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Prospective fuels for a new reactor type, the so called fixed bed nuclear reactor (FBNR) are investigated
with respect to reactor criticality. These are r low enriched uranium (LEU); s weapon grade pluto-
nium + ThO2; t reactor grade plutonium + ThO2; and u minor actinides in the spent fuel of light water
reactors (LWRs) + ThO2. Reactor grade plutonium and minor actinides are considered as highly radio-
active and radio-toxic nuclear waste products so that one can expect that they will have negative fuel
costs.

The criticality calculations are conducted with SCALE5.1 using S8–P3 approximation in 238 neutron
energy groups with 90 groups in thermal energy region. The study has shown that the reactor criticality
has lower values with uranium fuel and increases passing to minor actinides, reactor grade plutonium
and weapon grade plutonium.

Using LEU, an enrichment grade of 9% has resulted with keff = 1.2744. Mixed fuel with weapon grade
plutonium made of 20% PuO2 + 80% ThO2 yields keff = 1.2864. Whereas a mixed fuel with reactor grade
plutonium made of 35% PuO2 + 65% ThO2 brings it to keff = 1.267. Even the very hazardous nuclear waste
of LWRs, namely minor actinides turn out to be high quality nuclear fuel due to the excellent neutron
economy of FBNR. A relatively high reactor criticality of keff = 1.2673 is achieved by 50% MAO2 + 50%
ThO2.

The hazardous actinide nuclear waste products can be transmuted and utilized as fuel in situ. A further
output of the study is the possibility of using thorium as breeding material in combination with these
new alternative fuels.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The fixed bed nuclear reactor (FBNR) is being developed under
the International Atomic Energy Agency (IAEA) Coordinated Re-
search Project (CRP) on Small Reactors without On-site Refueling.
They are defined by IAEA ‘‘As reactors which have a capability to
operate without refueling and reshuffling of fuel for a reasonably
long period consistent with the plant economics and energy secu-
rity, with no fresh and spent fuel being stored at the site outside
the reactor during its service life. The reactor is evaluated by the
International Project on Innovative Nuclear Reactors and Fuel Cy-
cles (INPRO) Methodology in respect to safety and non-prolifera-
tion aspects. The inherent safety and fool proof non-proliferation
characteristics of the reactor are demonstrated.

FBNR is based on the pressurized water reactor (PWR) technol-
ogy but uses the high temperature gas reactor (HTGR) type fuel
elements. Basic description of FBNR can found in Sefidvash
ll rights reserved.
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(2003, 2007), and (Sefidvash and da Silva, 2008). Recent work
has investigated the neutronic characteristics of FBNR based on a
so called tristructural-isotropic (TRISO) type fuel element with a
graphite matrix and a SiC cladding (S�ahin and Sefidvash, 2008),
which would allow high operation temperatures. However, the
technology of fuel elements with graphite matrix did not reach
technological maturity. There was raised a doubt about the behav-
ior of SiC in such a fuel with hot water in a radiation environment.
To avoid such critics, it was decided to use CERMET fuel, which is a
composite material, composed of ceramic (CER) and metallic (MET)
materials. A CERMET is ideally designed to have the optimal prop-
erties of both a ceramic, such as high temperature resistance and
hardness, and those of a metal, such as the ability to undergo plas-
tic deformation. Hence, recent IAEA report on the neutronics de-
sign of the FBNR (S�ahin and Sefidvash, 2008) is based on a
CERMET type fuel element with a zirconium matrix and cladding
(Solomon et al., 2002) as the version to be preferred, despite the
fact that the reactor criticality with the TRISO type fuel element
would be higher than with the CERMET fuel. For comparison of
both, (Sefidvash and da Silva, 2008) reports a k1 = 1.4 and 1.31
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with TRISO and CERMET fuels, respectively, for a uranium enrich-
ment of 5%, where criticality calculations for FBNR charged with
LEU at different enrichment degrees, namely from 2% up to 20%
for suitability in have been reported (Sefidvash and da Silva, 2008).

The amount of reactor grade plutonium accumulated from the
nuclear waste of the nuclear power programs of different countries
has been estimated to be >1700 tons. Intensive work has also been
devoted to the possibility of burning the reactor grade plutonium
and minor actinides with the help of advanced nuclear technolo-
gies, such as in fusion–fission (hybrid) reactors (S�ahin et al.,
1991, 1994, 1999; S�ahin and Übeyli, 2004) as well as in accelerator
driven systems (ADS) (Maschek et al., 2008). However, commercial
market penetration of either fusion reactors or ADS is not expected
before the second half of the 21st century.

