain around 50 years. Furthermore, along with the
gradual expansion of global nuclear energy, natural uranium
demand is expected to rise steadily to 100000 tons/year in
2015 year [2]. On the other hand, it is approximately estimated
that the nuclear development during past 60 years has
consumed around 2.8 million tons of natural uranium and
produced about 2.5 million tons of depleted uranium and
0.25 million tons of high radioactive spent fuel. Therefore,
it is clear that the existing nuclear power technology cannot
guarantee a sustainable nuclear development.

In fact, the international society has long known the limi-
tation of the existing nuclear energy technology and has been
actively looking for effective ways to pursue the sustainability
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for nuclear development.Among them, a general consensus is
that fuel breeding and closed fuel cycle are the crucial options
to realize sustainable nuclear energy development. As is well
known, fast reactor or harden spectrum is the necessary
condition to achieve fuel breeding for current uranium-
plutonium fuel cycle, whereas it seems a little optimistic if
we think that the existing fast reactor technology is just the
solution to the sustainable issue. Taking the existing sodium-
cooled fast reactor (SFR) adopting oxide fuel as an example,
the one year or so of the refueling cycle brings not only
heavy burden of reprocessing and a significant increase in
the fuel cycle cost, but also the 20 to 25 years of doubling
time seems to give people a choking sense. In recent years,
Terra Power LLC,which is founded byBill Gates, proposed an
innovative concept of traveling wave reactor (TWR), which
is based on the platform of pool-type sodium-cooled fast
reactor by using metallic fuel pellet and HT9 cladding; TWR
can approach 30∼40 years of ultralong cycle life and around
30 at % of ultrahigh burnup without refueling, but with
periodical fuel shuffling during the cycle life. Theoretically,
the TWR can well satisfy the need of sustainable nuclear
power development, whereas, because the TWR core is
composed of igniting region of medium-enriched uranium
and blanket region of depleted uranium, the core radial
power distribution shall become severely heterogeneous and
have significant variation during the cycle life, and also the
ultrahigh burnup shall pose a big challenge to the dose
limitation of the HT9 cladding. Therefore, there are still a
series of questions for TWR’s engineering implementation.

Based on the above understanding, this paper proposed
an innovative concept of in situ breeding and burning reactor
(ISBBR), which is based on the platform of traditional
sodium-cooled fast reactor (SFR), and can approach ultra-
long cycle and ultrahigh burnup and maintain stable radial
power distribution during the cycle life without refueling
and shuffling. A computer code TANG modeling main
multiphysics phenomenon in ISBBR has been developed
for the core design balance. The primary calculation results
provided by TANG demonstrate that ISBBR has an excellent
comprehensive performance of GEN-IV and a great develop-
ment potential.

2. The In Situ Breeding and Burning Reactor

Obviously, the prerequisites to approach in situ breeding
and burning are that the fuel should have great breeding
capability and the fuel reactivity should change very slowly
during the cycle life. Figures 1 and 2 present the evolution
of reactivity and normalized 239Pu versus fuel burnup for
several typical fuel materials, which are designed to have
similar initial reactivity. It is clear to see that the ternary
alloy of Uranium-Plutonium-Zirconium has good attributes
matching the demand of ISBBR.

In addition, in order to ensure the integrity of the
fuel rod under the conditions of ultralong cycle and ultra-
high burnup, the ISBBR’s structure material, especially the
fuel cladding material, should have outstanding radiation
resistant performance besides the better heat conduction
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capability and mechanical performance. The cladding mate-
rial of the traditional sodium-cooled fast reactor (SFR) is
Austenite or Martensite Stainless Steel, whose radiation-
resistant performance is not enough promising. Some new
structure materials under developing, such as ODS and HT9,
are predicted to have good radiation-resistant capability;
however, it is difficult to have a revolutionary solution because
these materials are still iron based. Recently, an innovative
ceramic composite material SiCf /SiC has been causing more
and more attention from the nuclear field because of its
comprehensive performance of heat conduction, mechanical
properties, and radiation resistant. It is said that SiCf /SiC is
themost promising for the first wallmaterial in fusion reactor
[3]. Figures 3 and 4 present the comparison of DPA cross
section and radiation dose for SiCf /SiC and stainless steel;
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we can see that the DPA cross section of SiC is much lower
than SS304 in lower energy and high energy region, and the
accumulated radiation dose of SiC is much lower than SS304
for a given SFR spectrum.

In the view of the above analysis, our proposed in
situ breeding and burning reactor (ISBBR) shall select the
ternary alloy of Uranium-Plutonium-Zirconium as fuel pel-
let, SiCf /SiC as cladding material, and liquid sodium as
coolant. Table 1 describes the general design parameters
of the reference ISBBR core, and Figure 5 illustrates the
schematics of reference core, fuel assembly, and fuel rod.

The reference core is a small modular reactor. The rated
thermal power is 800MWt, the rated mass flow rate is
5000 kg/Sec, and the inlet coolant temperature is 350∘C. The
core is composed of 222 fuel assemblies, 30 control assem-
blies, 270 shielding assemblies, and a barrel. The equivalent
diameter of active core is about 252 cmand the outer diameter
of barrel is about 350 cm. The active core is divided into
inner zone (108 assemblies, identified with 1 in Figure 6) and

Table 1: General parameters for reference core of ISBBR.

Thermal power, MWt 800
Electricity power, MWe 300
Coolant flow rate, kg/sec 5000
Inlet temperature, ∘C 350
System pressure, MPa 0.1
Number of fuel assembly 222
Number of control assembly 31
Number of shielding assembly 270
Flat to flat distance of FA, cm ∼12.5
Number of fuel pin in a FA 60
Fuel rod pitch, cm 1.50
Fuel rod diameter, cm 1.40
Active fuel height, cm 200
Plenum height, cm 200
Cladding material SiCf/SiC
Pellet material UPuZr
Coolant material Sodium
Control absorber material B4C
Detail size Reference Figure 5
Heavy metal inventory in core, ton 40.4

DU (0.3 w/o 235U), ton 35.8
Reactor grade Pu, ton 4.6
Composition of Pu:

238Pu (%) 3.54
239Pu (%) 50.94
240Pu (%) 22.99
241Pu (%) 15.15
242Pu (%) 7.38

outer zone (104 assemblies, identified with 2 in Figure 6).The
unique difference for the fuel assemblies in inner zone and
outer zone is the Zirconium contents in the fuel pellet which
are 20% and 10%, respectively.

The fuel assembly has an overall length of 460 cm and
contains 90 fuel pins arranged in a triangular pitch array
within a duct, see Figure 5. The duct thickness is 0.1 cm and
the flat-to-flat distance of the duct is around 12.5 cm. Fuel pins
are made of sealed SiCf /SiC cladding containing a metallic
fuel pellet column of 200 cm length. Just below the fuel slug
is a 60 cm shield segment, with the shield being an integral
part of the fuel pin in the form of an extended fuel-pin
bottom end cap. Sodium is filled as the initial thermal bond
between the fuel column and the cladding. And a 200 cm
long fission gas plenum is located above the fuel slug and
sodium bond. The fuel pin diameter and cladding thickness
are 1.4 cmand 0.1 cm, respectively, and the inner diameter and
outer diameter of the annular pellet are 0.4 cm and 1.1 cm,
respectively. The fuel smeared density is 80%. The fuel pin is
helically wrapped with wire to maintain the pin spacing so
that the coolant can flow freely through the pin bundle. The
wire-wrap helical pitch is 20.32 cm and the wire diameter is
0.1 cm.
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The control assemblies consist of an absorber bundle
contained within a duct. The absorber bundle is a closely
packed array of tubes containing compacted boron carbide
pellets. The natural boron whose B-10 enrichment is 19.9 a/o
is used.Thirty control assemblies are grouped intoA, B, andC
banks, where bank A is the primary manipulated bank, bank
B is the secondary control bank, and bank C is the shutdown
bank. The grouping of the control assemblies and its layout
are given in Figure 6.

3. The Multiphysics Model
Development for ISBBR

Traditionally, nuclear design, thermal-hydraulic analysis, and
fuel performance analysis for a reactor core are performed

independently. Actually, the neutronics behavior, thermal-
hydraulic behavior, fuel thermodynamics behavior, and fuel
irradiation behavior in a reactor core are tightly coupled with
each other. In PWR core design, thermal-hydraulic feedback
has been considered widely in core analysis code due to the
significant spectrum effect of coolant density and Doppler
effect of fuel temperature. As for ISBBR, besides the thermal-
hydraulic feedback, the reactivity effect of thermal expansion
and irradiation swelling also have significant influence on the
core reactivity and the cycle life.

Figure 7 illustrates the main physics phenomena in the
core using metallic fuel. Basically, the neutronics process
(Cross Section Parameter→Diffusion/Transport Solution→
Neutron Flux→ Reaction Rate → Burnup→ Cross section
Parameter, see Figure 7) is the main driving force for the
multiphysics phenomena in the core. Generally, the inter-
actions of neutronics with other disciplines can be grouped
into instant effect and historical effect. As for the instant
coupling effect, power density derived from the reaction rate
determines the fuel rod surface heat flux and the coolant flow
field (coolant density and temperature), and also, the power
density dominates the fuel temperature distribution in pellet.
On the other hand, the coolant density and temperature and
fuel temperature and the fuel thermal expansion have direct
influence on the cross section parameter, neutron flux, and
power density. As for the historical accumulation effect, the
accumulated neutron irradiation connects to the fuel burnup,
deformation (creep and swell) of cladding and pellet, and
fission gas release; all these effects will have influence on the
local reaction cross section; in addition, the deformation of
cladding and pellet affects the free volume of the fuel rod
plenum, which has inversely proportional relations with the
rod internal pressure.
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Based on the understanding to the above multiphysics
phenomena in the core using metallic fuel and the specific
ISBBR fuel design of metallic pellet and ceramic cladding,
we developed the specific multiphysics model and the core
simulation code TANG for ISBBR. The following sections
briefly describe the technical characteristics of the multi-
physics model and computer code TANG.

3.1. NeutronicsModel. Neutronicsmodel is the kernel ofmul-
tiphysics model and also the driving force for heat conduc-
tion, heat transfer, and deformation of fuel rod. Neutronics
model involves depletionmodel, parameterized cross section
model, and multidimension/multigroup neutron diffusion
model.

The depletionmodel solves nonlinear depletion chains by
usingMatrix Exponential Algorithm and tracks the evolution
of nodal-wise number density for major actinides based on
the 3D neutron flux and reaction rate during full cycle life.
Figure 8 presents the simplified depletion chain for actinides
tracked in TANG code.

Parameterized cross section model captures the instant
effect and historical effect of various factors on homogenized
assembly cross sections. The instant effect is caused by
the deviation of instant local conditions from the refer-
ence conditions, such as local burnup (bu), local coolant
temperature/density (𝐷

𝑐
/𝑇
𝑐
), local fuel temperature (𝑇

𝑓
),

and local axial deformation factor (𝛼), and the historical
effect is the accumulated effect caused by the long-term
deviation of local conditions from the reference conditions
since the deviation of local conditions causes the different
local neutron spectrum from the reference case, it results in
the different depletion rate or production rate for important
actinides from the reference case.The local axial deformation
factor (𝛼) models the effect of number densities variation
caused by axial deformation on homogenized assembly cross

sections.The formula (1) gives the fundamental expression of
the parameterized cross section model:

∑(bu, 𝑇
𝑓
, 𝐷
𝑐
, 𝛼)

=

∑ref (bu) + Δ∑ (bu, 𝑇𝑓, 𝐷𝑐) + ∑
𝑁

𝑛
𝜎
𝑛
(𝑇
𝑓
, 𝐷
𝑐
) Δ𝑁
𝑛

𝛼

.

(1)

Multidimension/multigroup neutron diffusion model adopts
multidimension and multigroup nodal expansion method
code MGNEM [4], developed by author previously, to solve
multidimension and multigroup neutron diffusion equations
for rectangular and hexagonal fuel assembly; also, the uni-
versal algorithm of stiffness confinement method (UASCM)
[5], which was also developed by author earlier, is coupled
withMGNEMto solvemultidimension andmultigroup time-
space kinetic problem. Additional, in order to effectively
model the growth of nodal axial mesh caused by thermal
expansion and/or irradiation swelling, MGNEM code is
using floatingmesh in axial direction, so thatMGNEM is able
to automatically model the axial mesh variation of each node
during the iteration process of thermal-hydraulic feedback
and finally captures the reactivity effect of axial deformation.

The integration of the above methodologies and tech-
nologies endows TANG code abundant calculation functions
and flexible simulation ability.

3.2. Fuel Rod Deformation Model. The thermal expansion
coefficient of metallic fuel is large (approximately 2 times of
ceramic fuel), and the irradiation swelling effect of metallic
fuel is also significant (around 30% at high burnup). As a
result, the geometrical change of metallic fuel pellet during
heating process and/or irradiation process will not only give
penalty on the extra reactivity and cycle life of the core,
but also will directly affect the transient behavior of the
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Figure 8: Depletion chain for actinides tracked in TANG code.

core, as the negative feedback effect of axial growth can
effectively restrain the increase of the reactor core power and
automatically bring the reactor to a safe lower power level.
The experiments on EBR-II had demonstrated this inherent
safety characteristic of the core with metallic fuel [6].

Relative to the metallic pellet, the SiCf /SiC cladding
has very good thermal stability, irradiation stability, and
mechanics stability. Firstly, the thermal expansion coefficient
of SiCf /SiC is only about half of the zircaloy; secondly, the
existing irradiation experiment (about 43DPA) shows that
the swelling and creeping phenomena are very weak [3]; in
addition, since the strength and hardness of SiCf /SiC are very
outstanding, the strain caused by stress for SiCf /SiC material
is also very limited. Table 2 presents the properties of relative
materials.

According to the above analysis on themetallic pellet and
SiCf /SiC ceramic cladding, we proposed a “rigid cladding
model” to describe the fuel rod deformation behavior in
ISBBR, which assumes the following.

(i) The deformation of SiCf /SiC ceramic cladding is
only due to thermal expansion, irradiation swelling,
creeping, and stress/strain are ignored.

(ii) The deformation of metallic pellet may be caused by
thermal expansion, irradiation swelling, and creep-
ing.

(iii) After the metallic pellet contacts with ceramic
cladding, the contact stress shall not cause any strain
to ceramic cladding.

(iv) After the metallic pellet contacts with ceramic
cladding, the metallic pellet shall become yielded
consequently due to the contact stress, and according
to the Prandtl-Reuss flow rule, the expansion shall
develop to the inner hole of the annular pellet; once
the inner hole is closed, the expansion shall switch to
axial direction.

Thermal expansion is recoverable and the irradiation defor-
mation (swelling and creeping) is irrecoverable. Therefore,
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Figure 9: Radial swelling versus burnup for metallic fuel.

with the assumption of “rigid cladding model,” the cladding
deformation is recoverable, and the pellet deformation
involves the recoverable and irrecoverable compositions.The
recoverable deformation of metallic pellet can affect the core
dynamic parameters and the transient behavior of the core,
and the irrecoverable deformation of the metallic pellet has
direct penalty on the core extra reactivity and the cycle life.

Metallic fuel had significant irrecoverable deformation
(swelling and creeping). Figures 9 and 10 present the radial
deformation and axial deformation behavior of metallic fuel
versus the fuel burnup, respectively, which are based on the
experimental results of EBR-II. It can be seen from Figures
9 and 10 that the irradiation deformation of metallic fuel is
anisotropic in radial and axial direction; the radial deforma-
tion is muchmore significant than the axial deformation, and
the radial deformation grows quickly before 2 at% burnup,
and thereafter itmaintains around 35%of volume change rate.
The irradiation deformation models used in TANG code are
just taken from Figures 9 and 10 [7].
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Table 2: Properties of several typical fuel materials.

Thermal expansion coefficient ppm/∘C Brinell hardness kg/mm2 Young’s modular (𝐸) GPa Poisson’s ratio (])
UO2 (ceramic) ∼9 ∼2000 ∼96 ∼0.3
UPuZr (alloy) ∼18 ∼260 ∼85 ∼0.3
Zircaloy ∼10 ∼120 ∼100 ∼0.3
Stainless steel ∼17 ∼100 ∼196 ∼0.3
SiCf/SiC (ceramic) [3] ∼4 ∼2800 ∼300 ∼0.14

3.3. Fuel Rods Heat Conduction/Transfer Model. Each fuel
assembly in ISBBR is contained within a duct, which directs
the coolant flow to fuel rods of the fuel assembly, and there
is no exchange of coolant mass and momentum among the
assemblies. Therefore, it is reasonable for TANG code to
adopt the “single channelmodel” to simulate the heat conduc-
tionwithin fuel rod and heat transfer between rod surface and
coolant; TANG code has a “single channel model” for each
fuel assembly modeled in the core to calculate the averaged
effect of coolant density/temperature, cladding temperature,
and fuel temperature in each elevation of the fuel assembly,
and then, the 3D nodal-wise coolant density/temperature,
cladding temperature, and fuel temperature are passed to 3D
neutronicsmodel, rod deformationmodel, and othermodels,
so that all models are tightly coupled into a multiphysics
model.

The “single channel model” in TANG code uses finite
difference method to solve time-dependent heat conduction
equation in cylindrical R-Z geometry for steady-state and
transient solution, which shall be coupled with steady-state
or transient 3D neutronics model.The heat conduction along
𝑧-direction is considered due to the high heat conductivity of
metallic pellet.

The discrete of heat conduction equation is based on
the nominal rod sizes so as to maintain the stability during
equation solution, but the deformed rod sizes are used for the
gap conductance calculation.

3.4. Fuel Rod Internal Pressure Model. The fuel rod in ISBBR
might endure extra high internal pressure and even endanger
the fuel rod integrity due to the fission gas release and
accumulation under ultralong cycle and ultrahigh burnup.
Therefore, the fuel rod internal pressure in ISBBR is an
important design constraint. Based on the “single channel
model” and 3D burnup distribution of the core, TANG code
tracks the fission gas release fraction for 3D nodes and
calculates assembly-averaged fuel rod internal pressure at
each burnup step.

The main components of fission gas are Xe and Kr, and
the total fission yield of Xe and Kr is about 0.25 (totally
2.0). Fission gas is gathered in the grain boundary in earlier
stage; with the burnup accumulation, the fission gas gradually
gathers into bubble; bubbles grow along with the increased
inner pressure and connected mutually; finally, it forms
a coherent tunnel. Eventually, fission gas is driven by the
temperature and the pressure and release to the gap between
pellet and cladding and then the plenum of the rod. The
coherent tunnel in metallic fuel is formed at around 2∼3 at%
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of burnup, the release fraction of fission gas increases quickly
prior to 3 at% of burnup; thereafter, the release fraction
maintains at around 70%. Figure 11 presents the fission gas
release fraction of metallic fuel versus the fuel burnup, which
is based on the experimental results of EBR-II.The fission gas
release model used in TANG code is just taken from Figure 11
[7].
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The fuel rods internal pressure is calculated by using
the free gas state equation 𝑃𝑉 = 𝑀𝑅𝑇, in which, 𝑃 is
the fuel rods internal pressure; 𝑉 is the volume of free
space in fuel rods, involving the comprehensive effect of
the ceramic cladding deformation, metallic pellet thermal
expansion, metallic pellet swelling, and the liquid sodium
surface rise squeezed by the deformed cladding and pellet;
𝑀 is the fuel rods internal gas mole number, including the
fission gas and the initial fill gas; 𝑅 is a universal gas constant
(𝑅 = 8.34 J/Mole-K); 𝑇 is the average temperature of the fuel
plenum.

3.5. Fuel Rod Exposure Dose Model. The structure material,
especially the cladding material, in ISBBR might endure
severe radiation damage due to ultralong time exposure
of fast neutron spectrum. The radiation damage to mate-
rial usually is measured by displacement per atom (DPA),
which means the accumulative displacement number of each
medium atom. TANG code equips a fuel rod exposure dose
model, so that themaximum cladding dose can bemonitored
during core design process.

The multigroup DPA cross sections (𝜎DPA
𝑔

) are stored in
the parameterized cross section library as the same as other
cross sections expressed in formula (1); TANG code shall
evaluate the accumulated cladding dose for each node of core
based on the 3D flux solution (𝜙

𝑔
) and the depletion time

increment (Δ𝑇, Sec) with the following formula:

DPA𝑛+1 = DPA𝑛 + Δ𝑇∑
𝑔

𝜎
DPA
𝑔
𝜙
𝑔
. (2)

4. Calculation Results

The reference ISBBR core was analyzedwith TANG code, and
the calculation results are introduced in following sections.

4.1. Steady-State Results Analysis. Figure 12 shows the rela-
tion of atom burnup and energy burnup for reference ISBBR
core during 25 effective full power years (EFPYs); it can be
seen that 1 at% burnup is equivalent to about 10 GWD/tHM
for the reference core; the slight deviation at end of life is due
to the fission energy of minor actinide (MA) which is a little
higher than plutonium.

Figure 13 presents the critical position of control assembly
and the evolution of the peaking power factors during the
cycle life. It can be seen fromFigure 13 that ISBBR can achieve
stable and flat power distribution during the 25 EFPYs of cycle
life; Figure 14 further shows the radial power distribution of
reference core at different burnup steps and demonstrates
that the radial power distribution of reference core is well
maintained without shuffling and refueling within an ultra-
long cycle life. Therefore, ISBBR can avoid the significant
distortion and variation of the power distribution existing in
other conceptual breeding and burning reactors [8–11]. It is
beneficial to core design and power distribution control in
engineering sense.

Figure 15 presents the assembly-wise distribution for
key design parameters at EOL (25 EFPYs) tracked by the
multiphysics models in TANG code. Maximum dose is the
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Figure 12: Burnup versus cycle length for reference core.
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Figure 13: Critical rod position and power peaking factor versus
cycle lifetime.

peaking irradiation dose for each assembly, and the results
show that the maximum irradiation dose at EOL for the
SiCf /SiC ceramic cladding in ISBBR core is about 167.8DPA,
which is far smaller than that using stainless steel cladding
(e.g., for TWR, the peaking irradiation dose may be as
high as 500DPA); internal pressure is an assembly-averaged
rod internal pressure, and the tracked results demonstrate
that the maximum internal pressure of fuel rod at EOL
in reference core is about 13MPa, which is thought to be
safe to the rod integrity according to the experience of
PWR rod performance analysis; the axial deformation factor
is an assembly-averaged axial deformation factor, and the
calculation results show that the axial deformation of the
reference core is more balanced among the full core, which
means that the annular pellet has accommodated the radial
pellet swelling and the axial deformation is mainly composed
of thermal expansion and axial swelling. Figure 16 illustrates
the influence of axial thermal expansion and swelling on the
core reactivity.
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Figure 17 shows evolution of the peaking coolant tem-
perature and the peaking fuel rod temperatures versus the
cycle life of the reference core. It can be seen from Figure 17
that each indicator has undergone an even history and
maintains enough margin to their corresponding design
limit, for example, the boiling point of sodium coolant is
around 892∘C, while the peaking coolant temperature within
the reference core cycle life is around 550∘C; the maxi-
mum operating temperature for SiCf /SiC ceramic cladding
is 1600∘C, while the peaking cladding temperature during
cycle life of the reference core is only around 550∘C, and the
molten point of metallic pellet (ternary alloy of Uranium-
Plutonium-Zirconium) is about 1200∘C, but the peaking fuel
central temperature during the cycle life is lower than 800∘C.
Therefore, the reference core of ISBBR has enough thermal
margins during thewhole cycle life for steady-state operation.
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Figure 19: Influence of SiCf /SiC on Doppler effect.