It is warranted to investigate the potential of incineration of
reactor waste actinides in thermal reactors. Previous work has
investigated the possibility of using mixed fuel made of reactor
grade plutonium and/or minor actinides with thorium in CANDU
extensively (S�ahin et al., 2006a,b,c, 2008). Many workers have also
investigated utilization of thorium in different types of thermal
reactors. One can cite, among others investigations of PWR with
thorium fuel (Núñez-Carrera et al., 2004) and BWR with thorium
fuel (Núñez-Carrera et al., 2005). FBNR can be considered as a fore-
runner of generation IV reactors due to the INPRO Methodology
and HTGR fuel type. GEN.-IV reactors are characterized to be fueled
also with thorium.

The present work investigates the potential of alternative fuels
for FBNR, which are weapon grade plutonium, reactor grade pluto-
nium and the totality of the minor actinides in the spent fuel of
light water reactors (LWRs) in mixed oxide fuel form with thorium.
These fuels are considered as highly radio-active and radio-toxic
nuclear waste products so that one can expect that their purchase
by the reactor operator may have negative fuel costs for power
production. Table 1 shows the isotopic compositions of the new
fuels in the present study. In this work, the isotopic composition
of weapon grade plutonium and reactor grade plutonium has been
adopted from IAEA (1979), whereas that of minor actinides from
Manson et al. (1981). The presence of even isotopes 238Pu, 240Pu
and 242Pu in reactor grade plutonium makes reactor grade pluto-
nium fuel non-prolific. Uranium cannot be considered as a waste
product. It requires a relatively simple process to remove the ura-
nium isotopes from the rest of actinide waste.

2. Reactor description

The FBNR is a small reactor (70 MWe) without the need of on-
site refueling. It has the characteristics of being simple in design,
Table 1
The composition of the fissionable isotopes in the spent fuel.

Isotopes aWeapon grade
plutonium (wt%)

aInitial reactor grade
plutonium (wt%)

bMinor actinides (mass in
kg/year per unit PWR)

237Np – – 15.1
238Pu – 1.0 16.1
239Pu 94.0 62.0 205
240Pu 6.0 24.0 120
241Pu – 8.0 72.7
242Pu – 5.0 41.6
241Am – – 6
243Am – – 21.8
244Cm – – 15.6
245Cm – – 1.74

a IAEA (2003), p. 55, Table 3.3.6.
b Pressurized water reactor, fuel with plutonium recycle, 1000-MWe reactor, 80%

capacity factor, 33 MWd/kg, 32.5% thermal efficiency, 150 days after discharge
(Nuclear Chemical Engineering (Manson et al., 1981, p. 370, Table 8.5).
modular, inherently safety, passively cooled, proliferation resis-
tant, and reduced environmental impact.

The FBNR is modular in design, and each module is to be fueled
in the factory in an internationally controlled location. They will be
totally sealed under IAEA inspection, and then transported to and
from the reactor site. The reactor operator will have no access to
the nuclear fuel throughout the reactor lifetime. This will allow a
very high grade of safeguarding. The FBNR has a long fuel cycle
time and, therefore, there is no need for on-site refueling.

The integrated main modules of FBNR are shown in the Figs. 1a
and 1b. The reactor has in its upper part the reactor core and a
steam generator, and in its lower parts the fuel chamber. The core
is placed between two concentric perforated zircaloy tubes of
31 cm and 171 cm in diameters, inside which, during the reactor
operation, the spherical fuel elements are held together by the
coolant flow in a fixed bed configuration, forming a suspended
core. The coolant flows vertically up into the inner perforated tube
and then, passing horizontally through the fuel elements and the
outer perforated tube, enters the outer shell where it flows up ver-
tically to the steam generator. The reserve fuel chamber is a 60 cm
diameter tube made of high neutron absorbing alloy, which is di-
rectly connected underneath the core tube. The fuel chamber con-
sists of a helical 40 cm diameter tube flanged to the reserve fuel
chamber that is sealed by the national and international authori-
ties. A grid is provided at the lower part of the tube to hold the fuel
elements within it. A steam generator of the shell-and-tube type is
integrated in the upper part of the module. A control rod can slide
inside the center of the core for fine reactivity adjustments. The
reactor is provided with a pressurizer system to keep the coolant
at a constant pressure. The pump circulates the coolant inside
the reactor moving it up through the fuel chamber, the core, and
the steam generator. Thereafter, the coolant flows back down to
the pump through the concentric annular passage. At a flow veloc-
ity called terminal velocity, the water coolant carries the 15 mm
diameter spherical fuel elements from the fuel chamber up into
the core. A fixed suspended core is formed in the reactor. In the
shut down condition, the suspended core breaks down and the fuel
elements leave the core and fall back into the fuel chamber by the
force of gravity. The fuel elements are made of UO2 micro spheres
embedded in zirconium and cladded by zircaloy. Table 2 depicts
main technical data for the investigated fixed bed nuclear reactor
(FBNR), where reactor power, temperatures and core dimensions
are listed.