4.2. Transient Results Analysis. The positive Void Reactivity
Coefficient and smaller Fuel Doppler Temperature Coeffi-
cient are the main characteristics of the sodium-cooled fast
reactor and also the main concerns of people to the safety
of the sodium-cooled fast reactor. Some studies in [12] show
that the positive Void Reactivity Coefficient and smaller
Fuel Doppler Temperature Coefficient may be improved if
some moderator is introduced into the sodium-cooled fast
reactor. Actually, SiC is also a kind of good moderator.
Therefore, the Void Reactivity Coefficient and Fuel Doppler
Temperature Coefficient of the reference ISBBR core can have
significant improvement compared with the traditional SFR
using stainless steel cladding, see Figures 18 and 19.

The early demonstration experiments on EBR-II had
proved that the SFR using metallic fuel could safely approach
lower power level during the anticipated transient without
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Figure 20: Core key parameters response during ULOFA.

scram (ATWS) [6].The demonstration experiments on EBR-
II included unprotected loss of flow (ULOFA) and unpro-
tected loss of heat sink (ULOHSA). In these two events, the
initial state of the reactor was full power operation; after the
transients were triggered, the reactor power was gradually
decreased to lower level due to the inherent safety charac-
teristics of neutronics and thermal-hydraulic and thermal
dynamics of metallic fuel, and no damaged consequence
happened, such as coolant boiling, cladding defect, or pellet
molten.

TANG code is used to simulate the transient response
for ULOFA and ULOHSA of reference ISBBR core. The
calculated results are given in Figures 20 and 21 for ULOFA
and ULOHSA, respectively. It can be seen from Figure 20
that the reactor power shall automatically decrease to 50% or
so without any control assembly inserted after the flow rate
rapidly reduced to 20% of the nominal value, and the peaking

coolant temperature, the peaking cladding temperature, and
the peaking pellet central temperature are far lower than
their corresponding operation limits; similarly in Figure 21,
after loss of heat sink, the core inlet temperature is rapidly
increased from 350∘C to 520∘C, and at the same time, the
power level is gradually decreased to 45% or so without
any protective action, and all crucial design parameters are
in safe state. These analysis results demonstrate that the
reference ISBBR core has inherent passive safety during
typical transient processes.

4.3. Fuel Cycle Analysis. ISBBRmakes use of the outstanding
breeding capability of metallic fuel, produces more fissile
material as consuming existing fissile material, and finally
achieves ultralong cycle life and ultrahigh burnup.

Figure 22 shows the core-averaged breeding ratio of the
reference ISBBR versus cycle life, and it is clear that the
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Figure 21: Core key parameters response during ULOHSA.

core is always breeding; the heavy metal inventory of the
reference core versus cycle life is also given in Figure 22.
The initial inventory of heavy metal is about 40.4 tons
(including 35.8 tons of depleted uranium and 4.6 tons of
Reactor Grade Plutonium), and the final inventory of heavy
metal at EOL is around 33 tons, so totally there are about
7.4 tons of heavy metal burnt out, and the fuel utilization rate
is about 18 at%.Therefore, the fuel cycle economy of ISBBR is
significantly improved compared with current water-cooled
reactor, where the typical utilization is only 0.5∼0.6 at%.

The motivation to propose ISBBR is not only to pursue
safe and economical energy, but also for the following
strategic prospects:

(1) continuously consume the huge volume of the
depleted uranium and spent fuel accumulated by
the development and deployment of water-cooled

reactor, and finally achieve the minimization of the
waste volume;

(2) Support sustainable development and deployment of
fission energy and provide abundant and reliable
energy for the peace and development of human
society.

The precondition to achieve the above strategic goals is
that ISBBR should implement closed fuel cycle. Fortunately,
the low molten point (around 1200∘C) property of metallic
fuel has provided a very favorable condition for economical
reprocessing of spent fuel. And then, the prerequisite to
achieve sustainable closed fuel cycle for ISBBR is the quantity
and quality of the fission material in the spent fuel which has
no degradation comparedwith the initial inventory. Figure 23
illustrates the evolution of plutonium inventory versus the
cycle life; it can be seen that the plutonium inventory is
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Figure 23: Core plutonium inventory and fissile plutonium fraction
versus cycle lifetime.

increased from initial 4.3 tons to final 5.1 tons during the cycle
life, the incremental is about 10%, and the content of fissile
plutonium (239Pu and 241Pu) in total plutonium also has been
increased compared with the initial 65%. Therefore, both the
quantity and quality of the fission material in ISBBR spent
fuel satisfy the prerequisite tomaintain sustainable closed fuel
cycle.

ISBBR does not pursue the accumulation or doubling
of the extra plutonium, but the synchronized breeding and
burning of fissile isotopes within an ultralong cycle life; there-
fore, it naturally satisfies the requirement of nonproliferation.

And also, only relying on the huge amount of depleted
uranium and spent fuel accumulated by water-cooled reactor,
ISBBR can achieve sustainable fission energy supply for
long term and finally achieve the minimization of the waste
volume. Let us assume that all the natural Uranium resource

on the earth shall be utilized by PWR, it means that there
will be about 6 million tons of depleted uranium and about
0.6 million tons of spent fuel accumulated finally; usually, the
content of Reactor Grade Plutonium in the PWR spent fuel
is nearly 1%, so the accumulated Reactor Grade Plutonium
shall be 6000 tons; taking the reference ISBBR core as an
example, where the initial plutonium inventory is 4.6 tons,
then, the accumulated Reactor Grade Plutonium is enough
to equip 6000/4.6 ≈ 1300 units of reference ISBBR and
provides approximate 300MWe × 1300 = 390GWe of power
supply (a little higher than the current nuclear power installed
capacity 377GWe in the world); now, the 1300 units of
ISBBR shall be loaded with 1300 × 35.8 tons ≈ 47,000 tons
of depleted uranium and 1300 × 4.6 tons ≈ 6,000 tons of
Reactor Grade Plutonium for a fuel cycle, in which 1300 ×
7.4 ton ≈ 9600 tons of heavy metal shall be burnt out; taking
another assumption, let us ignore the 10% increment of the
Reactor Grade Plutonium in spent fuel and think it is used
to compensate for the loss during spent fuel reprocessing and
the new fuel fabrication, then, the time for these 1300 units of
ISBBR to consume the accumulated 6million tons of depleted
uranium can be approximately estimated as follows:

6000000 + (600000 − 6000) − (47000 + 6000)

9600

× 25 year

≈ 17000 years.
(3)

Humans, of course, may not need 17,000 years of fission
energy supply; in turn, they may want to have much more
installed capacity. In this case, people can have some breeder
reactors in earlier stage and produce Reactor Grade Pluto-
nium, and then, they can get their wanted installed capacity
by building enough units of ISBBR. Even if the number of
ISBBR unit was increased to 13,000 units, the accumulated 6
million tons of Depleted Uranium still can support over 1000
years of nuclear power supply.

5. Conclusion

Based on the platform of traditional sodium-cooled fast
reactor, making use of the innovative fuel design and core
design, ISBBR can achieve ultralong cycle and ultrahigh
burnup and maintain stable radial power distribution during
the cycle life without refueling and shuffling.

Primary calculation results, provided by specifically
developed computer code TANG, demonstrate that the
ISBBR core has enough thermal margins during steady-
state operation and inherent passive safety during anticipated
transients.

The fuel cycle analysis indicates that the fuel utilization
rate of ISBBR can approach 18%andhave significant fuel cycle
economy compared with the current water-cooled reactors,
where fuel utilization is about 0.5∼0.6%.

In addition, the features of ultralong cycle, no extra
plutonium accumulation, and sustainable closed fuel cycle
demonstrate that ISBBR can realize theminimization ofwaste
volume, nonproliferation, and sustainable nuclear power
supply.
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In conclusion, ISBBR can well satisfy the requirements of
Gen-IV nuclear energy system, such as sustainability, econ-
omy, safety, andnonproliferation andhas a great development
potential.
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The use of fine distributed moderating material to enhance the feedback effects and to reduce the sodium void effecting SFRs
is described. The drawback on the feedback effects due to the introduction of minor actinides into SFR fuel is analyzed. The
possibility of compensation of the effect of the minor actinides on the feedback effects by the use of fine distributed moderating
material is demonstrated. The consequences of the introduction of fine distributed moderating material into fuel assemblies with
fuel configurations foreseen for minor actinide transmutation are analyzed, and the positive effects on the transmutation efficiency
are shown. Finally, the possible increase of the Americium content to improve the transmutation efficiency is discussed, the limit
value of Americium is determined, and the possibilities given by an increase of the hydrogen content are analyzed.

1. Introduction

The positive coolant density feedback coefficient is inherent
to the system in sodium-cooled fast reactors (SFRs). This
effect is the basis for the sodium void effect, which is the
maximal reduction of the sodium density. The reduction of
the positive feedback effects as well as the enhancement of
the negative ones is an important point in the design of
future sodium-cooled fast reactors.The relevance of the topic
has been highlighted in the last year in the IAEA TM on
Innovative Fast Reactor Designs with Enhanced Negative
Reactivity Feedback Features in Vienna [1].

Thenature of feedback effects in fast reactors as well as the
sodium void effect itself and the different contributions to the
effect are well known since the 1960s. Detailed descriptions
have already been given in “Reactivity Coefficients in Large
Fast Power Reactors” in 1970 [2]. Already in the 1970s
numerical studies were performed with the aim to reduce the
sodium void effect [3]. These studies were mostly performed
on the basis of full core calculations for the optimization
of the core geometry to reduce the sodium void effect.

One important outcome of the full core calculations was
the development of high leakage cores with their big core
diameter (∼5 meters) in combination with a very small core
height (≤1 meter). Another method for the enhancement of
the leakage in the case of sodium voiding is the replacement
of the reflector above the core with a sodium plenum which
enhances the leakage significantly in the case of a sodium
voiding event in the upper core region. Current publications
mostly concentrate on the design of sodium-cooled fast
reactor cores [4], on advanced safety concepts for SFR [5], and
on basic or detailed discussions on the different influencing
parameters on the sodium void coefficient [6, 7] and the
limited possibilities for enhancing the feedback effects in
traditional designs.

Recently, a new proposal has been published.The positive
void effect is reduced here in combination with a significant
enhancement of the negative fuel temperature effect and
a decrease of the positive coolant effect by adding fine
distributed moderating material. The study has been focused
in the first step on the choice of the ideal moderatingmaterial
[8, 9] and in a second step on the optimization of the placing
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of the zirconiumhydride to obtain the optimal effect in power
distribution and burnup [10, 11] to limit the required changes
in the fuel assembly and in the core design.

The calculations are performed with the lattice transport
code HELIOS and based detailed full fuel assembly geometry
representation. These possibilities are given due to the rapid
development of the spectral codes for LWR analysis which
solve the integral transport equation in two dimensions on
unstructured mesh [12, 13]. These codes offer the chance
to investigate the feedback effects on fuel assembly level
for different designs in full detail including multigroup
visualization of integral and resolved neutron flux and cross
sections. The verification of the results for the enhanced
feedback effects calculated with HELIOS has been performed
by a comparison calculation using MCNP 5 [8, 9].

The insertion of moderating material softens the neutron
spectrum of the fast reactor. Nevertheless, for the burning
of minor actinides, a hard neutron spectrum is essential
due to the fission threshold of these isotopes. Following this
knowledge, the effect of the use of a small, fine distributed
amount of moderating material on the efficiency of minor
actinide burning will be investigated in this publication.

2. Reference System

For the beginning of the study, a reference case based on
the European Fast Reactor is defined (see Figure 1). The
data is mostly given in the IAEA Fast Reactor Database—
2006 Update [14]. Additional data is taken from Waltar,
Reynolds: Fast Breeder Reactors [15] and from European fast
reactor (EFR) fuel element design [16]. The following major
parameters are used: outer pin diameter 8.5mm, cladding
thickness 0.52mm, pitch to diameter 1.2, can wall thickness
4.5mm, wire spacers, and 271 fuel rods per element.

Materials. MOX Fuel with 22.4% Pu fissile and Pu vector
from 4% enriched LWR fuel with 50GWd/tHM burnup. 5-
year storage is estimated before reprocessing and 2 years until
reuse in the reactor. The Pu-Vektor is (2.6/54.5/23.7/11.3/6.8)
and 1.1% Am-241 in depleted uranium (0.3% U-235 content).
The smeared fuel density is 9.26 g/cm3, and the fuel tempera-
ture is 900∘C. Cladding, wire spacers, and can wall are made
from stainless steel 304 along the HELIOS 1.9 definition. The
temperatures are 635∘C for the cladding and 545∘C for wire
spacer and can wall. Sodium density is 0.821 g/cm3 along
the formula for liquid saturated sodium at 545∘C given in
Waltar and Reynolds [15]. The geometric arrangement of the
reference system with 10 rings is shown in Figure 1 for 1/6
part of one fuel element. The used power density is 118.8W/g
corresponding to the maximum power density in the EFR.
For the calculation HELIOS is used. The internal 112 group
fast reactor cross-section library of Studsvik Scandpower is
used for the investigation. Only for the calculations of the
neutron spectrum the 190 energy group library is used to have
a refined energy structure in the thermal range for a better
depiction.

Three different minor actinide loadings will be investi-
gated (3% Am, 5% Am, and 2% Np—2% Am) [17]. The Am

Figure 1: 1/6 of the reference fuel element geometry corresponding
EFR.

vector is following the same basic definitions as described for
the Pu vectormentioned previously.This definition gives 62%
Am-241 and 38% Am-243. The data for the used moderators
ZrH1.6 and YH is taken from [18].

3. System with Moderating Material

The basic idea to shift a small portion of the neutron
spectrum to lower energies is achieved by the introduction
of moderating material inside the wire wrapper as is shown
in Figure 2. For the visualization purpose, only one unit
cell is extracted from the calculated 1/6 of a fuel assembly.
The purpose of the moderating material is to force up the
absolute value of the negative fuel temperature feedback
and to reduce of the positive coolant feedback (consisting
of coolant density and temperature effect) coinciding with
a reduction of the sodium void effect. The fine distributed
placing of the moderating material in each unit cell offers the
possibility to keep the original fuel assembly design as well as
the power density and the uniform power distribution typical
for a homogeneous fast reactor fuel assembly. These three
facts ensure that the flow conditions in the fuel assembly can
be kept like in the reference design. Thus the flow conditions
can still be optimized to keep or improve the safety-related
coolability.

The proposed moderating material hydrogen can be
inserted in the form of stable metal-hydrogen compounds
like zirconium hydride or yttrium hydride; the latter is
preferable due to the higher thermal stability. For the manu-
facturing, it is more suitable to hydride the already produced
wire, since it is much easier to handle. Hydride alloys provide
a range of hydrogen concentrations in combination with
considerable variation in nuclear and mechanical properties.
Thus the hydrogen content can be adapted to the special
requests. This makes the amount of hydrogen addition into
the fuel assembly very flexible; only the maximal values are
limited due to the deterioration of the material performance
and the solubility limits which decrease with increasing
temperatures. “It should not be inferred that the presence
of hydrogen in metals is always deleterious. When present
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Figure 2: Unit cell out of a fuel element based on the European fast
reactor (EFR) design with introduced moderation layer.

in amounts less than necessary for embrittlement, hydrogen
can cause a noticeable increase in strength so long it can
be retained in solution. The important point, again, is that
hydrogen presents serious problems only when it is not
retained in solution or when its concentration exceeds the
solubility limits of the alloy so that hydride precipitates or
segregation can occur. Otherwise, hydrogen reacts similarly
to other alloying elements in most respects” [18].

Figure 3 gives a general overview on the changes in the
neutron flux spectrum due to the insertion of moderating
material compared to the reference neutron spectrum. The
190 group HELIOS library is used for these spectral curves to
get a sufficiently fine resolution in the thermal groups. The
figure shows a significant difference in energy distribution
of the neutron flux after the insertion of the moderating
material. In the case with the zirconium hydride as wire
wrapper, a comparably strong low-energy tail is formed due
to the strong moderation effect of the hydrogen atoms in the
metallic compound. This low-energy tail has to be seen in
conjunction with the radiative capture cross section of U-
238 which is added to the figure in green. The insertion of
hydrogen causes a significant increase of the share of neutrons
in the energies where major capture resonances for the U-
238 isotopes appear, especially at energies around 6.67502 eV,
20.8715 eV, 36.6821 eV, 66.0312 eV, 102.559 eV, and 116.8923 eV.
Further on, the effectiveness of moderation for the cre-
ation of the low-energy tail is compared for a compound
based on zirconium and a compound based on yttrium.
Both compounds contain exactly the identical amount of
hydrogen.

Theassembly burnupdistribution after 100GWd/tHMfor
the reference case and the case with the moderator inside
the wire wrapper is given in Figure 4 and compared to the
old fashioned solution suggesting pin containing the mod-
erating material. The burnup in the reference fuel assembly
(Figure 4(a)) is characterized by a very flat distribution (∼1%
difference between minimum and maximum) over the fuel
assembly as well as over the fuel rods. The reason for this
flat burnup distribution can be found in the flat power and
neutron flux distribution and in the comparably low total
cross sections at the dominating neutron energies. The flat
power distribution in the fuel assembly is very favorable, since
it disburdens the heat removal. The flat power distribution
results in a uniform heat up of the sodium coolant. No hot
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Figure 3: Neutron spectrum for the reference fuel assembly and
for the fuel assemblies with moderating material based on different
hydrogen carryingmaterials calculated with the 190 group library of
HELIOS 1.9.

spots are created and thus all fuel rods can be operated close
to the limit power and until the limit burnup defined in the
operating permission.

The burnup distribution for case with fine distributed
moderating material (Figure 4(b)) is rather uniform over
the fuel assembly, too. A small rim effect appears due to
the resonance self-shielding in the U-238 and the increased
number of neutrons in the resonance region of the U-238
due to the use of themoderatingmaterial (compare Figure 3).
A very limited burnup increase occurs at the pins close to
the can wall. Nevertheless, the insertion of the moderating
material in fine distribution, in layers, and in thewirewrapper
does not create any severe deterioration in the power and
burnup distribution in the fuel assembly. The evaluation of
the pinwise values indicates even a more flat distribution
than for the reference case, since the power and burnup
at the periphery of the fuel assembly are slightly increased
[10]. Only the burnup distribution inside the pin is slightly
worsened due to the increased rim effect. This behavior is
in strong contrast to the results for the use of moderating
material in pins as discussed in several publications [18–20].
A locally concentrated introduction of moderating material
like moderator pins causes a significant power and burnup
increase in the pins around the moderator pins and a
lower burnup in the pins far from the moderator pins (see
Figure 4(c)). This uneven power and burnup distributions
cause limitations to the obtainable maximal average burnup
of the fuel assembly, since comparably low burnt fuel rods
appear in areas far from the moderation pins. Additionally, a
very strong power increase and a rim effect with all followup
problems like hot spots and fuel pellet irritations due to the
high burnup appear at the pins next to the moderating pins
[10, 11].

The use of fine distributed moderating material offers
the possibility to enhance the safety characteristics without
changing the major operational and design parameters.
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Figure 4: Burnup distribution at 100GWd/tHM for the reference case (a), the case with the moderating material in the wire wrapper (b), and
the case with moderating material arranged in pins (c).

Power density and distribution, fuel configuration and den-
sity, fuel assembly geometry, and coolant streaming paths
are not changed at all. Only the fissile enrichment has to be
increased due to the slightly reduced volume available for
the fuel, and the loss of criticality caused by the moderating
material has to be compensated.

The idea offers new degrees of freedom for the optimi-
zation of the design of the sodium cooled fast reactor core,
the cycle strategies, and the transmutation potential. The
fine distributed moderating material increases the inherent
system stability significantly by reducing the positive
feedback effects and enhancing the negative ones. Thus it
reduces the probability of reaching sodium voiding in a
transient. The interesting point is the possibility of tailoring
the feedback coefficients to an ideal value simply by adapting
the hydrogen content in the compound. The ideal amount
has to be determined from system-specific transient and
accident analysis, since strong negative feedback is not
desired in all accidental scenarios.

On the suggested moderating materials some comments
have to be given. For ZrH, on the one hand, the material is
a very efficient moderator, due to the extremely high slowing
down power of 1.54 (ZrH

1.94
), a value in the same range as

for light water [18]. On the other hand, zirconium hydride
of 𝛿 or 𝜀 phases does not change the associated volume up
to well above 1000∘C, since these phases are in the single
phase region [18].Thus zirconium hydride does not show the
unpleasant swelling behavior of UZrH fuel, which Olander et
al. describe as swelling due to void formation around the ura-
nium particles and due to fission gas production [21]. These
described processes should not appear in pure zirconium
hydride moderator, since both effects are in conjunction
with the Uranium component. The equilibrium hydrogen
pressure in ZrH increases at high temperatures, especially
above 900∘C; this is above the sodium voiding temperature
[18]. To suppress Hydrogen release, Mueller et al. suggest to
use Kanigen nickel which shows promise as a barrier coating
for zirconiumhydridewith lowhydrogen content on the basis
of hydrogen loss for times up to 100 h at 1300∘F in argon [18].

For YH, the slowing down power is comparable, but the
thermal stability is significantly higher, up to ∼1300∘C for
yttrium-mono-hydride [18]. Some limited, but very positive,
operational experience on the material is available too, since
YH has been used in a test assembly for tailoring the neutron

spectrum for tests for possible radioisotope production in the
FFTF [22].

For the verification of the very significant results of the
influence of moderating material on the feedback effects in
general, a basic cross comparison with MCNP for the fuel
temperature andmoderator effect on 𝑘inf has been performed
on simplified basis of a unit cell for the reference cases at
the beginning of the investigation of the influence of fine
distributed moderating materials in SFR cores to assure that
the HELIOS results are reliable. Very good agreement for the
moderator temperature and density and for the fuel temper-
ature change has been achieved. The deviation between the
MCNP perturbation calculation and the HELIOS 1.9 calcula-
tion of the coolant effect on 𝑘inf was ∼2 pcm which indicates
that the sodium void effect calculations are reliable too [8, 9].