In the new design, the reactor core consists of CERMET fuel ele-
ments, which are kept suspended by upward flow of the light
water coolant/moderator in cubic space centered geometry, as
indicated in Fig. 1a. Fig. 2 shows a typical CERMET fuel element
for the FBNR. UO2 contents in each fuel element is 23.9 vol%. Fuel
element is divided into two regions: The inner region consists of
coated fuel particles (kernels) embedded in a zirconium matrix.
The outer region of the fuel element is made of a 0.3 mm thick pro-
tective zircaloy cladding. The dimension of the coated UO2 kernels
(0.5 mm) is significantly smaller than the neutron mean free path
in the fuel so that the inner region can be homogenized for numer-
ical calculations. The core contains approximately 1.62 � 106 fuel
elements. Total uranium charge is 11.5 tons.

Fig. 3 shows one unit cell in the reactor core, which is represen-
tative for infinite reactor calculations. Each fuel element is sur-
rounded by a dodecahedronal water region. The radius of one
dodecahedron is chosen as such to get a volume-fraction of 40%
of water to unit cell. These three regions (fuel, zircaloy and water)
create one fuel lattice unit. Table 3 shows the composition and
dimensions of CERMET fuel cell. Fuel element consists of ceramic
uranium fuel in form of UO2 and zirconium metal as matrix and
cladding. This gives high stability to fuel for very high burn up
grades, which cannot be achieved in conventional reactors.



Fig. 1a. The integrated modules of FBNR (core, steam generator).

Fig. 1b. The integrated modules of FBNR (fuel chamber).

Table 2
Main technical data for the fixed bed nuclear reactor (FBNR).

Parameter Value

Power
Net power generation (MWe) 70
Thermal power generation (MWth) 218
Coolant volume (m3) 10

Thermal
Coolant inlet temperature (�C) 290
Coolant outlet temperature (�C) 326
Coolant average temperature (�C) 308
Fuel operating temperature (�C) 354
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For one-dimensional (1D) cell calculations, a spherical geome-
try is used by keeping the moderator volume per cell unchanged.
In that case, the fictive radius of the coolant mass equivalent cell
sphere becomes 1.779 cm. Cell calculations with reflective bound-
ary condition in the center and white boundary condition at the
periphery (right boundary) by omitting all neutron leakage yield
the infinite criticality k1 for the reactor.
Core dimensions
Core height (cm) 200
Core inner diameter (cm) 31
Core outer diameter (cm) 171
Core volume (m3) 4.78
Fuel element in the core (ton) 23.2
UO2 in the core (ton) 11.5
3. Numerical calculations

Criticality calculations are performed with the SCALE5.1 in S8–
P3 approximation using the 238-neutron group’s data library, de-
rived from ENDF/B-V (Petrie, 2004). The library has 148 fast and
90 thermal (above 38 eV) groups, and enables very fine energy res-
olution for multi-group neutron transport calculations. The study
is conducted for the hot reactor (308 �C, 160 bar), based on the
average inlet–outlet temperatures.

At first, unit fuel cell calculations are conducted with resonance
treatment to evaluate the k1 values and the cell spectrum for the
infinite reactor in spherical geometry. With this measure, 1D calcu-
lations in central spherical symmetry correspond to 3D calcula-
tions. Then, the resonance and spectrum weighted cross sections
are used for the reactor core to calculate the entire reactor with fi-
nite dimensions. One-dimensional calculations with symmetry on



Fig. 2. Cross sectional sketch of the FBNR CERMET fuel (outer diameter = 15 mm).
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Fig. 3. Geometrical modeling of the unit cell for one dimensional reactor lattice
calculations.
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cylinder axis correspond to 2D calculations. The following
sub-chapters report the main neutronic data for the investigated
alternative fuels.