An investigation of the transferability of the reduction of
the sodium void effect from the infinite to the finite system
has been carried out based on the basis of an EFR-like core
configuration [23]. To avoid any irritations created by group
condensation, the same number of groups has been used in
DYN3D.The full core calculations have been performed with
the nodal code DYN3D [24, 25]. The calculation is based on
47 energy group cross-section sets calculated with HELIOS
1.10 using the given geometry models (compare Figure 1).
To avoid any irritations created by group condensation, the
same number of groups has been used in DYN3D. The full
core calculations have shown that the full gain in sodium
void reduction demonstrated in the infinite system can be
expected to be reached in the finite system too [8]. Thus,
a superposition of the findings in the infinite system and
the traditional methods for the sodium void reduction like
the pancake core shape or a sodium plenum is possible.
Additionally, it has to be mentioned that the influence of
sodium void reduction inside the fuel assembly using fine
distributed moderating material already comes into action
when the first sodium bubble appears. In contrast, the
traditional methods to reduce the sodium void by increasing
the neutron leakage do not have influence until a significant
amount of sodium is voided.

4. Consequences on Minor
Actinide Transmutation

Figure 5 shows the influence of an insertion of the minor
actinides as well as the moderating material on the infinite
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Figure 5: Change in the infinite multiplication factor over the
burnup for the three different material configurations.

multiplication factor of a fuel assembly over burnup. Three
different effects are appearing. On the one hand, the insertion
of minor actinides decreases the initial 𝑘inf of the fuel assem-
bly, since they cause increased neutron absorption. On the
other hand, the insertion of the minor actinides reduces the
loss of criticality over burnup, due to the change in the fertile
material configuration caused by adding minor actinides as
efficient fertile material, replacing the corresponding amount
of U-238. The insertion of the moderating material (ZrH1.6)
causes in all cases a reduction in the 𝑘inf throughout thewhole
observed burnup period.This reduction of themultiplication
factor reduces the possible cycle time. A comparable effect
appears for all other, “traditional”methods leading to sodium
void reduction too, since they are based on increased neutron
leakage. Thus, the breeding is reduced due to the reduced
number of available excess neutrons.

The transmutation of Np-237 is shown in Figure 6 over
the burnup of the reference fuel assembly.The nuclide density
of Np-237 is reduced in both cases, without moderating
material as well as with moderating material. In contrast
to the reduction of Np-237, in the reference case, a very
small amount of Np-237 is formed. The burning of Np-
237 in the case with a given begin of life (BOL) Np-237
concentration and the built-up of Np-237 when there is no
initial concentration would lead to a comparable asymptotic
value for infinitely high burnup. It is visible that the use
of the distributed moderating material even enhances the
transmutation of Np-237 slightly.

Figure 7 shows the Americium transmutation over bur-
nup for the isotope Am-241 (a) and for Am-243 (b).The Am-
241 content in the reference case starts with a finite value,
since the defined MOX fuel contains a small fraction of Am-
241 as long as Pu-241 appears. The Am-241 is a decay product
of Pu-241 and appears already after short storage time of
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Figure 6: Change in the Neptunium-237 content over burnup for
the case with and without moderation.

the separated plutonium used for the production of MOX
fuel due to the short half-life of Pu-241 (14 years). In the
reference case (full black squares), the initial concentration
of Am-241 rises slowly to a maximum around 100GWd/tHM
and decreases after this maximum slightly. In all three cases
with an added, higher initial Am-241 content, Am-241 is
transmuted. The more efficient the transmutation is, the
higher the initial Am-241 content is. An interesting fact is
the slightly more efficient transmutation in the cases with
distributed moderating material, even with the appearing
slightly softer neutron spectrum (see Figure 3). This result
is very surprising and it has to be investigated, if there is
really more Am-241 burnt, or if the Am-241 is only shifted
to the higher element Curium due to absorption processes.
All cases, independently of the initial concentration of Am-
241, tend to a comparable asymptotic limit for infinite burnup.
The transmutation of Am-243 shows a comparable behavior
(Figure 7(b)). No Am-243 is in the BOL fuel composition in
the reference case; thus there is only the production which
occurs during the burnup. In all cases with a BOL Am-
243 content higher than 0.75% (∧=2% Am content) Am-243
is reduced. The Am-243 transmutation is not significantly
influenced by the use of distributed moderating material.

The change in the Curium content during burnup in the
minor actinide containing fuel is shown in Figure 8. The
Curium isotopes are built up from Americium in all fuel
configurations by neutron capture and decay processes. The
Cm-242 content (Figure 8(a)) rises in all cases in dependence
of the initial Am-241 content to a maximum value. The
more the Am-241 is available, the more the Cm-242 is built
in the initial phase, but with decreasing Am-241 content,
the Cm-242 content starts to be reduced too after reaching
the maximum at about 100GWd/tHM. The insertion of the
moderating material leads in all cases to a slightly increased
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Figure 7: Change in the Americium-241 (a) and the Americium-243 (b) content over burnup for the case with and without moderation.

built-up and a slightly higher EOL concentration of Cm-
242. The case with the highest Am content (5%) leads after
reaching a maximum at ∼100GWd/tHM already to a signif-
icant reduction of the Cm-242 content. The Cm-244 content
(Figure 8(b)) rises for all cases over the full observed burnup
period. The overall Cm-244 content is strongly dependent
on the initial Americium content in the fuel. The Cm-244
accumulation is slightly higher for all cases with moderating
material.

A more detailed insight into the influence of the fine
distributed moderating material on transmutation is given
in Tables 1 and 2. The comparison of the transmutation effi-
ciency provides information onwhich fuel assembly provides
a lower content of minor actinides at the end of life (EOL). A
positive value indicates an advantageous behavior of the fuel
assemblywithmoderatingmaterial; a negative value indicates
a better transmutation performance for the assembly without
moderating material. The comparison of the transmutation
efficiency (see Table 1)

Transmutation efficiency [%]

=(1−

isotope number density withmoderatingmaterial
isotope number density withoutmoderatingmaterial

)

⋅ 100

(1)

shows that the Am-241 transmutation is roughly 4% more
efficient in the fuel assemblies with moderating material for
all configurations of transmutation fuel. The Transmutation
of Am-243 is slightly less efficient (−1.28%) for a low Ameri-
cium content and slightly more efficient (1.42%) for high
Americium content. In the cases with moderating material,

∼2.5% more Cm-242 is produced than that in the reference
cases without moderating material. The use of moderating
material increases the production of Cm-244 by 7 to 9%.The
transmutation ofNp-239 ismore efficient in the fuel assembly
withmoderatingmaterial. 5.5%moreNp-239 is burnt than in
the reference case.

The detailed comparison of the differences in the number
densities

Transm. efficiency [number density]

= isotope number density with moderating material

− isotope number density without moderating material
(2)

is given in the lower part of Table 1. A positive number
indicates more efficient transmutation in the assembly with
moderating material and a negative number more efficient
transmutation in the assembly without moderating material.
A detailed comparison of the numbers shows that the amount
of the Am-241 reduction is higher than the increase in the
number densities of the higher isotopes (Am-243, Cm-242,
Cm-244) in all cases with moderating material. Thus there
is really more Am-241 burnt in the fuel assemblies with fine
distributed material than that in the “clean” transmutation
fuel assemblies. The effect rises with increasing Americium
concentration at BOL. Over all it can be stated that the
insertion of the fine distributed moderating material in the
wire wrapper does at least not have a negative influence on
the transmutation efficiency.
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Figure 8: Change in the Curium-242 (a) and the Curium-244 (b) content over burnup for the case with and without moderation.

Table 1: Comparison of the transmutation efficiency between the reference cases without and the cases with moderating material for the
different transmutation fuels.

Transmutation eff. (comparison) Am-241 Am-243 Cm-242 Cm-244 Np-239
2% Np 2% Am EOL 3.87% −1.28% −2.68% −9.18% 5.65%

3% Am EOL 4.27% 0.02% −2.43% −8.24%
5% Am EOL 4.04% 1.42% −2.15% −7.05%
8% Am EOL 3.59% 2.20% −1.93% −6.30%

2% Np 2% Am EOL −2.9466𝐸 − 06 6.0580𝐸 − 07 2.1653𝐸 − 07 2.0270𝐸 − 06 −3.9219𝐸 − 06

3% Am EOL −4.2160𝐸 − 06 −1.4000𝐸 − 08 2.6400𝐸 − 07 2.6060𝐸 − 06

5% Am EOL −5.7900𝐸 − 06 −1.2410𝐸 − 06 3.2900𝐸 − 07 3.2740𝐸 − 06

8% Am EOL −7.6950E − 06 −2.8100E − 06 4.1970E − 07 4.2524E − 06

The analysis of the Americium and Neptunium transmu-
tation rate is given in Table 2. Consider

Transmutation rate [%]

= (1 −

isotope number density at EOL
isotope number density at BOL

) ⋅ 100.

(3)

The transmutation rate provides the information on how
much of the initially inserted material is transmuted at the
end of the lifetime of the fuel assembly. A higher number
indicates a better transmutation performance for the corre-
sponding isotope. After a burnup of 200GWd/tHM, the Am-
241 concentration is roughly halved and the transmutation
rate is increased with increasing initial Americium content.
The transmutation of Am-243 becomes only efficient for
high Americium content, at least 3% even better 5%. The
transmutation of Np-237 remains nearly constant at a low
content of 2% efficient.

The conclusion of this evaluation of the transmutation
rate is that transmutation especially of Americium becomes
significantly more efficient with increasing initial Americium
content. Unfortunately, the permissible Americium content is
limited due to the negative influence of the Americium on the
feedback effects in the reactor core and due to the negative
influence on the fuel behavior caused by the high fission gas
release in Americium containing fuel.

The consequence of the insertion of minor actinides on
different feedback effects and other safety-related values is
given in Table 3. A positive value in the negative Doppler
feedback indicates the desired stronger feedback. For the
positive coolant effect and void effect, a positive value is
desired, since the positive feedback should be reduced to
stabilize the reactor. The absorber worth reflects the negative
reactivity which is inserted by the addition of a given amount
of absorbing material; a value close to zero indicates an
unchanged efficiency of the absorber rods; a negative value
signs a demand of a higher number of absorber rods; a
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Table 2: Comparison of the transmutation rate for the reference cases and the cases with moderating material for the different transmutation
fuels.

Transmutation rate Reference With moderator
Am-241 Am-243 Np-237 Am-241 Am-243 Np-237

2% Np 2% Am EOL −47.0% −9.1% −58.5% −49.1% −8.0% −60.9%
3% Am EOL −50.6% −20.8% −52.7% −20.8%
5% Am EOL −54.1% −33.0% −55.9% −34.0%
8% Am EOL −55.3% −38.9% −56.9% −40.2%

Table 3: Feedback effects and absorber worth for the cases with different transmutation fuels.

UMOX
2% Am 2% Np

+ZrH
2% Am 2% Np

UMOX
3% Am

+ZrH
3% Am

UMOX
5% Am

+ZrH
5% Am

+ZrH 8%
Am

1.2∗ZrH
8% Am

Doppler effect 𝑇f + 100K
BOL −30.2% 59.7% −23.0% 73.8% −36.4% 49.4% 18.9% 31.9%
EOL −26.9% 52.2% −20.2% 65.2% −30.9% 46.8% 18.7% 32.3%

Coolant effect 𝑇c + 50K
BOL 4.9% −8.1% 5.7% −11.7% 12.2% −4.6% 2.1% −0.2%
EOL 0.9% −12.0% 2.1% −11.3% 1.2% −14.2% −13.3% −15.0%

void effect
BOL 9.2% −5.3% 6.9% −8.1% 10.7% −3.2% 2.7% 0.9%
EOL −0.2% −11.8% −0.4% −12.5% −0.6% −12.3% −11.9% −13.9%

Absorber rod worth
BOL −7.8% −3.6% −6.0% −1.6% −9.6% −5.6% −11.1% −10.6%
EOL −9.5% −5.0% −6.9% −2.0% −11.1% −6.8% −13.3% −12.9%

positive value would allow reducing the number of absorber
rods.

The insertion of the minor actinides into the fuel has a
strong influence on the safety-related effects of the fuel assem-
bly. The negative Doppler effect is reduced in all cases due
to the influence of the minor actinides. The already positive
coolant effect (the combination of the coolant temperature
and the coolant density effect) becomes more positive with
increasing Americium fraction. The positive sodium void
effect at BOL increases compared to the reference case in all
configurations and the absorber rod worth of the shutdown
rods decreases compared to the reference case in all configu-
rations, which requires more shutdown elements for the safe
shutdown in hot condition compared to the reference case in
all configurations. The parallel insertion of minor actinides
and distributed moderating material relaxes the situation
significantly. The effect of the moderating material on the
Doppler effect is even strong enough to overcompensate the
influence of the minor actinides in all cases; thus the Doppler
effect is still significantly stronger—more negative—than in
the reference case without minor actinides and moderating
material. The same behavior can be observed for the coolant
effect as well as for the sodium void effect. The influence
of the minor actinides is overcompensated in all cases by
the insertion of the fine distributed moderating material.
Finally, the absorber worth, the reduction of the absorber rod
worth is only partly compensated due to the insertion of the
moderating material, but the situation is relaxed in all cases
due to the insertion of moderating material.

One drawback of the moderating material should not be
forgotten; due to the significantly stronger Doppler effect,
more shutdown rods are required for reaching a defined cold
subcriticality status.The amount ofmoderatingmaterial to be
used is sure to be optimized from the point of view of system
safety and transient behavior and the thermal stability of the
ZrH moderator has to be investigated thoroughly or a more
stable material like YH has to be envisaged.

An independent evaluation for the maximum possible
amount of minor actinides in combination with the use of
fine distributed moderating material closes the study. The
strong influence of the minor actinides on the safety relevant
feedback effects limits the possible amount of minor actinide
insertion. For the given amount of hydrogen insertion, the
limit has been found for 8% Americium content where
the coolant feedback and the sodium void at BOL become
slightly positive (see Table 3 first bold column), but this is still
compensated by the enhancement of the Doppler feedback
by more than 18%. The consequences of this Americium
content can be compensated once more by a slight increase
of the hydrogen content. This is studied by a test for 8%
Americium content and by a 20% increased ZrH

1.6
content.

The insertion of 20% more hydrogen leads once more to
at least balanced or even enhanced feedbacks and thus to
a more stable system (see Table 3 second bold column).
From the transmutation point of view, the by 3% increased
Americium amount (relative 60% more Americium) leads to
an increased Am-241 burning by 1% (relative increase ∼2%)
and an increased Am-243 burning by roughly 6% (relative
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increase ∼18%) (see Table 2 bold row). Thus the expected
increase of transmutation efficiency can be found mainly for
Am-243 which is more problematic to be transmuted.

Nevertheless, the increase of Americium content cannot
be continued ad infinitum, since the acceptable Americium
content is limited by the swelling behavior of transmutation
fuel too. Experiments have demonstrated that target pellets
containing 10–12wt% 241Am already show swelling of the
target pellets by the order of 15%. This is attributed to
accumulation of helium, produced by alpha decay of 242Cm
that occurs in the transmutation scheme of 241Am [26].

5. Conclusions

The effect of the insertion of fine distributed moderating
material on the feedback effects and the void effect in a
sodium cooled fast reactor has been investigated in several
publications [8–11]. The strong improvement in the fuel
temperature and coolant feedback effect and in the sodium
void effect has already been demonstrated, but negative con-
sequences to the transmutation efficiency have been assumed
due to the softer neutron spectrum.

The effect of fine distributed moderating material on
fuel assemblies with a high minor actinide concentration
like those foreseen for minor actinide transmutation has
been investigated for 3 different fuel compositions: fuel with
2% Np and 2% Am, fuel with 3% Am, and fuel with 5%
Am. It is demonstrated that the influence of the minor
actinides on the feedback effects can be easily compensated
by the insertion of fine distributed moderating material into
the wire wrapper. The investigation of the transmutation
efficiency has shown that there is only a very limited influ-
ence due to the moderating material. On the one hand,
the Americium transmutation rate is even slightly higher
for the fuel assembly containing moderating material. On
the other hand, the Curium production increases slightly.
Nevertheless, a detailed comparison of the data shows that
the higher Americium efficiency rate is not only because
breeding reactions lead to more Curium but also a higher
fission rate of Americium is reached. Further, it is shown that
the Americium transmutation rate depends strongly on the
initial Americium amount in the fuel assembly.

Using fine distributedmoderatingmaterials, for example,
inside the wire wrapper has the potential to improve the
safety of a dedicated core for minor actinide transmutation.
Additionally, it is shown that the transmutation rate can be
improved since it is possible to increase the BOL amount
of minor actinides in the core. This can be reached, since
it is possible to eliminate the negative effect of the minor
actinides on core stability and transient behaviour up to
an Americium content of ∼8%. Additionally, it is shown
that an increase of the hydrogen content by 20% can even
improve all feedback effects in this case with 8% Americium
content. Using this configuration allows a relative increase
of the Am-243 transmutation rate by nearly 20% which is
an important improvement for an isotope which is hard to
transmute. Thus the concept of fine distributed moderating
material offers the possibility of increased transmutation

efficiency in conjunction with an elimination of the negative
consequences of transmutation fuel.

The use of fine distributed moderating material can
influence the safety of fast reactors strongly—it opens the
stage for designable feedback coefficients; thus it creates a new
degree of freedom for the optimization of important inherent
safety-related parameters in the design of sodium-cooled fast
reactor cores.
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Pyroprocessing technology has been actively developed at Korea Atomic Energy Research Institute (KAERI) to meet the necessity
of addressing spent fuel management issue. This technology has advantages over aqueous process such as less proliferation risk,
treatment of spent fuel with relatively high heat and radioactivity, and compact equipments.This paper describes the pyroprocessing
technology development at KAERI from head-end process to waste treatment. The unit process with various scales has been
tested to produce the design data associated with scale-up. Pyroprocess integrated inactive demonstration facility (PRIDE) was
constructed at KAERI and it began test operation in 2012. The purpose of PRIDE is to test the process regarding unit process
performance, remote operation of equipments, integration of unit processes, scale-up of process, process monitoring, argon
environment system operation, and safeguards-related activities. The test of PRIDE will be promising for further pyroprocessing
technology development.

1. Introduction

Pyroprocessing treatment can reduced the volume, radioac-
tivity, and heat load of the light water reactor (LWR) spent
fuels [1]. In addition, pyroprocessing based on the group
recovery of transuranic element (TRU) can provide metal
fuels for the sodium-cooled fast reactor while keeping higher
intrinsic proliferation resistance. Therefore, successful devel-
opment of pyroprocessing can save disposal space, reduce the
radiotoxicity of spent fuels, and increase uranium utilization
efficiency.

Korea Atomic Energy Research Institute (KAERI) has
been developing pyroprocessing since 1997. The concept
development, bench scale testing, and demonstration of
laboratory scale key unit process had been carried out since
2006. From 2007 to 2011, the focus moved to the design and
construction of engineering-scale integrated system. Pyro-
process integrated inactive demonstration facility (PRIDE)
was constructed in 2011 and it began test operation in 2012.

Process flow diagram consists of head-end processes
(decladding, voloxidation, oxide feed preparation), electro-

chemical processes (electrolytic reduction, electrorefining,
electrowinning), and waste treatment processes as shown in
Figure 1.

2. Unit Process of Pyroprocessing

2.1. Head-End Process. The head-end process in pyropro-
cessing is to convert spent fuel assembly into a suitable
feed material which is supplied to the electrolytic reduction
process.

The first step of head-end process is to disassemble spent
pressurized water reactor (PWR) fuel assembly and to extract
fuel rods followed by cutting fuel rods of about 4m into rod-
cuts in proper size for decladding process. Disassembling,
extraction, and cutting operations of actual spent PWR fuel
assembly have been conducted in a laboratory scale for
postirradiation examination (PIE) and “Direct Use of PWR
spent fuel In CANDU reactors” (DUPIC) experiment in
postirradiation examination facility (PIEF).

In order to enhance the decladding efficiency for high
burn-up spent fuel, the oxidative decladding efficiency
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Figure 1: Flow diagram of pyroprocessing (PRIDE at KAERI).

without rotation mode was tested. The decladding efficiency
was close to 100% for spent fuel with a burn-up less than
40,000MWd/tU when the oxidative decladding with rod-
cuts less than 30mm was performed at 500∘C for 10 h.
On the other hand, spent fuel with a burn-up higher than
50,000MWd/tU showed the low decladding efficiency of
about 15% due to small fuel-to-clad gap and low oxidation
rate. An improved decladding efficiency higher than 99%
for the high burn-up spent fuel required an oxidation time
longer than 20 h at 700∘C. Therefore, oxidative decladding
equipmentwith rotational devicewould be required to reduce
an oxidative decladding time and obtain the very high
decladding efficiency.

Feed material forms such as granule and porous pellet
were considered to enhance the current efficiency of elec-
trochemical processes. The particles of U

3
O
8
powder were

bonded together during thermal pretreatment and trans-
formed into aggregates above 1000∘C. In 2009, a laboratory
scale rotary voloxidizer (max. 1.5 kg U

3
O
8
powder/batch) as

shown in Figure 2 was designed and manufactured to inves-
tigate particle size controllability for U

3
O
8
powder.The fabri-

cation characteristics of granule from200 gU
3
O
8
powderwas

investigated under the conditions of thermal pretreatment
temperature of 1150 to 1200∘C in argon atmosphere, treatment
time of 5 to 15 h, and rotational velocity of 1 to 3 rpm using
a rotary voloxidizer. Recovery rate of granule higher than
1mm with UO

2+𝑥
(0.25 < 𝑥 < 0.67) composition (Figure 2)

significantly increased with increasing temperature, rotation
velocity, and time of up to 10 h. Typical recovery rate of
granule showed about 89% (>1mm) and 98% (>0.5mm).
The UO

2
granule with density of 4.38 g/cm3(40% theoretical

density (TD)) was fabricated by reduction ofUO
2+𝑥

at 1000∘C

for 5 h in 4% H
2
-Ar atmosphere. The porous UO

2
pellets

with density of 6.78–7.67 g/cm3 (60–70% TD) were fabri-
cated by traditional sequential process of compaction and
pretreatment (sintering) using the U

3
O
8
powder obtained by

oxidation of UO
2
pellets.

Engineering-scale rotary voloxidizer for feed form fabri-
cation was installed at air cell in PRIDE facility in July 2012.
Feed form fabrication technology will be demonstrated using
simulated fuel pellet from 2013.

An off-gas treatment system for trapping fission products
released fromoxide feed fabrication process is very important
for protecting release of nuclides to environment. In the
middle of 1990s, research on the trapping of cesium released
from the “Oxidation, REduction of enriched OXide fuel”
(OREOX) and sintering processes has started in fabricating
DUPIC fuel [2]. Off-gas treatment system for trapping both
volatile fission gases such as H-3 and I in OREOX process
and Cs in sintering process has been established at “DUPIC
Fuel Development Facility” (DFDF) as shown in Figure 3(a).
It was demonstrated that released Cs from sintering process
was completely trapped by fly ash filters. Figure 3(b) shows
that approximately 100% of each cesium isotope released was
trapped by using fly ash filter.

2.2. Electrolytic Reduction. The electrolytic reduction process
based on the electrochemical reduction in a LiCl-Li

2
O

electrolyte has been developed for the volume reduction
of PWR spent fuels and for the supply of metal feeds for
the electrorefining process. During the electrolytic reduction
process, high heat load fission products dissolve into the
chloride molten salt resulting in the decrease of heat load of
spent fuels. Additionally, the metallization of oxides to more
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Figure 2: A rotary voloxidizer (a) and UO
2+𝑥

granules (b).
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Figure 3: Off-gas treatment system for DUPIC sintering furnace in DFDF and gamma spectroscopy measurement results of the fly ash filter.

dense metals enables the volume reduction of spent fuels.
The metal products produced by the electrolytic reduction
process can be directly transferred to the electrorefining
process as feed materials. One of the concerning points
is the concomitant transfer of residual salts in the metal
products to the electrorefining process. The residual salts
from electrolytic reduction process, LiCl-Li

2
O, would cause

the formation UO
2
and the breaking of the eutectic compo-

sition in the electrorefining salt, LiCl-KCl. To address this
incompatibility of salts between electrolytic reduction and
electrorefining, electrolytic reduction cathode processingwas
devised for the removal of residual salts in themetal products
of the electrolytic reduction process as shown in Figure 4.

2.2.1. Development of Electrolytic Reduction Process. With the
progress of electrolytic reduction reaction, the oxide ion from
the oxide spent fuel contained in the cathode basket is evolved
as gas on the anode leaving themetal spent fuel in the cathode
basket, and alkali and alkali earth elements are dissolved into
the molten salt. Lanthanides except Eu and metallic fission
products remain in the cathode. Consequently, electrolytic
reduction process can supply metal feed to electrorefining

process and separate selectively the high heat load fission
products such as Sr and Ba from the spent fuel.

The construction of a newly designed laboratory scale
electrolytic reduction system (20 kg UO

2
/batch) was com-

pleted at KAERI in 2009 and inactive demonstration has been
performed showing high reduction yields up to 99.5%. In
2011, based on the laboratory scale demonstration results, the
electrolytic reducer for PRIDEwas designed and fabricated to
treat 50 kg-U per day, which includes a cathode basket with a
capacity of 50 kg-U loading and 6 anodes (Figure 5).

2.2.2. Development of Electrolytic Reduction Cathode Proces-
sor. After the electrolytic reduction process, the residual salt
in the cathode basket amounts to about 20wt% of the metal
products. The cathode process for the removal of residual
salts in the cathode basket of the electrolytic reducer can
ease the burden of the electrorefining process. The recovered
salt in the cathode processor will be treated in the waste
salt regeneration process and then recycled to the electrolytic
reduction process. The operation of cathode processor is
based on the vaporization under vacuum condition.

In 2010, a laboratory scale cathode processor (4 kg
LiCl/batch) was installed. This equipment is characterized
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Figure 4: Electrolytic reduction system.

Figure 5: PRIDE electrolytic reducer with a capacity of 50 kg-
U/batch.

by the maximization of temperature difference between a
heating crucible and a receiving crucible. The salt recovered
in the receiving crucible is in a powder form, which is easy
to handle in a remote operation condition excluding the
necessity of hot molten salt transfer. The principle is the
condensing of LiCl vapor as a solid in the cold region of the
cathode processor. In an experiment of reduced pressure (100
mtorr) at 900∘C, more than 99% of the salts were evaporated
and recovered nearly 100% in the receiving crucible.

Based on the laboratory scale demonstration results,
the electrolytic reduction cathode processor for PRIDE was
designed and fabricated, which can contain two cathode
baskets from electrolytic reducer with a capacity of 100 kg-U
loading (Figure 6).

2.3. Electrorefining Process. Electrorefining, an electrochem-
ical process to recover pure uranium from ametallic or oxide
spent fuel, is an essential process in pyroprocessing, because it
handles the uraniumwhich is about 93%of spent fuel. During
the electrorefining, the reduced metal from forgoing process,
which is composed of uranium, TRU, and rare earth element
(RE), is dissolved into a LiCl-KCl eutectic salt, whereas only
uranium is deposited as a pure dendritic form on a solid
cathode. The used salt containing the accumulated TRU and
RE is transferred to electrowinning process.

2.3.1. High-Throughput Electrorefining System. The high-
throughput electrorefining system is installed recently in
PRIDE. The uranium dendrite is deposited and drawn from
the electrorefiner, distilled for salt-removal in salt distiller,
and then the salt removed dendrite is consolidated for
storage or future use. Uranium trichloride (UCl

3
) is prepared

separately and supplied to the electrorefiner. The used salt in
an ingot form containing U, TRU, and REs is transported to
the next process, electrowinning.

2.3.2. Electrorefiner. In order to increase a throughput
of electrorefiner, KAERI has developed the advanced
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Figure 6: PRIDE electrolytic reduction cathode processor with a
capacity of 100 kg-U/batch.

high-throughput electrorefiner by employing a graphite
cathode. The self-scraping mechanism of graphite cathode
increases the efficiency of the electrorefiner due to an
elimination of the stripping step [3]. In addition, continuous
operation of the advanced electrorefiner can be realized
by adding a bucket-type deposit transfer system. The 20
kgU/batch throughput can be achieved when 40 kg of
simulated fuel pellets are loaded into anode basket and the
UCl
3
concentration is more than 8%. Recently, the high-

throughput electrorefiner was manufactured and installed at
PRIDE, which is shown in Figure 7. The electrorefiner for
PRIDE was designed to treat 50 kg-U per day, which includes
25 graphite cathodes and 4 cathode baskets with a capacity
of 100 kg-U loading.

2.3.3. Salt Distiller. The dendritic uranium deposit is drawn
out with about 25wt% of salt in it from the electrorefiner
(Figure 8). To remove the salt for following consolidation
process, a vacuum evaporation has been developed in labo-
ratory scale to verify the performance.The engineering-scale
salt distiller for PRIDE, which has a capacity of 50 kg-U/day,
was installed.The salt distiller comprises a distillation tower, a
cooler, and a vacuum system. Optimumoperation conditions
were obtained from the lab-scale experiment at 820∘C with a
capacity of 20 kg-U/batch, proving that the salt recovery yield
was about 97wt%.

2.3.4. Melting Furnace for Consolidating. The engineering-
scale melting furnace for a continuous operation to increase
its capacity has been developed. Since the uranium product
has a form of dendrite that is difficult to melt by direct
heating, a supplemental charge method was developed. The
uranium dendrite is gradually added into preexisting molten
uranium and tilted toward the molds. The performance of
the engineering-scale melting furnace for PRIDE, as shown
in Figure 9, was preliminarily evaluated by a melting test of
Cuwith a capacity of 50 kg-U/batch [4]. An induction heating
system with a nonwater cooling coil in an argon gas ambient

Figure 7: Engineering-scale high-throughput electrorefiner with a
capacity of 50 kg-U/batch.

Figure 8: Engineering-scale salt distiller with a capacity of 50 kg-
U/day.

was also developed to remove the risk from a reaction of the
U-dendrite with water in hot cell. The performance of this
nonwater cooling coil was confirmed by a melting test of a
cupper [5]. The temperatures of the melting chamber and
the heating coils were maintained below 250∘C and 600∘C,
respectively, during the heating test up to 1050∘C.

2.3.5. Uranium Chlorinator. UCl
3
plays the role of electrolyte

ions to initiate the reaction. It also removes unreduced
lanthanide oxides in the anode basket of the electrorefiner
and stabilizes the initial cell voltage between electrodes
in the electrorefining reactor. The engineering-scale UCl

3

fabrication apparatus consists of a chlorine gas generator,
a uranium chlorinator, a Cd distiller, a pelletizer, and an
off-gas and dry gas scrubber. The product UCl

3
in LiCl-KCl

is transferred to the Cd distiller to remove Cd in UCl
3
and

then transferred to a pelletizer to form a pellet which could
be supplied easily to electrorefiner. The engineering-scale
uranium chlorinator with a capacity of 30 kg-U/batch, as
shown in Figure 10, was installed recently for PRIDE.

2.3.6. Molten Salt Transport System. As the electrorefining
operation proceeded, TRU and RE are accumulated in
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Figure 9: Engineering-scale melting furnace with a capacity of
50 kg-U/batch.

electrolyte LiCl-KCl salt. KAERI has developed the salt
transport system by evacuating the used salt for the transfer
to the following electrowinning process [6]. The preliminary
lab-scale experiments showed 99.5% transport rate (ratio
of transported salt to total salt) under vacuum range of
100 mtorr∼10 torr at 500∘C. An engineering-scale molten
salt transport system for PRIDE was installed, as shown in
Figure 11.

2.4. Electrowinning System. Electrowinning process is a step
of pyroprocessing for the simultaneous recovery of U and
TRUs from the remaining salt after electrorefining process
using a liquid cadmium cathode (LCC), imposing higher
nuclear nonproliferation. The electrowinning process devel-
oped at KAERI consists of three steps (Figure 12): (i) LCC
electrowinning for simultaneous recovery of U and TRU
using an LCC, (ii) residual actinide recovery (RAR) process
for recovery of the residual low-concentration U/TRU in
the salt after the LCC electrowinning process, and (iii) Cd
distillation of the cathode product (i.e., Cd ingot including
theU/TRUdeposits) produced from the LCC electrowinning
and the RAR processes. The essential technologies that
include the development of effective LCC structure [7], RAR
methods [8], analytical technologies [9], and computational
model of electrowinning cell [10] have been developed to
enhance the operation efficiency of electrowinning pro-
cess. In order to demonstrate the developed technologies,
the engineering-scale electrowinning system of PRIDE was
established.

2.4.1. LCC Electrowinning Process. The electrowinning tech-
nique using an LCC is a key step for a nonproliferation
because TRU could be codeposited with uranium in liquid
cadmium. However, the U ion was known to be deposited in
the shape of dendrite on the surface of the liquid cathode [11].
This U dendrite hinders a codeposition of the U and TRU
elements. Therefore, the inhibition of the growth of uranium
dendrites in the LCC has been considered a critical technique
for the electrowinning process. KAERI has developed amesh-
type LCC assembly (i.e., mesh agitator with LCC) to prevent
U deposits from growing into dendrites, resulting in the
increase of U recovery [7]. The mesh agitator pushes the U

Figure 10: Engineering-scale uranium chlorinator (30 kg-U/batch).

Figure 11: Engineering-scale molten salt transport system.

deposits generated on the LCC surface into the liquid Cd.
Then U deposits sink into the liquid Cd and are gathered at
the bottom of the LCC crucible.The performance of themesh
agitator was evaluated in lab-scale LCC experiments. From
this experiment, 14 wt% U/Cd was successfully collected
without the growth of dendrite out of the LCC crucible.

An engineering-scale PRIDE LCC electrolytic system
was designed and constructed based on the lab-scale LCC
experiments and the computational simulation results of heat
transfer and current distribution [12]. The LCC electrowin-
ning equipment installed in PRIDE and its recovery capacity
of heavy metal is 1 kg heavy metal (HM)/batch (Figure 13).

2.4.2. Residual Actinides Recovery Process. RAR process has
been developed by combining the electrolysis using an LCC
to collect most the residual actinides in a spent salt phase and
an oxidation of a part of the rare earth fission products co-
deposited onto an LCC by a CdCl

2
oxidant [13]. The same

electrowinning equipment using an LCC for a recovery of
the fuel material can be used for RAR operation. Therefore,
the RAR process has promising merits, such as compact
equipment and a simple process to operate in a hot cell [14].
The PRIDE RAR processing equipment was designed and
installed in the argon cell of the PRIDE.

2.5. Waste Treatment Process

2.5.1.MetalWaste Treatment Process . Metal wastes generated
from the head-end process of spent fuel aremainly composed
of cladding hulls and structural parts. A trace of actinides,
such as U, Pu, Am, and Cm, and fission products (FPs)
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Figure 12: Schematic diagram of electrowinning system of KAERI.

Figure 13: PRIDE LCC electrowinning equipment.

penetrate into the inner layer of zircaloy cladding hulls.
Structural parts made of various stainless steels, Inconel, and
zircaloys are also activated, resulting in the generation of Co-
60 by neutrons created during a fuel irradiation process in the
reactor. Table 1 shows the amount of metal wastes by volume
and mass before and after the treatment. It was assumed
that the stacking density of the cladding hull was 980 kg/m3
and actual density of a cladding hull ingot after induction
melting was 80% of theoretical density. In addition, the
volume reduction of the fuel hardware by 500 ton compaction
was assumed to be 1/8.

Two major streams of the metal waste treatment for
storage or disposal are the compaction andmelting processes.
The melting process has a higher volume reduction factor
compared to the compaction method while it is a high
temperature process that accompanies higher energy and
cost. Zr recovery from zircaloy cladding hulls correspond
to an alternative technology that can reduce the amount of
a high level waste and reuse expensive Zr metal through a
recycling process.

2.5.2. Waste Salt Treatment Process. The waste salt treatment
process is divided into two parts: LiCl waste salt at 650∘C
and eutectic (LiCl-KCl) waste salt treatment at around
700∘C. In LiCl waste salt treatment process, Groups I and II
fission products involved in LiCl waste salt are removed by
using a melt crystallization process and then the remaining
residual LiCl salts containing high content of Groups I and
II fission products, such as Cs, Sr, and Ba, are immobilized
by mixing with an inorganic matrix, Si-Al-P (SAP) complex,
and sintering at 1,200∘C, to the ceramic waste forms. Rare
earth fission products bearing eutectic waste salt from the
RAR process is treated by successive rare earth removal pro-
cesses: a combination of oxygen sparging, layer separation,
and vacuum distillation/condensation process. Finally, the
remaining rare earth oxides (or oxychlorides) are fabricated
into the durable ceramic waste forms by mixing with zinc
titanate (ZIT) matrix and sintering at 1,200∘C. During each
waste salt treatment process, pure LiCl and eutectic (LiCl-
KCl) salts were recovered for reuse with a high regeneration
ratio. Figure 14 shows a brief process diagram of the waste salt
treatment process currently being developed by KAERI.

(1) LiCl Waste Salt Regeneration Process. For the reuse of
LiCl waste salt, Groups I and II fission products have to be
separated from the LiCl waste salt. To separate Groups I and
II fission products such as Cs and Sr, chemical agents addi-
tion method and ion-exchange method were tested [15–18].
However, the results showed that simultaneous separation of
Cs and Sr from the LiCl molten salt via various chemical
agents or ion-exchange by zeolite was nearly unlikely [19]. To
overcome these difficulties for the separation of both cesium
and strontium, a layer crystallization process, which uses the
solubility difference of impurities (FPs in this case) between
a solid (=crystal) and a melt phase was introduced.

Layer crystallization is a very simple process, which uses
cooled plates immersed in amelt for crystal formation, where
a crystal grows as a compact crystalline layer on a cooling
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Table 1: Composition of pretreatment process wastes (10 ton/MTU).

As generated After treatment
Mass
(kg)

Composition
(%)

Volume
(m3)

Composition
(%)

Mass
(kg)

Composition
(%)

Volume
(m3)

Composition
(%)

Cladding hulls 2.454 70.3 2.50 35.7 3.028 74.5 0.46 45.1
Fuel Hardware 1.037 29.7 4.50 64.7 1.037 25.5 0.56 54.9
Sum 3.91 100 7.00 100 4.065 100 1.02 100
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Figure 14: Schematic diagram of waste salt treatment process of KAERI.

surface. With the laboratory-scale layer crystallization appa-
ratus (maximum batch size: 4 kg/batch), about 80∼90% of
LiCl salt containing small amount impurities, Groups I and
II fission products can be recovered and the remaining LiCl
in the crystallization furnace with most of impurities is
transferred to the immobilization process to fabricate the
final waste form.

Figure 15 shows the PRIDE engineering-scale LiCl waste
salt treatment apparatus of which the maximum capacity is
25 kg-LiCl/batch composed of a layer crystallization and a
solid LiCl salt detachment device.

(2) Eutectic (LiCl-KCl) Waste Salt Regeneration Process. Rare
earth chloride elements involved in LiCl-KCl eutectic waste
salt were converted to their molten salt-insoluble precipitates
in the oxidative precipitation step by an oxygen gas sparging
method. After a full precipitation of these lanthanide pre-
cipitates, an eutectic waste salt is separated into two layers:
an upper pure (or purified) salt layer and a lower precipitate
layer.The upper pure salt layer can bemechanically separated
from the precipitate layer, where the separated pure salt layer
could be reused (1st pure salt recovery). Then, the adhering
eutectic salt involved in the precipitate layer was separated
and recovered in the distillation/condensation step (2nd pure

Solid LiCl salt
detachment device

Layer crystallization
device

Figure 15: Photo of PRIDE engineering-scale LiCl waste salt
treatment apparatus.

salt recovery). Finally, all the remaining rare earth oxides
or oxychlorides were fabricated as a final waste form in the
immobilization step.

The PRIDE engineering-scale rare earth separation appa-
ratus (maximum batch size: 25 kg-eutectic salt/batch) that
consists of three devices, a rare earth precipitation, a solid
eutectic salt detachment, and a layer separation, is shown in
Figure 16.
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Figure 16: Photo of PRIDE engineering-scale rare earth separation apparatus.

(3) Residual Waste Solidification Process. In order to treat
waste salt for final disposal, a dechlorination approach was
adapted, where metal chloride waste was dechlorinated and
thermally stabilized by using the synthetic inorganic compos-
ite SAP composed of SiO

2
, Al
2
O
3
, and P

2
O
5
, and its resultant

product was sintered with a conventional borosilicate glass to
obtain a monolithic wasteform.

The rare earth precipitates from the eutectic waste salt
treatment process must be immobilized to a chemically
stable solid wasteform for long-term storage in a geological
environment. To immobilize rare earth oxide/oxychlorides,
the solidifying matrix, ZIT, composed of Zn

2
TiO
4
-CaHPO

4
-

SiO
2
-B
2
O
3
has been developed.

To realize the immobilization method, the lab-scale
solidification process which consists of crushing, pulverizing,
mixing/reacting and sintering equipment was used. Up to
now, the unit equipments have been developed to obtain a
proper performance and their processing conditions have
been investigated to abstract the scale-up factors.

Table 2 shows the chemical durability of wasteforms and
some physical properties for two wasteforms, SAP and ZIT
wasteform. Leach-resistance of radionuclides was compara-
ble to other radioactive wasteforms and the wasteforms had
similar physiochemical properties, compared with silicate
and phosphate glassy waste form [20].

3. Pyroprocess-Integrated Inactive
Demonstration Facility

PRIDE has been constructed and operated as an engineering
scale demonstration facility for pyroprocess studies [21]. The
objective of PRIDE is to support integrated pyroprocessing
demonstration and equipment development which are essen-
tial to realize the pyroprocessing. PRIDE is an integrated
pyroprocessing system with unit reactor of 50 kgHM/batch
capacity. It will use depleted uranium with surrogate mate-
rials to show integrated performance and scale-up issues of
full-spectrum pyroprocessing technology.

PRIDE is a three-story building and it has a large-scale
argon atmosphere cell (40.3m length, 4.8m width, 6.4m
height) at the second floor. The argon cell is equipped with
cell operation equipments (small and large transfer systems,
windows, cell lights, feed-through, etc.) and utilities. All

process equipments are remotely operated andmaintained by
using remote handling systems such as 34 pairs ofmechanical
“Master Slave Manipulators” (MSMs), a “Bridge transported
Dual arm Servo Manipulator” (BDSM), and an overhead
crane [22]. Not only the remote handling systems but also
all process equipments and devices for the use in the PRIDE
were designed as an assembly of modules considering easy
maintenance. The special interface between modules and
equipments was devised to assemble and disassemble the
modules.

The argon utility system of PRIDE was also developed for
maintaining the cell atmosphere within the desired operating
parameters (concentration of oxygen and moisture <50 parts
per million (ppm), respectively, the pressure (−10mmAq∼
−100mmAq) and the temperature (28∼40∘C)). The argon
utility system consists of argon cell recirculation and cooling
system, the purification system, and the relief system. The
recirculation and cooling system controls the pressure and
temperature of the cell within the above operation conditions,
and the purification system removes oxygen and moisture
from the cell.

Recently, major process equipments such as electrolytic
reducer, cathode processor, electrorefiner, salt transfer sys-
tem, salt distiller, LCC type electrowinner, residual actinide
recovery apparatus, cadmium distiller, and waste molten
salt treatment apparatus were installed in the PRIDE argon
cell (Figure 17), and voloxidizer, salt waste form fabrication
system, UCl

3
fabrication system, and uranium ingot melting

furnace were installed at the first floor of PRIDE. The initial
operation test of the argon system and evaluation of remote
operability of cell equipment are being performed.

4. Conclusion

KAERI has developed an environment-friendly and prolif-
eration resistant pyroprocessing for spent fuel treatment to
recover useful materials such as uranium, plutonium, and
reduce the volume and radiotoxicity of spent fuel. Through
the last decade, R&D, some innovative technologies such as
an advanced voloxidation, a high-capacity electrolytic reduc-
tion, a high-throughput electrorefining with a graphite cath-
ode, a mesh-type liquid cadmium cathode electrowinning,
and waste salt regeneration by crystallization method, have
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Table 2: Some properties of two wasteforms.

Property SAP wasteform ZIT wasteform
Radionuclide leach rate, g/m2 day 10−4 ∼10−3 for Cs/Sr <10−5 for rare earth
Wasteform leach rate, g/m2 day 10−2 10−3

Density, g/cm3 2.35∼2.40 3.7∼4.2
Thermal conductivity, W/mK 1.1∼1.4 1.7
Thermal capacity, J/gK 0.96∼1.07 0.65
Glass transition temperature, K 753∼800 —
Thermal expansion coefficient, K−1 3.0 × 10−6

Microhardness, GPa 4.76 ± 0.15 5.5

Figure 17: Inside view of the PRIDE argon cell.

been tested successfully. PRIDE facility has been constructed
at KAERI and advanced technologies in engineering-scale
are planned to be demonstrated in PRIDE. The PRIDE will
verify the performance of equipments, interaction between
units, remote operability, facility management system, and
process monitoring. For the commercialization of pyropro-
cessing, knowledge of a scale-up is essential and PRIDE
engineering-scale demonstrations compared to laboratory-
scale tests which has been studied to date will give the scale-
up information especially on the batch size effects and process
yields affected by the equipment size. Therefore, the PRIDE
engineering-scale tests will evaluate the technical feasibility,
economic feasibility, and nonproliferation acceptability of
pyroprocessing.
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An application of deuteride moderator for fast reactor cores is proposed for power flattening that can mitigate thermal spikes and
alleviate the decrease in breeding ratio, which sometimes occurs when hydrogen moderator is applied as a moderator. Zirconium
deuteride is employed in a form of pin arrays at the inner most rows of radial blanket fuel assemblies, which works as a reflector in
order to flatten the radial power distribution in the outer core region of MONJU. The power flattening can be utilized to increase
core average burn-up by increasing operational time.The core characteristics have been evaluated with a continuous-energy model
Monte Carlo code MVP and the JENDL-3.3 cross-section library. The result indicates that the discharged fuel burn-up can be
increased by about 7% relative to that of no moderator in the blanket region due to the power flattening when the number of
deuteride moderator pins is 61. The core characteristics and core safety such as void reactivity, Doppler coefficient, and reactivity
insertion that occurred at dissolution of deuteron were evaluated. It was clear that the serious drawback did not appear from the
viewpoints of the core characteristics and core safety.

1. Introduction

In order to flatten radial power distribution in fast reactors,
ordinary fast reactor cores employ two enrichment zones
where outer zone has higher plutonium enrichment. Even
in such design the power is dropped at the outer zone of
the outer core due to the neutron leakage at the peripheral
regions. Zirconium hydride has advantages of high modera-
tion ratio as well as the stability to neutron irradiation as no
gas emission occurs at neutron absorption. On the other side,
it sometimes induces thermal spikes at the fuel pins adjacent
to the moderator zones and reduces breeding ratios due to
the large absorption cross section of hydrogen contained even
in the fast reactor hard spectrum. However, such features of
generating thermal spikes will be useful to increase the power
at low power region such as core peripherals if the moderator
is appropriately arranged, and it can provide the flattening in
power distributions in fast reactors.

There are many studies [1–8] for the application of
moderator in fast reactors. When the moderator material is
mixed with absorber or long-life fission products (LLFPs)

in the fast reactor core, it will offer many advantages in
core performances such as an increase in control rod worth
or transmutation rate of LLFP [1–5]. The most promising
moderator applicable to the fast reactor has been considered
to be zirconium hydride for a long time. It has many
experiences in fast reactor plant applications and designs
including the shield of KNK-2 [9] in Germany and that of
large fast reactor designs in Japan. An application of a hydride
absorber as a control rod material in a fast reactor has been
studied [7, 8].

The author proposes zirconium deuteride instead of zir-
conium hydride for flattening power distributions because it
has a relatively highmoderation ratio and very small neutron
absorption cross sections. In this paper, an application of
deuteride moderator for fast reactor cores is proposed for
power flattening that canmitigate thermal spikes and alleviate
the decrease in breeding ratio, which sometimes occurs when
hydrogen moderator is applied as a moderator. The power
flattening can be utilized to increase core average burn-up by
increasing operational time or reducing fuel inventory which
can be achieved by the reduction of core height, for example,
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under the same restriction of the maximum linear heat rate.
In this study, the power flattening and the increase in the core
average burn-upwere evaluated under the above assumptions
for MONJU core. The influences of core characteristics, such
as sodium void reactivity, Doppler coefficient, and control
rod worth by the introduction of deuteride moderator were
evaluated. In the safety aspect, reactivity insertion occurred
at dissolution of deuteron was also evaluated.

2. Moderator Design and Monju Core

2.1. Moderator Assembly Design. The evaluated moderators
include three types of zirconium compound. One is zirco-
nium deuteride, another is ordinary zirconium hydride and
the other is zirconium hydride of 25% smear density, where
the effective volume ratio of the zirconium hydride is diluted
to 25% of the inside cross sectional area of the pin. Such
low smear density pins are usually fabricated by employing
hollow pellets or pore rich materials.

The reason to select this arrangement is the mitigation
of thermal spike, which sometimes occurs even in the fast
reactor core including hydride materials. If the moderator is
located at core peripherals, thermal spike is not important
because linear heat rates of fuel pins are relatively low. This
thermal spike can be utilized to enhance the flattening of
power distribution if it occurs at low-power regions such as
core peripherals.

The moderator pin arrangements in the moderator
assembly are selected as parameters. The pin arrangements
are shown in Figure 1. For example, the 9-pin moderator
assembly contains 9 moderator pins facing the outer core
assemblies and 52 depleted uranium oxide pins facing the
second rowof radial blanket assemblies. In nomoderator core
case, the moderator pins are replaced to depleted uranium
oxide pins.

2.2. MONJU Core. The specifications of the MONJU core
[10–12] are listed in Table 1. The core thermal power is
714MWt and the fuel material is MOX.The core size is 93 cm
in core height and about 180 cm in core diameter. The radial
blanket zone is composed of 3 rows of blanket assemblies.The
moderator assemblies are located at the innermost row of the
radial blanket zone.

3. Analysis Method

The nuclear analysis method is listed in Table 2. A three-
dimensional continuous energy Monte Carlo Code MVP
[13, 14] is usedwith the Japanese cross-section library JENDL-
3.3 [15] processed adjusted to MVP code.

Typical neutron history number employed is 1000000
divided to 100 batches and other 20 batches are used for
generating the initial source distribution.The statistical error
of pin power is about 2% in 1𝜎level.

MVP-BURN (burn-up routine for MVP) [16] has been
used to evaluate burn-up characteristics including breeding
ratios.The burn-up chain employed is basically an FBR chain
preinstalled in MVP-BURN (burn-up routine for MVP).

Table 1: Specification of MONJU core.

Items Unit Spec.
Reactor thermal power MWt 714

Core configuration — Homogeneous 2
region core reactor

Operation cycle length days 123
Core height mm 930
Number of fuel assemblies
(IC/OC/total) — 108/90/198

Number of moderator
assemblies — 54

Total number of pins in the
moderator assembly 61

Number of Moderator pins 9 or 24 or 61
Number of radial blanket
pins 52 or 37 or 0

Pin diameter mm 10.6
Diameter of moderator mm 9.5

Moderator material Zr deuteride
Zr hydride

Figure 2 illustrates core maps and moderator assemblies
in MONJU core. The inner core zone consists of 6 rows of
assemblies and the outer core zone consists of 2 rows of
assemblies where each assembly has 169 fuel pins. The pin
power is integrated in axial direction over the core height.
The radial blanket zone has 3 rows of assemblies containing
61 pins, where the first row consists of moderator assemblies.
The moderator assemblies are replaced to normal radial
blanket assembly for the no moderator core. The moderator
assembly consists of moderator pins facing outer core fuels,
which contains zirconium hydride or deuteride in a stainless
steel cladding and depleted uranium oxide pins.

For pin-wise power distribution in the second row of the
outer core has been evaluated for each pin row as shown in
Figure 3. The powers of all pins belonging to each row have
been summarized and divided by the number of the pins.

4. Results and Discussions

Figure 4 presents the result of pin-wise power peaking factor
in the 2-row assembly of the outer core. The radial power
peaking of no moderator case shows a monotone decrease
while that of other cases produces thermal spike at the pins
near to the moderator.

The zirconium hydride (ZrH
1.7
) case shows the largest

spike at the outer pins which peak power is about 3 times
of that of the inner most row pins. On the other hand, the
peak of the ZrD

1.7
case does not exceed the power of the

inner pins, and the power distribution over the assembly
is flattened relative to that of no moderator case. The 25%
smeared zirconium hydride (25% ZrH

1.7
) case has small peak

at the outer pins but it has a dip behind the peak.
Figure 5 shows the assembly power peaking factor in

radial direction of the core. The power at the second row of
the outer core (row no. 8) in the ZrD

1.7
case is about the same
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Table 2: Analytical method.

Items Methods Notes

Computation method
Three-dimensional continuation energy

Monte Carlo analysis code
MVP (Burn-up routine is MVP-BURN)

1,200,000 neutron histories with 120
Batches,

Initial 20 batches are run to establish the
initial neutron source distribution.

Nuclear data JENDL-3.3 library
Calculation model Pin heterogeneous model

Table 3: (a) Dependence of core performances on the number of ZrD1.7 moderator pins. (b)Dependence of core performances on the number
of ZrH1.7 moderator pins.

(a)

Number of moderator
Pins

Power peaking factor
in core

Power peaking factor
of 2nd row assembly

in outer core

Power peaking factor
in blanket assembly

Increase of core
average burn-up (%)

0 1.233 1.173 1.420 —
9 1.253 1.130 1.703 0.9
18 1.231 1.095 1.251 2.9
24 1.230 1.141 1.927 1.2
61 1.202 1.312 — 7.0

(b)

Number of moderator
pins

Power peaking factor
in core

Power peaking factor
of 2nd row assembly

in outer core

Power peaking factor
in blanket assembly

Increase of core
average burn-up (%)

0 1.233 1.173 1.420 —
9 1.236 1.373 2.223 4.7
18 1.204 1.890 1.649 7.4
24 1.223 1.379 2.035 4.9
61 1.264 2.748 — 8.2

Table 4: Comparison of breeding ratio between cores with and
without moderator.

Core Cycle Breeding
ratio

Core with 61 deuteride
moderator pins Equilibrium cycle 1.02

Core without moderator pins Equilibrium cycle 1.11

as that of the inner core (row no. 6), It is considered that the
power distribution in the assembly of the 2nd row of the outer
core for the ZrD

1.7
case is the most flattened.

Tables 3(a) and 3(b) show the dependence of the power
peaking factors and the discharged fuel burn-ups on the
number ofmoderator pins of the ZrD

1.7
and ZrH

1.7
modera-

tor assemblies located at the first row of radial blanket region
in MONJU, respectively. In cases of 18 and 61 pins of ZrH

1.7

moderator, it was recognized that these linear heat powers
exceed the limit of the maximum liner power because of the
large power peaking factors at 2nd row assembly in the outer
core. These results indicate the power peaking factor in the

core is the smallest when the number of deuteride moderator
pins are 61, and the core average burn-up can be increased
by about 7% relative to that of no moderator core due to the
power flattening.

Comparison of breeding ratio between cores with and
without deuteride moderator pins in Table 4, The breeding
ratio of the ZrD

1.7
case is about 10% smaller than that of no

moderator case. The breeding ratio is closely related to the
burn-up reactivity loss, thus the result indicates ZrD

1.7
is the

most favorable moderator for fast breeder cores among the
candidate moderators.

The influences of core characteristics, such as sodium
void reactivity, Doppler coefficient, and control rod worth by
the introduction of deuteride moderator pins were evaluated.

Comparison of Doppler coefficient between the cores
with and without ZrD

1.7
moderator pins is shown in Table 5.

The absolute value of Doppler coefficient in the core with 61
deuteride moderator pins is about 50% larger than that in the
core without moderator pins because of softening of neutron
spectra in fuel region by moderator.

Comparison of sodium void reactivity between the cores
with and without ZrD

1.7
moderator pins is shown in Table 6.



4 Science and Technology of Nuclear Installations

9

18

ZrH or ZrD 
pins Blanket 

fuel pins

61

14

11.2

8.4

5.6

2.8

0

14

11.2

8.4

5.6

2.8

0

14

11.2

8.4

5.6

2.8

0

14

11.2

8.4

5.6

2.8

0

14

11.2

8.4

5.6

2.8

0

1411.28.45.62.80
(83, −1, 114.5) (97, −1, 114.5)

(83, 13, 114.5) Level: −2 What: material

1411.28.45.62.80
(83, −1, 114.5) (97, −1, 114.5)

(83, 13, 114.5) Level: −2 What: material

(83, 13, 114.5) Level: −2 What: material (83, 13, 114.5) Level: −2 What: material

14 1411.28.45.62.80
(83, −1, 114.5) (97, −1, 114.5)

1411.28.45.62.80
(83, −1, 114.5) (97, −1, 114.5)

(83, 13, 114.5) Level: −2 What: material

11.28.45.62.80
(83, −1, 114.5) (97, −1, 114.5)

24

Figure 1: Pin arrangements in moderator assembly.
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Figure 2: Core arrangement of MONJU.
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Figure 3: Details of pin arrangement at outer core region.

Sodium void reactivity at equilibrium cycle in the core with
61 deuteride moderator pins is a little smaller than that in
the core without ZrD

1.7
moderator pins. It is considered that

the reason of reducing positive sodium void reactivity is
softening of neutron spectra in fuel region bymoderator.This
feature is important from the viewpoint of FBR safety.

Comparison of control rod worth between the cores with
and without ZrD

1.7
moderator pins is shown in Table 7. The

main control rod worth and backup control rod worth in
the core with 61 deuteride moderator pins are, respectively,
5 and 9% smaller than those in the core without ZrD

1.7

moderator pins. It is considered that the neutron flux in the
outer core is larger than that of inner core by the introduction
of moderator. But, the control rod worth is satisfied with the
design requirement.

Figure 6 presents the neutron spectra of outer row pins of
the outermost assembly (the outer core second row assembly)
for each moderator cases. The spectra of the outer pins
show large differences at low-energy regions among different
moderator cases.

The linear power of the moderator was two orders below
that of the fuel pins around them because the main energy
source is gamma deposition generated at the core fuel.
The neutrons by gamma-n reactions in ZrD

1.7
are roughly

estimated five orders below those of neutron generations of
MONJU at the normal operation.
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Table 5: Comparison of Doppler coefficient between cores with and
without moderator.

Core Cycle Doppler coefficient
(Δ𝑘/𝑘𝑘/dT/𝑇)

Core with 61 deuteride
moderator pins Equilibrium cycle −9.86𝐸 − 3

Core without moderator
pins Equilibrium cycle −6.70𝐸 − 3

Table 6: Comparison of sodium void reactivity between cores with
and without moderator.

Core Cycle
Sodium void
reactivity
(%Δ𝑘/𝑘𝑘)

Core with 61 deuteride
moderator pins Equilibrium cycle 1.05

Core without moderator
pins Equilibrium cycle 1.14

One problem of the hydride use in fast reactor is pos-
itive reactivity insertion that occurred at the dissolution
of hydrogen. The dissolution of the deuterium will also
occur in zirconium deuteride, though the penetration rate
of the deuterium across the cladding is considered to be
smaller than that of hydrogen due to the larger atomic
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Table 7: Comparison of control rod worth between cores with and
without moderator.

Type of control rods Core Control rod worth
(%Δ𝑘/𝑘𝑘)

Main control rods
(13 rods)

Core with 61
deuteride moderator
pins

8.13

Core without
moderator pins 8.51

Back-up control rods
(6 rods)

Core with 61
deuteride moderator
pins

6.08

Core without
moderator pins 6.65

Table 8: Reactivity insertion occurred at dissolution of deuteron.

Ratio of deuteron in moderator pin Reactivity (%Δ𝜌)
1.0 —
0.9 0.029
0.7 0.103
0 0.255

mass.The reactivity insertion by the dissolution of deuterium
was evaluated. The reactivity insertion by the dissolution of
deuterium is about +0.255%%Δ𝜌 as shown in Table 8. It is
considered that the reason of positive reactivity is hardening
of neutron spectra in moderator region by the dissolution of
deuterium. The values of reactivity insertion are below 1 $.

Deuterium will be transmuted to Tritium by neutron
absorption where the generation rate of Tritium is estimated
to be about 2 decades smaller than that generated from B-10
(𝑛, alpha) T reaction in the boron carbide of the control rods.

5. Conclusions

An application of deuteride moderator for fast reactor cores
is proposed for power flattening that can mitigate thermal
spikes and alleviate the decrease in breeding ratio, which
sometimes occurs when hydrogen moderator is applied as
a moderator. Zirconium deuteride is employed in a form
of pin arrays at the inner most rows of radial blanket fuel
assemblies, which works as a reflector in order to flatten the
radial power distribution in the outer core region ofMONJU.
The power flattening can be utilized to increase core average
burn-up by increasing operational time. The core neutronics
has been evaluated with a continuous-energy model Monte
Carlo code MVP and the JENDL-3.3 cross-section library.
The result indicates that the power peaking factor in the
core is the smallest when the number of deuteride moderator
pins is 61, and the core average burn-up can be increased
by about 7% relative to that of no moderator core due to
the power flattening. Major core characteristics and core
safety including sodium void reactivity, Doppler coefficient,
control rod worth and reactivity insertion that occurred at
dissolution of deuteron were also evaluated. The breeding
ratio of the deuteride case is a little less than that of no
moderator case. It is also clear that the influence of major
core characteristics and safety aspect by the introduction of
deuteride moderator is small.

The present study indicates that the use of deuteride
moderators in the blanket region has a large potential to
improve performances of FBR cores.
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The Canadian Supercritical-Water-Cooled Reactor (SCWR) is a vertical pressure tube reactor cooled with supercritical light water
and moderated with heavy water. For normal operation, the local conditions of the coolant (density and temperature) and fuel
(temperature) vary substantially along the channel.Thismeans that to simulate adequately the behavior of the core under operating
conditions or for anticipated accident scenario, expensive 3D transport calculations for a complete fuel channel are required. Here,
we propose a simulation strategy that takes into account axial variations of the local conditions and avoids 3D transport calculations.
This strategy consists in replacing the 3D simulation by a series of isolated 2D calculations followed by a single 1D simulation. It is
shown that this strategy is efficient because the axial coupling along the fuel channel is relatively weak. In addition, the neutronic
properties of a channel with axial reflector can be modeled using a simplified 3D transport calculation.

1. Introduction

The Canadian Supercritical-Water-Cooled Reactor (SCWR)
is a pressure-tube type generation-IV reactor [1] based on
CANada Deuterium Uranium (CANDU) reactors [2]. The
preliminary concept uses a calandria vessel containing the
low-pressure moderator and the five meters long fuel chan-
nels [3]. This concept uses off-power batch refueling, and
to simplify the fuelling process, the reactor core is oriented
vertically. Another feature of this concept is that the coolant
is forced vertically downwards; that is, the coolant enters the
fuel channels at the top and exits at the bottom of the core.

According to the pressure-temperature phase diagram for
water, most of the current reactors operate in the liquid phase
or on the saturation line. However, the main characteristic
of the Canadian SCWR is that the coolant (light water)
operates at pseudocritical and supercritical conditions, that
is, at pressures and temperatures above the critical point of
water (22.064MPa and 373.95∘C). The preliminary concept
has a pressure of 25MPa, a reactor inlet temperature of 350∘C
and a reactor outlet temperature of 625∘C. Figure ?? shows the
expected coolant conditions along a fuel channel.

Light water has an impact on neutron slowing down
and on neutron absorption. The importance of this impact

depends on the temperature and on the density of this water
[4]. The effect of the large variation of the coolant conditions
along a fuel channel on the global neutronic properties should
be studied in details, as done recently in some studies [5, 6].

During the optimization phase of the lattice cell of a new
reactor, several neutronic transport calculations are done.
Usually, these calculations are performed using deterministic
codes such asWIMS-AECL [7] andDRAGON [8] for a single
2D lattice cell with average core conditions orwith the average
conditions in the region of the core that produces the highest
power. However, in the case of the Canadian SCWR, this
methodology is not directly applicable because the metrics
(such as the exit burnup and the reactivity coefficients) used
to perform the optimization depend strongly on the set of
conditions found along a fuel channel. For example, Figure 2
shows the coolant void reactivity (CVR) along a fuel channel
as obtained from a series of 2D infinite lattice cell calculations
using the Monte Carlo code SERPENT [9] (14 independent
calculations) where

CVR (mk) = 1000 × ( 1
𝑘
cooled
eff
−

1

𝑘
voided
eff
) . (1)
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Figure 1: Expected coolant conditions along a Canadian SCWR fuel
channel.
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Figure 2: CVRs along a fuel channel obtained from independent 2D
lattice cell calculations.

Here, 𝑘cooledeff corresponds to cell calculations performed
with the coolant at the expected density and temperature
associated with the axial position considered in the channel,
and 𝑘voidedeff is for cell calculations with the coolant absent.

The objective of this study is to establish an efficient sim-
ulation strategy that will be able to retain the simplicity and
efficiency of deterministic 2D lattice cell calculation while
correcting the resulting few groups reactor cross sections
using a 1D multigroup transport model. As a result, one
should be able to avoid the repetitive and computationally
intensive 3D calculations that would be required during
the optimization and operation of the core. Here we will
develop and validate our simulation strategy using SERPENT
to perform all 3D and 2D continuous energy simulations and
DRAGON for all 1D multigroup simulations. All simulations
with SERPENT have been performed with 100 000 neutrons
per cycle, 2000 active cycles and 200 inactive cycles. This
leads to a total of 200 000 000 histories. The meshing used
in DRAGON simulations is mentioned where appropriate in
the paper.

In Sections 2 and 3, respectively, we describe and then
validate the new simulation strategy proposed for fuel cells

Liner

Insulator

Pressure tube

Lattice cell
boundary

Coolant

Central pin

Fuel pins

Moderator

Figure 3: Canadian SCWR 54 elements fuel bundle and high
efficiency fuel channel.

that are not in direct contact with an axial reflector cell. In
Section 4, we extend the strategy to axial reflector cells and
fuel cells in contact with that reflector. Finally, in Section 5
we conclude.

2. Simulation Strategy Model for Fuel
Channels without Axial Reflector Cells

The lattice cell considered here consists of a 54 elements fuel
bundle inserted in a high efficiency fuel channel [10] as shown
in Figure 3.

In this design, the channel is composed of a stainless steel
liner followed by an insulator of zirconia and of a pressure
tube made of a zirconium alloy. The fuel is a mixture of
thorium and plutonium. The central pin is filled with light
water. Light water is used as coolant and heavy water as
moderator. The lattice pitch is set to 25 cm.

Even if alternative fuel bundle designs have been pro-
posed recently [11], the specifications used in this study are
based on those used in previous publications [4, 12] in order
to facilitate comparisons with other related studies [13, 14].

2.1. Simulation Strategy Model. The simulation strategy pro-
posed is based on the following hypothesis: A 3D calculation
is equivalent to a series of independent 2D calculations
followed by a single 1D calculation.

As shown in Figure 4, the first step of the simulation strat-
egy proposed consists in performing a series of independent
2D infinite lattice cell calculations at strategic positions along
the fuel channel.

The various levels of gray indicate that each lattice cell has
a unique set of temperatures (fuel and coolant) and densities
(coolant) according to the conditions expected along a fuel
channel. In the next subsection, it will be shown that 14
2D infinite lattice cell calculations must be performed in
this first step in order to meet the convergence criteria. For
each 2D cell, the objective here is to determine the flux
distribution 𝜙 in the 𝑥−𝑦 plane and then to perform a spatial
homogenization over the entire lattice cell containing 𝑁
regions and an energy condensation into the desired number
of energy groups (the group 𝑔 contains the neutrons having
energies between 𝐸

𝑔
and 𝐸

𝑔−1
) to obtain the multigroup
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Figure 4: First step of the simulation strategy: 2D infinite lattice cell calculations.
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Figure 6: 3D reference model without axial reflector cells.

macroscopic cell averaged cross sections at each strategic
position as follows:
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𝑖
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𝑖
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(2)

where 𝑉 is the volume of the lattice cell. Reflective boundary
conditions (BCs) have been applied on all outer surfaces.
Here for consistency with the 3D reference model presented
in Section 2.2, our 2D calculations have been performed with
SERPENT.

As shown in Figure 5, the second step of the simulation
strategy proposed is to perform a 1D slab geometry cal-
culation using the multigroup cell averaged cross sections
calculated in the first step.This time, the objective is to obtain
the flux distribution along the fuel channel. Void or reflective
BCs can be applied along the axial direction, depending
on the case studied. The 1D calculations were performed
with DRAGON, since SERPENT cannot performmultigroup
calculations. The DRAGON calculations were performed
using the collision probability method with a maximum of
10 regions per cell along the 𝑧-axis for a maximum of 140 flux
calculation regions.

By going through these two simple steps, it is then
possible to simulate a 3D fuel channel and to obtain its
averaged properties without having to do a complete 3D
calculation.

2.2. 3D Reference Model without Axial Reflector Cells. To
ensure the validity of the simulation strategy proposed, it has
been compared to a complete 3D fuel channel calculation
(Figure 6) that takes into account all temperatures and
densities axial profiles in a single calculation.

Each 3D cell has a unique set of temperatures and
densities according to the expected conditions along the
fuel channel. At this point, one can note that the 14 2D
cells presented above represent a slice of each 3D cell. The
objective here is to calculate the multigroup cross sections
associated with the fuel channel in a single calculation.
Reflective BCs have been applied in the radial direction, and
void or reflective BCs have been applied in the axial direction.
All 3D calculations have been performed with SERPENT.

A study, performed with SERPENT, was conducted to
optimize the number of 3D cells required to simulate ade-
quately the complete fuel channel. For example, Figure 7
shows the multiplication factor of the 3D channel as a
function of the number of 3D cells. A minimum of 2 and
a maximum of 64 3D cells have been simulated. Since
the results begin to converge at 14 3D cells, there is no
need to increase the axial discretization further. This axial
discretization leads to a maximum deviation of 0.1mk from
the converged value obtained with 64 3D cells.

2.3.Models Comparison. Table 1 presents a comparison of the
multiplication factors and CVRs obtained from the 3D refer-
ence model without axial reflector cells (SERPENT 3D) and
the simulation strategy model (SERPENT 2D + DRAGON
1D). Here, two situations were considered: (1) reflective axial



4 Science and Technology of Nuclear Installations

Table 1: Channel multiplication factors and CVRs for models
without axial reflector cells.

Model 𝑘
cooled
eff 𝑘

voided
eff CVR (mk)

Reflective axial BCs
Reference
without
reflector cells

1.21712 ± 0.00004 1.20923 ± 0.00005 −5.36 ± 0.06

Strategy 1.21711 1.20925 −5.34
Void axial BCs

Reference
without
reflector cells

1.21207 ± 0.00004 1.19808 ± 0.00005 −9.63 ± 0.06

Strategy 1.21195 1.19808 −9.55
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𝑘
eff

Figure 7: Optimization of the number of 3D cells in the channel.

BCs where the neutrons reaching the boundary of cells C1
and C14 are reflected and (2) void axial BCs where the
neutrons leaving cells C1 and C14 respectively in the −z and
+z directions are lost.

As one can see, the differences between the 3D reference
model and the simulation strategy model are very small
(maximum of 0.12mk or 3𝜎). One can also observe that the
CVR is much larger in absolute value for the case where
zero incoming flux boundary conditions are considered (void
BCs). This may be explained in part by the fact that the
effective multiplication constant is reduced. However, the
main effect here is that neutron streaming without collisions
through the channel along directions nearly parallel to the
𝑧-axis will be lost when void BCs are considered, while they
will be reflected in the geometry and get a second chance to
be slowed down in the moderator when reflective BCs are
considered, thereby leading to a smaller absolute value of the
CVR.

Overall, the simulation strategy proposed shows good
agreement with the 3D reference model because the axial
coupling along the fuel channel is relatively small.

3. Assessment of the Axial Coupling

We have assessed the extent of the axial coupling in a
previous publication [15]. The main elements of this study
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Figure 8: Integrated flux for a 3D fuel channel with reflector cells
and void axial BC.

are presented here simply to demonstrate why the simulation
strategy proposed is effective in the present case.

The physical process behind the axial coupling is
described here from a simple example. Imagine two 3D cells.
Taken individually, each cell has its own neutron spectrum.
This spectrum is defined by the geometry and by the local
conditions found in the cell. If these two cells are in direct
contact, the neutrons are free to travel from one cell to
the other. This exchange of neutrons between the cells can
modify the neutron spectrum in them. As can be seen in
(2), this shift in spectrum can lead in the end to different
multigroup macroscopic cell averaged cross sections because
flux levels may be different for a given energy and because the
microscopic cross sections depend on the energy. However, if
the cells are isolated from each other during the calculation,
this exchange of neutrons cannot be taken into account [16].

With the aim to clarify the physical process involved
in the axial coupling, it is relevant to take a look at the
flux distribution along the fuel channel. Figure 8 presents
the SERPENT calculated integrated flux (fast flux 𝜙

1
above

0.625 eV and the thermal 𝜙
2
flux below this limit) along a 3D

fuel channel with reflector cells at both ends (see Figure 9)
and void axial BCs.

As one can observe, 𝜙
1
is slightly shifted toward the

second half of the channel, while 𝜙
2
is more shifted toward

the first half. Thus, the differences between these fluxes are
significantly higher in the second half than in the first half of
the channel. This effect is mainly due to the variation of the
coolant conditions along the fuel channel. Since the coolant
density decreases along the fuel channel, it contributes less
to neutrons slowing down (decrease of 𝜙

2
) leaving them

at a higher energy (increase of 𝜙
1
). Also, an inversion of

population is observed in the reflector cells (axial positions
<0 cm and >500 cm), since these cells are mainly composed
of moderating materials (the reflector cell is similar to a
standard cell with the fuel bundle removed (see Section 4.1)).

Figure 10 presents the integrated flux ratio (𝜙
1
/𝜙
2
) along

the fuel channel for four different models studied with
SERPENT (models description are given in Section 3.1). The
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Figure 9: 3D fuel channel with axial reflector cells at both ends.
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Figure 10: Integrated flux ratios for different models.

integrated flux ratio gives an indication on the distribution of
the neutrons between the energy groups. Thus, the compar-
ison of integrated flux ratios is in fact a simple comparison
of neutron spectra. Here, the ratios obtained from the 3D
models must be compared to those obtained from the 2D
model. Larger differences between these ratios indicate a
higher axial coupling. According to Figure 10, the differences
between 3D and 2D ratios remain small for almost the entire
length of the channel with a few exceptions, namely, between
325 and 375 cm where the CVR changes abruptly and at both
ends of the channel.

While this figure describes the “flux level” component of
the axial coupling, Figures 11, 12, 13, 14, 15, and 16 present a
more global assessment of the axial coupling because they
compare the multigroup macroscopic cell averaged cross
sections where the local cell properties are also taken into
account.

3.1. Approach Followed. The axial coupling has been evalu-
ated by comparing, along the fuel channel, the multigroup
macroscopic cell averaged cross sections obtained from the
3D models to those obtain from the 2D model. The absorp-
tion, up and down scattering, and fission neutron production
cross sections have been studied. The cross sections have
been condensed to two energy groups (fast and thermal) and
homogenized over each cell [17]. The models analyzed with
SERPENT are as follows.
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Figure 11: Relative differences between absorption cross sections for
the fast group.
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Figure 12: Relative differences between absorption cross sections for
the thermal group.

(i) A 3D fuel channel with reflector cells at both ends
assuming reflective BCs in the radial direction and
void BCs in the axial direction (Figure 9).

(ii) A 3D fuel channel without reflector cells assuming
reflective BCs in the radial direction and void BCs in
the axial direction (Figure 6).
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Figure 13: Relative differences between down scattering cross
sections.
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Figure 14: Relative differences between up scattering cross sections.

0 50 100 150 200 250 300 350 400 450 500
Axial position (cm)

3D, void axial BCs, with reflector cells
3D, void axial BCs, without reflector cells
3D, reflective axial BCs, without reflector cells

Δ
𝜈
∑
𝑓
,1

(%
)

1
0.75

0.5
0.25

0
−0.25
−0.5
−0.75
−1

Figure 15: Relative differences between fission neutron production
cross sections for the fast group.

0
1
2
3
4
5
6
7

3D, void axial BCs, with reflector cells
3D, void axial BCs, without reflector cells
3D, reflective axial BCs, without reflector cells

0 50 100 150 200 250 300 350 400 450 500
Axial position (cm)

−1

Δ
𝜈
∑
𝑓
,2

(%
)

Figure 16: Relative differences between fission neutron production
cross sections for the thermal group.

(iii) A 3D fuel channel without reflector cells and with
reflective BCs in all directions (Figure 6).

(iv) 14 2D cells with reflective BCs (Figure 4).

3.2. Multigroup Macroscopic Cell Averaged Cross Sections
Evaluations. Figures 11–16 present the relative differences
betweenmultigroupmacroscopic cell averaged cross sections
calculated as follows:

ΔΣ
𝑥,𝑔
(%) = 100 × (

Σ
3D
𝑥,𝑔
− Σ
2D
𝑥,𝑔

Σ
3D
𝑥,𝑔

) , (3)

where the 3D and 2D superscripts refer, respectively, to one
of the 3D models and to the 2D model while the subscripts 𝑥
and 𝑔 refer, respectively, to the reaction type and the energy
group.

Overall, differences below ±0.6% are observed in the
central region of the channel. However, differences can rise
up to about ±7.5% at channel ends, where the effects of the
reflector cells on the multigroup cell averaged cross sections
aremainly observed.This investigation demonstrates that the
axial coupling along the fuel channel appears to be small
compared to the effects of the reflector cells.

4. Extended Simulation Strategy for Fuel
Channels with Axial Reflector Cells

Two problems arise when a 3D fuel channel with axial reflec-
tor cells has to be reconstructed from a series of independent
2D lattice cell calculations: (1) the multigroup cell averaged
cross sections in fuel cells adjacent to the reflector cells
are not well approximated by independent 2D lattice cell
calculations, as pointed out in the previous section, but more
importantly (2) the multigroup cell averaged cross sections
in the reflector cells cannot be calculated from a single cell
containing onlymoderatormaterials because it is not possible
to perform a neutron transport calculation without neutron
sources and without incoming neutron fluxes.
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Figure 17: Partial 3D fuel channels with axial reflector cells developed for the study of the cells at the inlet.

Due to the geometric nature of the problem, 3D calcu-
lations are necessary here. Repetitive time consuming 3D
Monte Carlo transport calculations should be avoided as
much as possible during the optimization phase of the core.
An alternative would be to fall back on the rapidity of
deterministic codes, to handle 3D geometries (DRAGON
for example). However, a performant deterministic trans-
port calculation deals generally with a restricted number
of unknowns (or number of regions in the geometry).
Consequently, the objective here is to establish the smallest
3D geometry that is (in terms of number of cells) able
to determine the multigroup macroscopic cell averaged
cross sections in reflector cells and in fuel cells adja-
cent to these reflector cells with an acceptable accuracy
[18].

4.1. 3D Reference Model with Axial Reflector Cells. Figure 9
illustrates the 3D fuel channel with reflector cells at both ends.

Reflective BCs are applied in the radial direction, and void
BCs are applied in the axial direction.

The structure of the high efficiency fuel channel is main-
tained throughout the reflector cell, but the space normally
occupied by the fuel bundle is now completely filled with
coolant (or completely voided if the coolant is absent). The
local conditions applied in the reflector cells are those found
in the inlet and outlet cells, that is, C1 and C14, respectively,
since one can assume that there will be no significant
variations in temperatures and densities in the reflector cells.

4.2. Extended Simulation Strategy Model. To reduce the size
of the 3D geometries, the fuel channel has first been cut into
two halves. The first half has been used to study the reflector
cell at the inlet and fuel cell C1.The second half has been used
to study the reflector cell at the outlet and fuel cell C14.

Figure 17 shows the seven partial 3D fuel channels with
axial reflector cells developed in SERPENT for the study of
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Figure 18: Relative differences between absorption cross sections for
the fast group.
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Figure 19: Relative differences between absorption cross sections for
the thermal group.

the cells at the inlet. To close the geometries, reflective BCs are
applied after the last fuel cell (Figure 17 shows the unfolded
geometries). The same methodology has been applied for the
cells at the outlet.

The accuracy of the partial 3D fuel channels with axial
reflector cells has been evaluated by comparing along the
fuel channel their multigroup cell averaged cross sections to
those obtained from the complete 3D fuel channel with axial
reflector cells (Figure 9). As done previously, the absorption,
up and down scattering, and fission neutron production
cross sections have been studied. The cross sections have
been condensed to the same energy groups structure and
homogenized over each cell.The accuracy of the independent
2D infinite lattice cell calculations has also been evaluated in
the same way.
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Figure 20: Relative differences between down scattering cross
sections.
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Figure 21: Relative differences between up scattering cross sections.

Figures 18, 19, 20, 21, 22, and 23 present the relative dif-
ferences between the multigroup cell averaged cross sections
calculated as follows:

ΔΣ
𝑥,𝑔
(%) = 100 × (

Σ
Complete
𝑥,𝑔

− Σ
Partial or 2D
𝑥,𝑔

Σ
Complete
𝑥,𝑔

) , (4)

where the Complete superscript refers to the complete 3D
fuel channel (Figure 9) and the Partial or 2D refers to one
of the partial 3D fuels channels (Figure 17) or to the 2D
cells (Figure 4). In each figure, the legend lists the geometries
studied. For example, the label “3DRC1” stands for the partial
3D fuel channel containing a reflector cell and the fuel cell C1
(top picture in Figure 17). The label “2D calculations” stands
for the independent 2D infinite lattice cell calculations. Note
that the reflector cell lies in the negative axial positions.

Figures 18–23 must be analyzed as follows. One must
focus on one cell at a time and examine the evolution of the
curves in that given cell. The objective here is to find the
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Figure 22: Relative differences between fission neutron production
cross sections for the fast group.
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Figure 23: Relative differences between fission neutron production
cross sections for the thermal group.

appropriate partial 3D fuel channel that reduces (in absolute
value) the value of ΔΣ

𝑥,𝑔
(in the reflector cell and in the

fuel cell C1 in particular) to an acceptable level of accuracy
considering that the geometry must be as small as possible.
Ideally, ΔΣ

𝑥,𝑔
should be equal to zero.

One can observe that there is no data coming from a
2D calculation in the reflector cell. As mentioned above, this
is expected because it is not possible to perform neutron
transport calculation without neutrons sources. In addition,
it is normal to observe that the partial 3D fuel channels do
not show data on all axial positions. For example, the model
labeled “RC1” presents only two values located between
−35.71 cm and 35.71 cm (for the reflector cell and the fuel
cell C1) because the fuel cells C2, C3, C4, C5, C6, and C7
do not exist in this geometry. Also note that for the fission
production cross sections, no information is provided for the
reflector cell, since it does not contain fissile material.

Table 2: Channel multiplication factors and CVRs for models with
axial reflector cells.

Model 𝑘
cooled
eff 𝑘

voided
eff CVR (mk)

Void axial BCs
Reference
with reflector
cells

1.21277 ± 0.00004 1.19960 ± 0.00005 −9.05 ± 0.06

Extended
strategy 1.21293 1.19980 −9.02

In general, ΔΣ
𝑥,𝑔

approaches zero when more fuel cells
are added in the partial 3D fuel channel. Also, Figures 18–
23 highlight the fact that the independent 2D infinite lattice
cell calculations do not provide a good evaluation of the
multigroup cell averaged cross sections in the fuel cell C1
located between 0 cm and 35.71 cm. Based on these results,
the best compromise between accuracy of the results and
simplicity of the 3D geometry consists in selecting the four
fuel cells model labeled “RC1234.” The same behavior is also
observed at the outlet where only the four last fuel cells are
needed.

Following this study, the extended simulation strategy
for fuel channels with axial reflector cells is divided into the
following three steps.

(i) Two 3Dcalculationswith SERPENT, one for the chan-
nel inlet from a partial 3D fuel channel containing the
inlet reflector cell and the four first fuel cells (fourth
picture from the top in Figure 17) and the second one
for the channel outlet from a partial 3D fuel channel
containing the outlet reflector cell and the four last
fuel cells in order to generate the multigroup cell
averaged cross sections in the two reflector cells and
in the fuel cells C1 and C14.

(ii) Twelve independent 2D infinite lattice cell calcula-
tions (Figure 4) with SERPENT in order to generate
the multigroup cell averaged cross sections in the fuel
cells C2 to C13.

(iii) Using the cross sections calculated in the two first
steps, a single 1D calculation (from a geometry similar
to Figure 5 but with a 1D reflector cell at both ends) is
performed with DRAGON in order to calculate the
global properties of the fuel channel.

4.3. Models Comparison. Table 2 presents a comparison of
the multiplication factors and CVRs obtained from the
3D reference model with axial reflector cells (SERPENT
3D) (Figure 9) and the extended simulation strategy model
(SERPENT 3D + SERPENT 2D + DRAGON 1D). Here, only
the situation with void axial BCs was considered.

By comparing Tables 1 and 2, one can observe that, for
void axial BCs, the CVRs obtained from models with axial
reflector cells are smaller (in absolute value) than those obtain
from models without axial reflector cells. This observation
can be explained in part by the fact that the reflector cells
reflect some neutrons back in the system, leading therefore
to higher multiplication factors.
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The extended simulation strategy shows good agreement
with the 3D reference model with axial reflector cells.

5. Conclusion

The simulation strategy proposed for the evaluation of the
neutronic properties of a Canadian SCWR fuel channel is
able to take into account all axial profiles in a single general
model. It has been shown, for the cases studied, that a 3D
calculation is equivalent to a series of isolated 2D calculations
followed by a single 1D calculation. From this fact, most of
the calculations can be done very easily. The modeling of the
axial reflector still requires 3D calculations. However, the size
of these calculations has been reduced considerably.

To conclude, the simulation strategy proposed could
reduce the computation time by a factor of about 600. In our
case, a 3D Monte Carlo simulation takes approximately 15
hours for one burnup step. For standard deterministic codes,
fourteen 2D infinite lattice cell calculations take approxi-
mately 1.5 minutes in total, and a 1D calculation takes a few
seconds, and this for each burnup step. This deterministic
calculation strategy will be investigated in future work.
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Computer simulations have been carried out to investigate the possibility of extending operating cycle length in the Pressurised
Water Reactor Ringhals 3 by the use of thorium-plutonium oxide fuel. The calculations have been carried out using tools and
methods that are normally employed for reload design and safety evaluation in Ringhals 3. The 3-batch reload scheme and the
power level have been kept unchanged, and a normal uranium oxide fuel assembly designed for a 12-month operating cycle in this
reactor is used as a reference. The use of plutonium as the fissile component reduces the worth of control rods and soluble boron,
which makes it necessary to modify the control systems. The delayed neutron fraction is low compared with the reference, but
simulations and qualitative assessments of relevant transients indicate that the reactor could still be operated safely. Differences in
reactivity coefficients are mainly beneficial for the outcome of transient simulations for the thorium based fuel. A 50% extension of
the current 12-month operating cycle length should be possible with thorium-plutoniummixed oxide fuel, given an upgrade of the
control systems. More detailed simulations have to be carried out for some transients in order to confirm the qualitative reasoning
presented.

1. Introduction

The objective of the work described herein is to investigate
the possibility of extending operating cycle length in a
Pressurized Water Reactor (PWR) by the use of Thorium-
PlutoniumMixed Oxide (Th-MOX) fuel.

The general viability of Th-MOX fuel in light water re-
actors (mainly PWRs) has been confirmed by several recent
studies [1–5]. In addition, the neutronic and physical prop-
erties of Th-MOX indicate that the fuel is not only viable,
but may also improve the economy of a nuclear power
plant by allowing for longer operating cycles and hence a
higher availability of the reactor. Most importantly, the good
material properties [6, 7] of the Thorium-Plutonium Mixed
Oxide ceramic indicate that Th-MOX fuel may be capable
of sustaining higher burnups than Uranium-Oxide- (UOX-)
based fuel types. Secondly, the currently practiced uranium
enrichment limit of 5%U-235 does not affectTh-MOX,which

can be loaded with high amounts of plutonium. Finally, the
slow change of the multiplication factor with depletion of
Th-MOX makes it possible to achieve high burnups with-
out having an excessively high initial multiplication factor
[4].

In this paper, we present and discuss the simulation of
a standard PWR fuel assembly loaded with Th-MOX fuel
and a full Reload Safety Evaluation (RSE) of the Ringhals 3
PWR core when loaded with this fuel assembly. The content
of Pu and Burnable Absorbers (BA) in the fuel is adapted
for achieving an 18-month cycle, which is an operating cycle
extension of 50% compared with the normal cycle length in
Ringhals 3. The fuel assembly design is developed using the
fuel assembly burnup simulation program CASMO-4E [8],
and the RSE is carried out with SIMULATE-3 [9].

The simulated fuel and reactor systems are described in
Section 2 and the calculation tools and methods used in this
study in Section 3.The results in terms of depletion behaviour
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Figure 1: The UOX reference core.

and neutronic safety parameters are presented in Section 4
and conclusions are drawn in Section 5.

2. Description of the Modelled System

2.1. Reactor. The reactor simulated in this study is the
Swedish Ringhals 3 reactor, which is a 3135 MWth reactor
of Westinghouse design. This reactor operates with a 12-
month cycle and a 3-batch reload scheme. In the reference
case, which is a typical operation cycle, the Ringhals 3 core
is loaded with 28 fuel assemblies containing the BA Gd

2
O
3

and 20 fuel assemblies without BA. Such a reload is used as a
reference in this work. The core design is shown in Figure 1
and the fuel assemblies will be discussed in more detail in
Section 2.2.

TheTh-MOXcore is designed for an 18-month cycle using
a different core layout, designed to reduce the power of the
oldest fuel assemblies. Without this change of the layout, the
oldest fuel assemblies (having the highest burnup) would run
at a power level which would be too high considering the
deterioration of the fuel material at high burnup. This core
design is shown in Figure 2.

2.2. Fuel Assemblies. The reference fuel is a UOX fuel assem-
bly designed for a standard 12-month cycle in Ringhals 3,
which requires an enrichment of 4.4% in most fuel rods. The
assembly comprises 264 fuel rods, arranged in a standard 17-
by-17 lattice with a central instrumentation thimble and 24
control rod guide tubes. In the assemblies containing Gd

2
O
3
,

this is located in 12 rods. Since the addition of Gd
2
O
3
lowers

Th-Pu core

1st cycle

2nd cycle

3rd cycle

Figure 2: TheTh-MOX core.

the thermal conductivity of the fuel, a lower enrichment
(2.8%) is used in order to avoid high power in these fuel rods.
The reference fuel design with Gd

2
O
3
is shown in Figure 3.

The reference fuel without BA is identical except that all rods
have 4.4% enrichment and no BA. The fuel assembly heavy
metal weight is 461 kg.

The Th-MOX fuel design uses the same mechanical
structure as the reference fuel, but differs in two important
aspects.

Firstly, the uranium oxide fuel is exchanged for a mixture
of thorium and plutonium oxides. The Pu isotope vector
used in the Th-MOX fuel is 2%238Pu, 53%239Pu, 25%240Pu,
15%241Pu, and 5%242Pu. This corresponds to the Pu vector
in spent light water reactor fuel burnt to approximately
42MWd/kgHM, if reprocessed immediately [10].

Secondly, the Integral Fuel Burnable Absorber (IFBA)
concept is preferred over the use ofGd

2
O
3
as a BA.The reason

not to use Gd
2
O
3
is that it is normally mixed into the fuel

matrix. SinceTh-MOX is already amixed oxide, usingGd
2
O
3

would require a ternary mixture of ThO
2
, PuO

2
, and Gd

2
O
3

which is very difficult to fabricate with good homogeneity.
The IFBA concept entails a thin layer of zirconium boride
applied to the surface of the fuel pellets [11].

In order to achieve an even power profile within the fuel
assembly, three different levels of Pu content are used. The
rods with the highest Pu content contain 13.7% Pu, the lowest
9% Pu, and the rest 11.7% Pu. The fuel assembly design is
shown in Figure 4.

The mixture of ThO
2
and PuO

2
has a slightly lower

density than UO
2
due to the lower mass number ofTh. Given
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Figure 3:TheBA-containingUOX reference fuel assembly design (a
quarter of the fuel assembly). Yellow rods consist of 4.4% enriched
uranium; red rods consist of 2.8% enriched uraniumand 6% Gd

2
O
3
.

The non-BA-containing reference fuel design is identical except that
all rods are of the former (yellow) type.

that the same mechanical structure is used, this results in a
slightly lower assembly heavy metal weight; 431 kg, assuming
the same porosity.

3. Method

3.1. Simulation Tools. The fuel assembly simulations are
carried out in two dimensions, using the fuel assembly
burnup simulation program CASMO-4E [8] together with
the microscopic cross-section library JEF2.2. CASMO-4E
generates cross-section data for the subsequent use in core
simulations.

The core simulations are carried out in three dimen-
sions, using SIMULATE-3 [9] and the macroscopic cross-
section libraries generated by CASMO-4E and converted
by the linking program CMS-link (Studsvik Scandpower’s
Core Management System (CMS) linking program [12]).
SIMULATE-3 is a two-group steady-state nodal code. All the
used softwares are supplied by Studsvik Scandpower, Inc.

3.2. Reload Safety Evaluation. The Swedish Radiation Safety
Authority requires that an RSE is performed for every core
reload, in order to ensure that the reactor can be operated
safely with the new core design during the whole cycle. The
reload safety evaluation employed at Ringhals 3 is based on
the Westinghouse reload methodology which is licensed by
the United States Nuclear Regulatory Commission (USNRC)
as described in the topical report WCAP-9272 [13]. This is a
bounding analysis approach, and it is employed in this work
in the same way as is usually done when a new reload is
designed for Ringhals 3.

In the RSE, a number of key parameters are calculated.
These are effective delayed neutron fraction𝛽eff, boronworth,

Figure 4: The Th-MOX fuel assembly design (a quarter of the fuel
assembly). Yellow rods contain 13.7%, red rods 11.7%, and grey rods
9.0% Pu (weight percent of heavy metal content). The zirconium
boride layer is too thin to be visible in the figure.

Shut Down Margins (SDM), Moderator Density Coefficient
(MDC),Moderator Temperature Coefficient (MTC), Isother-
mal Temperature Coefficient (ITC), Doppler Temperature
Coefficient (DTC), and Doppler Power Coefficient (DPC).
For each of these (except for the MTC, in the case of
Ringhals 3), there are a lower and/or upper safety limits,
specific to the reactor for which the calculations are done.
These safety limits take into account the uncertainty in the
calculations.

The calculated values of key parameters are then used for
checking whether safety conditions are fulfilled for a large
number of transients; that is, whether there is departure from
nucleate boiling and whether the burnup-dependent limit on
the linear heat generation rate (LHGR) is contained.

4. Results

4.1. Depletion Behaviour. The infinite multiplication factor
𝑘
∞

for the different fuel assemblies is shown in Figure 5.
One clear difference between theTh-MOX and the reference
fuel is that the reactivity decreases more slowly in the Th-
MOX case. Another difference is seen during the first cycle
(approximately the first 1/3 of the curves), and that is the
difference in the rate with which the BA burns out. Whereas
the Gd

2
O
3
burns out fairly rapidly and almost linearly, the

effect of the IFBA in the Th-MOX assembly lingers for a
longer time and decays rather exponentially. In both cases,
the objective of avoiding an exceedingly high 𝑘

∞
at the

Beginning Of Life (BOL) is fulfilled. If BA would not be
used, the much higher reactivity of the fresh fuel assemblies
compared with the once or twice burnt would cause locally
high-power levelswhere the fresh fuel is located, whichwould
limit the power at which the reactor can be safely operated.
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, that is, local power relative to core average power as a

function of burnup.

Also, a higher concentration of soluble boron would be
needed to keep the reactor critical.

In order to reach the desired operating time of three
18-month cycles, the assembly average discharge burnup is
increased to 78MWd/kgHM in the Th-MOX case. It should
be noted that this discharge burnup is considerably higher
than the currently employed limits on UOX fuel. There are
several reasons to believe that this burnup will in fact be
achievable. Firstly, although the burnup is high, the residence
time within the reactor is only 4.5 years. Whereas this resi-
dence time is quite long for PWR fuel, it is a normal residence
time for boilingwater reactor fuel, so fuel aging factors related
to the residence time should be within acceptable range.

Secondly, it is expected that thorium-based fuel will have a
capacity to keep its thermal and mechanical robustness to
high burnup, for several reasons. One is that the thermal con-
ductivity of theThorium-PlutoniumMixed Oxide ceramic is
higher than that of a corresponding uranium oxide ceramic,
up to about 14% Pu [6]. This means that the fuel temperature
will remain lower in the pellet, causing less swelling, less
pellet-cladding mechanical interaction, and a larger margin
to fuel melting. Another reason is that fission gases have a
lower mobility in the thorium oxide matrix, which results in
a lower fission gas release. The higher thermal conductivity
also has a beneficial effect on the fission gas release, since the
lower fuel temperature makes the fission gases diffuse more
slowly.

Deterioration of the cladding integrity may constitute an
obstacle to safe operation at high burnups. This is partially
mitigated by the fact that the residence time is not extremely
long, and there are documented cases of cladding operating
well up to such burnups [14]. There are also interesting ini-
tiatives towards combining thorium fuel with silicon carbide
cladding for realizing much higher burnups than the current
standard [15].

4.2. Power Distribution. As mentioned, the development of
the infinite multiplication factor with burnup is important
for maintaining an even power distribution within the core.
The parameter 𝐹

𝑄
denotes the maximum local fuel rod linear

power density divided by the average fuel rod linear power
density.
𝐹
𝑄
is calculated for equilibrium xenon at Beginning Of

Cycle (BOC), Middle Of Cycle (MOC), End Of Gadolinium
(EOG), and at End Of Full Power (EOFP). The highest 𝐹

𝑄

in the core, for normal operating conditions, is plotted in
Figure 6 as a function of burnup. As can be seen, 𝐹

𝑄
is higher

for the Th-MOX fuel than for the reference fuel but stays
comfortably below the limiting value.

Another measure of the evenness of the power distribu-
tion is 𝐹

Δ𝐻
, which for each fuel rod denotes the integral rod

power of that fuel rod relative to the average integral rod
power. This parameter is calculated similarly to 𝐹

𝑄
and the

highest value, corresponding to the hottest rod, is plotted in
Figure 7. In this case, the value for Th-MOX is similar and
even a bit lower than that for the reference fuel, and also below
the limiting value.

The limits are set by the material properties of the fuel,
and the same limits are employed for the Th-MOX core
and the reference core. The limits displayed in these plots
are the least restrictive ones, which are applicable for fresh
fuel. For older fuel, lower limits are applied. A more detailed
analysis shows that some of the older fuel assemblies break
the applicable age-dependent limits in the Th-MOX case.
However, as discussed in Section 4.1, there are reasons to
believe thatTh-MOX fuel will have better material properties
than UOX fuel also at high burnup.

Keeping the power distribution even has two main
purposes, one being economical utilization of the fuel and
the other one being to allow operation at high power
without reaching departure from nucleate boiling anywhere
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, that is, maximum rod power relative to core average
rod power as a function of burnup.

in the core. Ameasure of how large themargin is to departure
from nucleate boiling is the Departure fromNucleate Boiling
Ratio (DNBR). This is the ratio between the heat flux which
would cause departure from nucleate boiling and the actual
local heat flux at a fuel rod surface and should thus be
kept above unity, and preferably above a certain threshold
to provide margin to departure from nucleate boiling in the
case of transient events. The threshold employed in Ringhals
3 is 1.36. The reference fuel is very slightly above the limit,
whereas the Th-MOX fuel has a larger margin with a cycle
minimum DNBR of 1.43. This is a very positive feature of
the core, which provides extra margin in a large number of
transients.

4.3. Control Systems. The boron worth is calculated for
boron concentrations between 0 and 2500 ppm and for the
whole power range, from Hot Zero Power (HZP) with no
xenon to Hot Full Power (HFP) with xenon equilibrium.
Usually natural boron is used for reactivity control, that
is, with 19.8%10B, which is the isotope having the largest
thermal neutron capture cross section. Using this isotopic
composition, the boron worth is significantly reduced (closer
to zero) in the Th-MOX case. This is expected, since the
presence of large absorption resonances in several of the Pu
isotopes causes the flux to decrease at the thermal energies
where 10B has its highest absorption cross section. In order to
cope with this problem, the Th-MOX cycle is simulated with
boron enriched to 60% in 10B. As can be seen in Table 1, this
gives a boron worth for the Th-MOX core similar to that in
the reference UOX core, and within the safety limits.

The flatter slope of 𝑘
∞
, which allows for a lower initial

𝑘
∞
of theTh-MOX assembly, lowers the boron concentration

needed for keeping 𝑘eff equal to unity. The use of enriched
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Figure 8: Boron concentration as a function of burnup.

Table 1: Control rod and boron worth, their limits, and the
calculated values for the Th-MOX and the reference UOX core.
For the Th-MOX core, the boron used for reactivity control is
enriched to 60% in 10B instead of the usual 19.8% (natural isotopic
composition), and stronger control rods are used.

Parameter Limit UOX-ref Th-MOX
Min boron worth [pcm/ppm] −15 −8.3 −8.7
Max boron worth [pcm/ppm] −5 −6.2 −5.2
Min SDM [pcm] 2000 2559 3895
Max rod worth [pcm] — 6505 7808

boron enhances this effect significantly, and the result is
shown in Figure 8.

The same mechanisms that cause the lower boron worth
for Th-MOX fuel also cause a significant lowering of the
control rod worth. In order to adhere to the limits on
SDM, the normal control rods, containing a silver-indium-
cadmium alloy as the neutron absorber, had to be exchanged
for stronger ones containing B

4
C. This shortens the lifetime

of the control rods but improves the shutdown margin
significantly. Furthermore, the four extra openings available
in the Ringhals 3 pressure vessel have been utilized for
inserting four extra control rods in addition to the 48 which
are normally used. The values shown in Table 1 show that the
minimum SDM with the B

4
C control rods is well above the

lower limit.
Also the maximum control rod worth is shown in Table 1

and proves to be higher than the reference.This gives a higher
value of the Ejected Rod Worth (ERW) in case of a Rod
Ejection Accident (REA) when this transient is evaluated at
HZP. However, when evaluated at HFP, the ERW is smaller
than the reference, as discussed in Section 4.5. This is most
likely due to the strong DTC, discussed in Section 4.4. The
same tendency can be seen for the Differential Rod Worth
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Table 2: Key safety parameters, their limits, and the calculated
values for the Th-MOX and the reference UOX core. No limit is
specified for moderator temperature coefficient in Ringhals 3.

Parameter Limit UOX-ref Th-MOX
Max MDC
[(Δ𝑘/𝑘)/(g/cm3)] 0.50 0.41 0.34

Max MTC [pcm/K] — −1.3 −4.0
Max ITC [pcm/K] 0.0 −4.4 −7.9
Min DTC [pcm/K] −4.00 −3.72 −4.53
Max DTC [pcm/K] −1.70 −2.10 −2.36
Min DPC [pcm/% power] −21.0 −15.5 −21.5
Max DPC [pcm/% power] −6.5 −9.8 −14.6
Min 𝛽eff EOC [pcm] 430 502 350
Max 𝛽eff BOC [pcm] 720 647 370

(DRW) in case of Rod Withdrawal At Power (RWAP), also
discussed in Section 4.5.

4.4. Key Safety Parameters. TheMDC quantifies the reactiv-
ity change caused by a change in moderator density when all
other parameters, such as core power, moderator flow, and
fuel temperature, are kept constant. The highest and hence
most limiting MDC occurs at End Of Cycle (EOC), HFP, All
control Rods Inserted (ARI), a boron concentration of 0 ppm,
and the highest averagemoderator temperature, 305.3∘C.This
is clearly not a set of authentic operating parameters; for
example, the core is never operated at HFP with ARI, but it
guarantees that the calculated value of MDC is conservative.
As can be seen in Table 2 the MDC of the Th-MOX core
is smaller than that of the reference core and is well within
the safety limits. As will be discussed below, this small value
of the MDC is beneficial in many transient scenarios. Many
transients involve a cooling of the core, which leads to an
increase of the moderator density. The small positive MDC
in the Th-MOX core means that the associated reactivity
increase is comparatively small.

A high MDC corresponds to a low MTC and vice versa,
so the highest MTC occurs at the operating conditions
corresponding to the lowest MDC, which are BOC, HZP,
All control Rods Out (ARO), no xenon, and critical boron
concentration. The MTC is the ratio between the reactivity
change caused by a change inmoderator temperature, divided
by the magnitude of that temperature change. For Ringhals 3,
a limit is defined for the ITC instead of the MTC although
the MTC is used in many transient simulations and is
thus of great interest. The MTC at BOC for Th-MOX fuel
is significantly lower than that of the reference, providing
a larger margin to becoming positive. Later in the cycle,
however, theMTC of theTh-MOX fuelled core is higher than
that of the reference core (−75 pcm/K at EOC to be compared
with −89 pcm/K for the reference). This means, once again,
that many transients are handled in a better way, since the
reactivity increase related to a temperature decrease is smaller
for Th-MOX fuel than for the reference UOX fuel.

The ITC corresponds to the change in reactivity caused
by a simultaneous increase of the temperature of all present

materials while all other parameters are kept constant. The
limiting ITC occurs at BOC, HZP, no xenon, and maximum
samarium. The ITC for both the Th-MOX and the reference
core is well within the safety limits, the ITC for the Th-MOX
core being significantly larger in amplitude than that of the
reference core.

The MDC, MTC, and ITC all show the same tendency of
larger amplitudes for theTh-MOX fuel than for the reference.
This is primarily due to the two competing effects of a
moderator density increase (associated with a temperature
decrease in the MTC and ITC cases). An increase in the
moderator density causes an increase in the parasitic neutron
absorption by the moderator. This effect is independent on
fuel type. However, the density increase also improves the
moderation which causes a thermalization of the neutron
spectrum.This in turn increases themacroscopic fission cross
section to an extent which depends on the specific energy
dependence of the microscopic fission cross sections of the
fissile nuclei present in the fuel. In the Th-MOX fuel, the
dominating fissile isotopes are 239Pu and 241Pu, which have
large peaks in theirmicroscopic fission cross sections at about
0.3 eV. The main fissile isotope in the reference UOX fuel is
235U, which has a smaller peak at 0.3 eV. Pu bearing fuels thus
benefit more than UOX fuel from the thermalization of the
neutron spectrum caused by a density increase.

The DTC indicates the reactivity response caused by a
change in fuel temperature only, due to the Doppler broad-
ening of the absorption resonances of the fuel material. This
parameter varies quite irregularly with power and burnup,
so it is calculated for several different sets of operating
conditions and a minimum and maximum value is sought.
Due to the presence of several nuclides in the Th-MOX fuel,
the DTC is lower (larger in amplitude, negative) in the Th-
MOX core than in the reference UOX core, below the lower
safety limit. When the result is outside the safety limits, a
closer investigationmust bemade of the transient simulations
where the minimum value of the DTC is used. These are
Feed Water Malfunction (FWM), Steam Line Break (SLB),
at HFP and HZP, Feed Line Break (FLB), Inadvertent Safety
Injection (ISI) and the previouslymentioned REA andRWAP
transients. These are the same transient simulations that use
the minimum value of 𝛽eff and will be discussed in the
following section.

A closely related parameter is the DPC. It is defined as
the reactivity change due to a change in core power, which
is related to a corresponding change in fuel and cladding
temperatures while the moderator temperature is fixed. The
physical principle behind the DPC is thus the same as for the
DTC.TheDPC is also calculated at a large number of burnup
and power levels. For illustration, the DPC at 100% power is
listed in Table 2, sincemost transients start at this power level.
As can be seen, the DPC is slightly below the lower safety
limit in the Th-MOX fuelled core. The transients where the
minimum DPC is used are the following: Loss Of Normal
Feedwater/Offsite Power (LONF/LOOP), Partial/Complete
Loss of Flow (PLOF/CLOF), Locked Rotor (LR), and Steam
Generator Tube Rupture (SGTR) and also some of the same
transients that use the minimum DTC: FLB, RWAP, and ISI.
Also these transients will be discussed in Section 4.5.
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Table 3: Calculated safety parameters for the representative tran-
sients SLB, REA, and RWAP. For REA, the parameters and limits
are for EOC conditions. For SLB and RWAP, the same limits are
employed throughout the cycle and the parameters which are listed
for the moment in the cycle where they are closest to these limits.

Parameter Limit UOX-ref Th-MOX
SLB at HZP, limiting moment

Min DNBR [−] 2.93 4.56 5.37
SLB at HFP, limiting moment

Min DNBR [−] 1.36 1.86 1.93
Max LHGR [W/cm] 545 426 440

REA at HZP, EOC
Max ERW [$] 2.55 0.99 1.12
Max 𝐹

𝑄
[−] 59.2 15.3 9.48

REA at HFP, EOC
Max ERW [$] 0.30 0.056 0.047
Max 𝐹

𝑄
[−] 5.75 2.183 2.079

RWAP at HFP, limiting moment
Max DRW [pcm/cm] 50 11.95 10.88

The effective delayed neutron fraction 𝛽eff is calculated
at BOC and EOC for HZP, ARO, no xenon, and maximum
samarium. 𝛽eff is strongly affected by the fissioning isotope.
Thenumbers inTable 2mainly reflect the fact that the delayed
neutron fraction is considerably lower (less than half) in
239Pu and 233U compared with 235U, which leads to a 𝛽eff
below the lower safety limit. This indicates that the Th-
MOX-core will have a smaller margin to prompt criticality
compared with the reference. As mentioned, the minimum
value of 𝛽eff is used in the same transients as the minimum
DTC: FWM, SLB at HZP andHFP, FLB, RWAP, ISI, and REA.
These transients are discussed below.

4.5. Transient Simulations. A large number of transients have
previously been simulated in large detail for the accepted
values of the safety parameters, that is, for the values between
the upper and lower limits shown in Table 2. As long as the
key parameters fall within the safety limits, these general
simulations are applicable and the outcome of the transient
is known to be acceptable. When any of the key parameters
discussed above falls outside the safety limits, the affected
transientsmust be checked in order to determinewhether the
outcome is acceptable. As noted above, 𝛽eff, DPC, and DTC
fall outside these safety limits forTh-MOX fuel, whichmeans
that the transient simulations which have been carried out for
Ringhals 3 have not been carried out for the calculated values
for these parameters. A discussion of the affected transients
follows, indicating why they are likely to be acceptable even
though the simulation results are not exactly applicable. Some
representative simulation results are listed inTable 3, showing
that themargins are large in all cases, and inmany cases larger
for Th-MOX than for the reference fuel.

All of the transients where the minimum value of 𝛽eff
is used, except for REA, are rather slow transients; that is,

they happen over a time scale of a few seconds. Within this
time frame, there is time for the comparatively slow feedback
process provided by the MTC and the MDC to contribute.

In the cases of FWM, SLB, and FLB, the moderator
temperature sinks and the density increases. The generally
weaker reactivity feedback provided by the higher MTC and
lower MDC in the Th-MOX case makes the consequent
reactivity increase smaller compared with the reference case,
which causes the Th-MOX core to behave well in these
transients despite the lower 𝛽eff. DNBR and in the HFP case
also LHGR are checked and the calculated values for SLB are
listed in Table 3. As previously mentioned, the margins to the
limiting values are seen to be large.There are small differences
betweenTh-MOX and the reference, which depend partly on
the fuel type and partly on the core design in each case.

An ISI involves an increased flow of borated water to the
core. This transient has large margins and the power never
increases above 100%, neither for the Th-MOX core nor the
reference core, so this transient does not imply any safety
concerns.

For the REA transient, the minimum value of 𝛽eff is of
larger importance, since the transient is fast. However, the
results of the analysis show that all investigated parameters
(the maximum ejected rod worth and 𝐹

𝑄
) were within the

employed limits with goodmargins throughout the transient.
The reason for this is that the large negative DPC and DTC of
theTh-MOXcore provide strong and rapid negative reactivity
feedback. In theHFP case, where the fuel temperature is high,
the ERW is even lower for the Th-MOX fuel than for the
reference. Given the large margins there is good reason to
believe that aTh-MOX-fuelled core would cope well with this
transient even though the actual value of 𝛽eff is smaller than
the one used in the simulations.

RWAP is similar to REA but happens more slowly, so
the large negative DPC should make also this transient
acceptable. The listed value of the maximum differential rod
worth for the Th-MOX case, showing an even larger margin
to the limit than the reference, strengthens this assumption.

As mentioned above, the transients in which the min-
imum DPC plays a role also involve the value of 𝛽eff, but
the maximum value of 𝛽eff rather than the minimum value
discussed above. The main concern in these cases is the
reactivity increase after a SCRAM caused by the low DPC.
However, the strong (and added) control rods provide an
extra reactivity margin during and after a SCRAM, which
makes it very likely that also these transients will turn out
well. Also, the small value of the maximum 𝛽eff makes the
power decrease at SCRAM come faster than in the reference
case, which leaves a smaller decay power that needs to be
cooled off.

5. Conclusions

The simulations, which have been carried out according
to the same routines which are normally employed when
designing a new reload, do not show any fundamental
obstacles to loading the Ringhals 3 core with Th-MOX fuel
with maintained safety margins in normal operation and
transient scenarios. However, the condition is that the control
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systems are upgraded: Boron enriched to 60% in 10B must
be used for reactivity control, and stronger control rods
than the current ones must be used for shutdown. In our
simulations, control rods with B

4
C are used, which fulfil the

safety conditions. In addition, it might be necessary to utilize
the four currently unused control rod openings for inserting
four additional control rods.

Three kinetic parameters, namely, the minimumDoppler
power, temperature coefficients, and the minimum effective
delayed neutron fraction 𝛽eff, have values outside the current
safety limits. However, differences in the values of the
reactivity coefficients alongwith the extramargins at SCRAM
provided by the use of stronger control rods make it possible
to argue that theTh-MOX-fuelled core will behave acceptably
also in transients where these parameters are of importance.

What remains to be done is to carry out the transient
simulations in detail, using the exact calculated values of
the key parameters for Th-MOX fuel. This is a major
undertaking, which does not only require a large amount
of computing capacity and modelling work, but also that
temperature and power limits specific to Th-MOX fuel are
determined experimentally. These parameters are assessed in
an upcoming experiment which will be carried out in the
Halden research reactor [16]. This experiment also aims to
experimentally confirm the claims made aboutTh-MOX fuel
being able to withstand higher burnup than UOX fuel while
maintaining acceptable thermal and mechanical robustness.

Ringhals 3 is a typical PWR, which started commercial
power production as early as 1981. Hence, it has no features
which would make it particularly suited for using Th-MOX
fuel. Thus, our conclusion, based on this limited set of
simulations, is that PWRs in general can be loaded with Th-
MOX fuel, given that the control systems are strong enough
and that the properties of theTh-MOX fuel material become
experimentally determined.
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The mixed oxide (MOX) fuel is one of the most important fuels for the advanced reactors in the future. It is flexible to be applied
either in the thermal reactor like pressurized water reactor (PWR) or in the fast reactor (FR). This paper compares the two
approaches from the view of fuel cost. Two features are involved. (1) The cost of electricity (COE) is investigated based on the
simulation of realistic operation of a practical PWR power plant and a typical fast breeder reactor design. (2) A new economic
analysis model is established, considering the discount rate and the revenue of the reprocessed plutonium besides the traditional
costs in the processes of fuel cycle. The sensitivity of COE to the changing parameters is also analyzed. The results show that, in the
closed fuel cycle, the fuel cost of applying MOX fuels in the FBR is about 25% lower than that in the PWR at the current operating
and fuel cycle level.

1. Introduction

The closed fuel cycle becomes more and more attractive in
the fast development of nuclear industry. Many countries
have executed or decided to execute such strategy. Especially
in China, the nuclear energy expanded rapidly in the past
several years. In the future, it is pointed that the nuclear
power installation will be over 75 GWe by 2020. Huge
amount of natural uranium is required. Large pressure is
withstood for the low efficiency of current resources utiliza-
tion. The closed fuel cycle strategy becomes the necessary
choice.

The fabrication, application, and reprocessing of mixed
oxide (MOX) fuel is one of the key technologies in the
closed fuel cycle. By using the reprocessed plutonium, the
utilization efficiency of uranium, which is defined as the mass
of uranium consumed duo to per kilowatt hour electricity
production, is significantly increased. The previous studies
have shown that the utilizing of MOX fuel in the thermal
reactors can increase the utilization efficiency by 20%–
30% [1]. If it is applied in the fast reactors (FRs), the
efficiency can be increased by 20 times [2]. From 1996,
the European union (EU) countries have used over 104
tons of plutonium in the thermal reactors and saved about
10% uranium [3]. Up to now, several fast reactors have

been loaded with the MOX fuel and proved to be feasible
[4].

In China, the closed fuel cycle strategy and the reusing
of the recycled plutonium have been determined by the
government. However, the way to reuse the plutonium is still
need to be considered further, especially for the investor of
nuclear power plant. The cost must be considered seriously.
It sometimes dominates the decision. For the nuclear power
plant, the MOX fuel can be used in both thermal and fast
reactors. Therefore, it is useful to analyze the composition of
cost while using the MOX fuel in different reactors and make
the comparisons to suggest a better decision from the view of
economics besides the technologies, and so forth.

The economic analysis on the fuel cycle has been paid
attention to since years ago. In 1991, the Westinghouse
applied the minimum revenue requirement method to
analysis the economics of open and closed fuel cycles [5].
Owen and Omberg compared the economics of pressurized
water reactor (PWR) and FR. They pointed out that the
construction cost and fuel cost are the two main parts [6].
In 2003, Bunn and Fetter studied the economics of open and
closed fuel cycles considering the MOX fuel, in which the
reliability of economic parameters is specially evaluated [7].

In this study, the fuel costs of using the MOX fuels
in PWR and FBR are investigated, considering the current
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Figure 1: The computational flowchart of reactor core simulation.

design of reactors besides the economic parameters only. The
operation of power plant is simulated by the reactor core
analysis codes. The comparisons in the current or near future
situation are analyzed. Also the sensitivity of the costs is
predicted. The results show that the fuel cost of electricity
(FCOE) in PWR with MOX fuel loaded is 25% higher than
that of in FBR. But the situation will be changed with the
burnup and discount rate.

2. Evaluation Methods

2.1. Reactor Core Simulation Method. To simulate the oper-
ation of PWR with the MOX fuel loaded, the code package
CASMO/SIMULATE [8, 9] is applied according to the
computational flowchart as in Figure 1. For the fast reactor
simulation, the code package PIJ/CITATIONBN is used. This
is a home-developed code for fast reactor analysis, which is
also based on the computational flowchart as in Figure 1.

2.2. Economic Analysis Method. To avoid the confusion
from the differences of reactors, the fuel cost of electricity
(FCOE) evaluated by the cost per kilowatt hour electricity
production from the fuel cycle is applied in the analysis.
The mass flow of heavy metal (including the uranium and
plutonium) in the closed fuel cycle is illustrated in Figure 2.
The differences between reusing the recycled plutonium in

PWR and FBR arise in two main aspects. (1) Even after
loading the plutonium, the fuels in PWR still consist of the
MOX fuel and the necessary UO2 fuel. Therefore, the cost
is contributed from both the two kinds of fuels. (2) The
plutonium bred in the FBR is valuable for further use. The
feed material of FBR is contributed from two sources, that
is, the recycled plutonium from PWR spent fuel and the
plutonium bred in FBR.

Cash flow as in Figure 3 depicts the main costs of MOX
fuel in the fuel cycle. The horizontal axis represents the
timeline, and the sizes of bars represent nominal costs
associated with the subscripted processes. As in the figures,
the values above the horizontal axis denote the cost, while
the below ones denote the revenue. Here, the time tom, at
which the fuels are consumed for generating the electricity,
is appointed as the reference time. P- and F- stand for the
variables in the PWR and FBR, respectively. Cu, Cc, Cs, and
Cl f are the costs of original uranium, chemical conversion of
UF6, separative work and enriching process, and UO2 fuel
assembly fabrication, respectively. tu, tc, ts, and tl f are the
times at which these costs are paid relative to tom. Cr , Cdh,
CDU , andCmf are the costs of reprocessing the spent UO2 fuel
assemblies, disposal of the high-level waste (HLW), depleted
uranium (from the tails in enriching process) purchasing,
and MOX fuel assembly fabrication at tr , tdh, tDU , and tm f ,
respectively. When the fuels are ready, they will be loaded
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Figure 2: The mass flow of heavy metal in the closed fuel cycle.

in reactor. Cmd and Cld are taken as the total costs of
interim storage and disposal of the MOX fuel and UO2 fuel
after discharging, respectively. For the fast breeder reactor, it
should be noted that the plutonium from breeding is taken
as the revenue. Cbd is the total cost of fuels in the blanket of
FBR after discharging.

The cost of a power plant consists of the capital cost, fuel
cost, annual cost, and so forth. This study focuses only on the
fuel costs.

For the PWR, due to the limit of loading fraction, two
kinds of fuels should be considered together, that is, the UO2

fuel and the MOX fuel. The cost is formulated as:

CPWR = w
CP-MOXFc,MOX

24, 000BUMOXε
+ (1−w)

CP-UO2Fc,UO2

24, 000BUO2ε
, (1)

where w is the power fraction of MOX fuel in the reactor core
and ε is the thermal efficiency of the power plant (kWe/kWt).
CP-MOX and CP-UO2 are the costs of MOX fuel and UO2 fuel,
respectively. The carrying charge factor, Fc (usually smaller
than 1.0), accounts for the fact that the electricity revenue

to pay for the disposal over the time τ as in (2), BU, is the
discharging burnup. Then,

Fc = τi
(1 + i)τ − 1

, (2)

where i denotes the discount rate.
The costs of UO2 fuel and MOX fuel are obtained

according to the material flow and cash flow described above.
They are represented as follows:

CP-UO2 = C′u + C′c + C′s + C′l f + C′ld,

CP-MOX = C′r + C′dh + C′DU + C′m f + C′md,
(3)

where P- denotes the variable related to the PWR. C′u, C′c,
C′s , C

′
l f , and C′ld represent the same variables as in Figure 3.

The superscript denotes that the losses including the loss of
material and capital in these processes are considered.

For the fast breeder reactor, there are also two types
of fuel assemblies. The seed assemblies, made from the
MOX fuel, produce most of the energy for generating
the electricity. The blanket assemblies, which contain only
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depleted uranium, breed the plutonium with small fraction
of electricity production. Therefore, the composition of fuel
cost is

CFR = (Cc + Cab)Fc + CrbFrb

24, 000BUε
− MPuCPuFc

(1 + i)tPu24, 000BUε
, (4)

where Cc, Cab, and Crb are the cost in seed assemblies,
axial blankets, and radial blankets, respectively. They are

0

1

2

3

4

5

3 3 3 3 3 2
3 3 3 3 23

3 3 23
2 2

2

2
2

2
2

2
1

1 1 0
2 1 0 0

1 1 0
1 1 0

1 1 0 0
1 0 0

0 0

3 3 3 3 23
3 3 23

2 2
2

2
2

2
2

1

1 1 0 0
1 1 0

1 1 0
1 1 0 0

1 0 0
0 0

5
3

4
4

4
4

4

3 2
2

3 2
3 2

2
2

3
1

1

0
1

0
0

1
1

1
0

0

3
4

4
4

4
4

4

2
3 2

3 2
2

2
3

1
1

1
0

0
1

1
1

0
0

3

3
0

0

4

New subassembly

Subassembly after 1 cycle

Subassembly after 2 cycles

Subassembly after 3 cycles

Subassembly after 4 cycles

Subassembly after 5 cycles

Control rod

Scram rod

Radial reflector

Steel shielding assembly
(1st row)

Steel shielding assembly
(2nd-3rd rows)

Figure 5: The loading pattern of fuel assemblies in the fast reactor.

determined depending on the material and cash flow as
follows:

CC-mox = C′r + C′dh + C′DU + C′m f + C′md,

Ca-b = C′a-DU + C′a-b f + C′a-md,

Cr-b = C′r-DU + C′r-b f + C′r-md,

(5)

where F- denotes the variable related to the FBR.
For the fast breeder reactor, the discharged plutonium

from breeding is very important and can be further used in
other fast reactors. It is considered as the potential revenue.
The benefit is represented as in (4). CPu is the revenue of
recycled plutonium from breeding. M represents the mass.

Additionally, a special issue should be noticed, and
the plutonium should be stored for some time before it
is fabricated into the new fuel assemblies. However, it is
expensive to keep the reprocessed plutonium securely. The
additional cost should be involved.

3. Simulation of the PWR and FBR with
MOX Fuel Loaded

3.1. Performance of PWR with MOX Fuel Loaded. The M310-
type PWR is chosen in the simulation for its common
installation. However, limited by the safety factors, the
fraction of MOX fuel in the reactor core should not exceed
30% due to the change by the plutonium [1].
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Figure 6: The mass balance of heavy metal in the closed fuel cycle.

In the original reactor core, only the UO2 fuel assemblies
are loaded. The MOX fuel assemblies are imported batch
by batch. The plutonium in MOX fuel is reprocessed from
the current PWR spent fuels. The composition is given as in
Table 1.

The refueling scheme is illustrated as in Figure 4. The
in-out refueling scheme with low-leakage consideration is
adopted. After refueling five times, the new equilibrium cycle
is obtained. A total of, 48 MOX fuel assemblies are loaded
in the reactor core. The fraction is 30%, similar with the
mostly common case in the EU PWR power plants [3].
The reactor performances in the equilibrium cycle are given
in Table 2. It indicates that, in this reactor core design,
loading MOX fuel does not bring significant changes in the
core performance compared with the traditional UO2-fueled
PWR.

3.2. Performance of FBR with MOX Fuel Loaded. The BN600-
type fast reactor is chosen as the basis for its success operation
experience [10]. The composition of plutonium in the MOX
fuel is the same with the one in PWR, but the weight percent
is higher, up to 22.05%.

There are two options in developing a fast reactor, one is
called the breeder reactor, and the other is called the burner
reactor. In this study, the breeder reactor is investigated only
since the economics of the burner is not so meaningful. From
this point, the core design is improved from the current
BN600’s. The radial blanket is added to enhance the breeding
and make the conversion ratio bigger than 1.0. The loading
pattern is illustrated as in Figure 5, mainly based on the
original design, but four rings of blanket assemblies are
arranged outside the driver. A total of 474 seed assemblies
and 336 blanket assemblies are loaded.
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Table 1: The composition of reprocessed plutonium.

Isotopes 238Pu 239Pu 240Pu 241Pu 242Pu

Mass percent/% 2.85 52.28 23.33 15.20 6.34

Table 2: The reactor core performance of PWR with MOX fuel
loaded.

Items Value

Length of cycle (EFPD1) 480

Maximum burnup of UO2 assembly (GWd/tHM2) 53.02

Maximum burnup of MOX assembly (GWd/tHM) 49.56

Average burnup of UO2 assembly (GWd/tHM) 46.69

Average burnup of MOX assembly (GWd/tHM) 47.11

Critical concentration of boric solution, BOL (ppm3) 1773

Enthalpy rising factor, BOL4/EOL5 1.51/1.34

Axial power peak factor, BOL/EOL 1.47/1.33

Radial power peak factor, BOL/EOL 1.34/1.17
1
Effective full power day. 2Tons of heavy metal. 3Parts per million.

4Beginning of life. 5End of life.

The out-in refueling scheme is designed. Figure 5 also
shows the refueling scheme. In each refueling process, 120
new seed assemblies and 66 blanket assemblies are loaded.
The seed assemblies are totally renewed after 4 batches of
refueling, and the blanket assemblies are renewed after 5
batches of refueling.

The reactor performances are simulated by using
PIJ/CITATION. After 10 batches of refueling, the equilibrium
cycle can be obtained. The parameters are obtained as in
Table 3. The averaged burnup reaches 105.19 GWd/tHM.
The consumption of plutonium in each cycle is 0.6 tons with
the conversion ratio bigger than 1.0. It is also consistent with
the common core performance of fast breeder reactor.

Table 3: The reactor core performance of FBR with MOX fuel
loaded.

Items Value

Length of cycle (EFPD) 225

Reactivity loss (Δk/k%) 4.25

Average burnup (GWd/tHM) 105.19

Max. burnup (GWd/tHM) 113.13

Mass of plutonium loading (ton) 0.6

Mass of discharged plutonium from blankets each
cycle (ton)

0.192

Power fraction in the seed assemblies, BOC/EOC
(%)

96.62/93.78

Axial power peak factor, BOC/EOC 1.239/1.199

Axial power peak factor, BOC/EOC 1.197/1.197

Max. linear power density (kw/m) 38.9

Conversion ratio, BOC/EOC 1.09/1.137

Based on the simulation, the mass balance can be
obtained from the following economic analysis. Besides, the
discharging parameters are also necessary to analyze the
FCOE. Since all the core performances in PWR and FBR
do not deviate from the traditional conditions of current
UO2-fueled reactors, no excess changes should be considered
further in operating the reactors due to loading the MOX
fuel.

4. Economic Analysis

4.1. Analysis in Current Level. The price in the processes
of fuel cycle is the most important economic parameter.
The price used in this study is cited from the website
http://www.uxc.com and the literature [6]. Table 4 summa-
rizes the data, and its reference change interval for sensitivity
analysis.
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Table 4: The price of processing techniques and its change interval in the fuel cycle.

Items
Unit ($/kgHM)

Time lag (month) Material loss (%)
Current level Reference change interval

Price of original uranium 109.2 80∼300 −18

Price of chemical conversion 9.23 6.42∼12.84 −12 0.5

Price of UO2 fuel fabrication 275 200∼350 −6 1.0

Price of UO2 spent fuel reprocessing 2107 940∼3712 −24 0.5

Price of reprocessed uranium (RU) 20 0∼100 −24

Price of plutonium storage/$/kgy 1200 1000∼1300 −24∼−6

Price of tails 12 7∼36 −12

Price of depleted uranium 6 0∼100 −12

Price of MOX fuel fabrication for PWR 2215 838∼2754 −6 0.5

Price of MOX fuel fabrication for FBR 2400 1435∼3350 −6 0.5

Price of blanket fuel fabrication for FBR 275 200∼350 −6 0.5

Price of MOX spent fuel storage 470 360∼580 54

Price of recycled plutonium from FBR 2347 1060∼4072 60

Discount rate 5% 2%∼8%

Original uranium

Chemical 
conversion

Enriching

fabrication

storage

Reprocessing

Waste disposal

MOX fuel 
fabrication

MOX spent fuel 
storage

Pu storage

7%

8%

1%

1%

1%
8%

1%

2%

8%

63%

UO2 fuel

UO2 spent fuel

Figure 8: The FCOE composition of using MOX fuel in the PWR.

According to the simulation on the M310-type PWR and
BN600-like fast breeder reactor, the mass balance based on
the mass flow as in Figure 2 is determined. The results are
shown in Figure 6, in which the preprocesses for getting
the depleted uranium is omitted in the FBR cycle for
simplification.

For the PWR loaded with MOX fuel (up to 30%), the
amount of required plutonium equals to the reprocessed
mass from three PWR in the same scale. In this case, the
uranium resources can be saved over 10%. If the currently
reserved PWR spent fuels are used, the fraction will be
increased to over 30%.

Reprocessing

disposal

MOX fuel fabrication

Pu storage

Blanket fuel 
fabrication

Spent fuel storage

1% 1%

3%

81%

9%

5%

UO2 spent fuel

Figure 9: The FCOE composition of using MOX fuel in the FBR.

The final price of MOX fuel reaches 22720 dollar per
kilogram ($/kgHM), which is about 8.5 times higher than the
one of current UO2 fuel. Figure 7 illustrates the composition
of the price. The reprocessing cost dominates the fuel cost,
which is different from the UO2 fuel, whose main part
consists of the cost of original uranium and enriching
process.

The final FCOE of PWR is 2.43 ¢/kwh. Figure 8 illustrates
the composition. For the PWR, the main cost in the fuel
cycle is the one arises in reprocessing. The FCOE of FBR
is 1.83 ¢/kwh; it is even lower than the one in PWR. It
is contributed from the revenue of plutonium bred in the
blankets. Here, the revenue accounts for 55% of the final
FCOE (4.10 ¢/kwh), that is, 2.27 ¢/kwh. Figure 9 illustrates
the composition excluding the revenue.
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Figure 10: The changes of FCOE with reprocessing cost.

In this study, the typical design of a breeder reactor is
investigated. Without considering the revenue in some fast
reactors like ABR [11] (advanced burner reactor designed
by Argonne National Laboratory), the cost will significantly
increase. It will be about twice as much as the one of PWR.
However, considering the revenue, the FCOE is 25% lower
than the one of PWR with 30% MOX fuel loaded.

4.2. Sensitivity Analysis. For the economic analysis, the
uncertainty of parameters is quite important due to many
complicated factors. The sensitivity analysis is necessary.
In this study, the sensitivity is investigated by defining the
coefficient of elasticity as:

εy,x0 =
dy/y

dx/x

∣
∣
∣
∣
∣
x=x0

= x0

y(x0)
y′(x0). (6)

Among the costs in the fuel cycle, the reprocessing cost
accounts for the largest proportion, either in PWR or in FBR.
Figure 10 shows the change of FCOE against the reprocessing
cost. Linear increase arises with the increase of reprocessing
cost. Based on (6), the coefficients of elasticity are 0.64
and 0.72, respectively. It means that if 1% increase of the
reprocessing cost happens, the FCOE of PWR will increase
by 0.64% and the one of FBR will increase by 0.72%, that is,
the FCOE of PWR increases by 0.016 cents, and the one of
FBR increases by 0.013 cents.

The practical design and operation of reactors also
impact heavily on the costs. For FCOE, the coefficients of
elasticity are−0.99 for both PWR and FBR. It means that 1%
increase of burnup contributes about 0.99% decrease of the
FCOE, which is more attractive in PWR for its higher FCOE
at current value. Figure 11 illustrates the change of FCOE
against burnup in PWR and FBR, respectively. The reference
costs are given, which are the current value of FCOE of FBR
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Figure 11: The changes of FCOE with burnup.

and PWR, respectively. It indicates that if the burnup of
PWR can be increased up to 62 GWd/tHM, the FCOE will
be smaller than the one of current FBR even if the revenue
of plutonium is considered. In another aspect, if the burnup
of FBR cannot reach the value as designed in this study,
the FCOE of FBR will increase. If the value is lower than
80 GWd/tHM, the FCOE of PWR will be lower, also even if
the revenue of plutonium is considered.

The discount rate is very important for the FBR, because
the FCOE of FBR is impacted significantly by the revenue
of reprocessed plutonium. Unfortunately, the plutonium
cannot be immediately applied. The plutonium should be
carefully stored as it costs a lot. Due to the effect of time lag,
the cost will be increased. The coefficient of elasticity for the
FBR is 0.73, which is 10 times larger than the one of PWR.
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If the discount rate is greater than 8%, the FCOE of FBR is
larger than the one of PWR.

Additionally, the original uranium cost is thought to be
sensitive for PWR, since most of the fuels are still the UO2

fuels. However, the analysis indicates that the coefficient of
elasticity is only 0.081 at current price of original uranium.
This factor becomes insignificant.

5. Conclusion

In this study, the economics of MOX fuel in the closed
fuel cycle is analyzed. Considering the two options of
applying the MOX fuel, the cost of PWR and FBR are
investigated, respectively. The FCOE is used as the evaluation
parameter. To find the valuable conclusion, the operations of
a typical PWR and FBR are simulated using the reactor core
analysis codes. The economic analysis model is established,
considering all the components in the closed fuel cycle,
especially the revenue of reprocessed plutonium and capital
loss in the time lag.

The FCOE of PWR and of FBR are obtained based on
the reactor parameters in the equilibrium cycles. For the
PWR, the FCOE is 2.43 ¢/kwh, and for the FBR, the FCOE
is 4.10 ¢/kwh. If the value of the reprocessed plutonium
from breeding is considered, the cost will be reduced to
1.83 ¢/kwh, which is even lower than the one of PWR. The
results are sensitive to the cost of reprocessing. The FCOE
linearly increases with the increase of reprocessing cost in
both PWR and FBR, where the PWR’s FCOE keeps larger.
Besides, the FCOE changes sensitively to the burnup and
discount rate. With the increase of burnup in PWR or the
decrease of burnup in FBR, the FCOE of PWR will become
smaller than the one of FBR, even after considering the
revenue of breeding. If the discount rate is large, the value
of plutonium from breeding will be reduced. Also, the FCOE
of PWR will be smaller.

Although it is only a part of the whole costs in construct-
ing and operating a power plant, the FCOE is one of the
most important influencing factors in the daily operation.
This study gives the comparison of FCOE in different MOX
fuel-loaded reactors. It will be useful to analyze the effect of
utilizing the MOX fuel in the future closed fuel cycle.
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