3.1. Uranium fuel

In the first series of calculations, LEU is used with increasing
enrichment degrees from 2% up to 20%. Fig. 4 shows the criticality
for infinite (k1) and finite (keff) reactor dimensions. A core height of
200 cm is considered through pseudo absorption via axial buckling.
The difference between our results and the criticality results in the
IAEA Report (Sefidvash and da Silva, 2008) is only few promiles
from each other. Already at an enrichment level of 2% with CER-
MET fuel, the criticality will be high enough to run the reactor suc-
cessfully. However, the higher the enrichment, the longer the
reactor lifetime will become. On Fig. 4, one can notice that after
�5% the criticality increases relatively slow with increasing enrich-
ment. Previous work with TRISO fuel has lead to core lifetimes of
Table 3
Composition and dimensions of CERMET unit cell.

Material Density (g/cm3) Diameter (cm)

UO2 in fuel element 10.5 0.05 (for 1 kerne
Zirconium 6.5
Total 8.304 1.440 (fuel zone
Cladding zirconium 6.5 Thickness 0.03
Fuel element 8.09 1.5
H2O inside dodecahedron 0.747 Face to face 1.62
Total unit cell (average) 5.156
�17, �7 and �3 years for the fuel of 19%, 9% and 5% enrichment,
respectively (S�ahin and Sefidvash, 2008). One can extrapolate that
the reactor lifetime may be somehow shorter with CERMET fuel,
however still long enough, because the reactor criticality for both
fuel types are relatively close to each other. Higher enrichment al-
lows longer reactor operation without fuel change. However, this is
not a crucial issue, because it is relatively simple to change the en-
tire fuel charge in the fuel chamber under strict IAEA control. Eco-
nomic considerations will dictate the choice the enrichment grade.
Fuel cost increases with higher enrichment. On the other hand,
HTR fuel type fabrication costs are expected to be significantly
higher than for standard LWRs, which would discourage frequent
fuel change. At the present status, an enrichment grade of 9%
seems to be a reasonable value, which is chosen for the South Afri-
can pebble bed modular reactor (PBMR). In FBNR, it will allow suf-
ficiently high reserve reactivity with keff = 1.2744 for a relatively
long operation period.

One can see in Fig. 1a that the reactor core is placed between
two concentric perforated zircaloy tubes. One-dimensional cylin-
drical calculations deliver the differential space dependent neutron
spectrum at each interval throughout the entire reactor. Fig. 5
shows the neutron spectrum for 9% enrichment at the inner and
outer core boundaries taken at distances of 15.5 cm and 85.5 cm
from the cylinder axis, respectively, by a core inner and outer
diameter of 31 cm and 171 cm. One can see clearly flux heights
at thermal (<1 eV) energies as a sign of spectrum softening in the
core and at fission (�2 MeV) energy regions corresponding to fis-
sion neutron source. The relatively slow flux inclination at inter-
mediate energies is an indication of low absorption and good
moderation characteristics. Multiple forth and back neutron scat-
tering in the central region of the reactor has a significant contribu-
tion to neutron thermalization. Flux wells in the intermediate
energies arise due to resonances in fuel and structure.

In the following chapters, other potential fuels will be investi-
gated with respect to criticality.

3.2. Weapon grade plutonium

During the cold war large quantities of weapon grade pluto-
nium have been accumulated in the nuclear warheads. It is of gen-
eral interest to reduce plutonium inventories, because of the
serious public and political concern in the world about misuse of
this plutonium and about accidental release of highly radiotoxic
material in to the environment. One alternative for the reduction
of plutonium inventories is to burn them in the reactors as fuel.
As weapon grade plutonium is a high quality nuclear fuel, it is
advisable to mix it with thorium in order to breed additional nucle-
ar fuel in situ.

The second series of criticality calculations are conducted with
fuel compositions made of thoria (ThO2) and weapon grade PuO2,
where PuO2 varied from 1% to 100%, which is depicted in Fig. 6 for
infinite (k1) and finite (keff) reactor dimensions. keff > 1.0 is
achieved by �2.5% PuO2. At 4% PuO2, the reactor criticality will be-
come remarkably high (keff = 1.0977), rapidly increasing with more
Volume (cm3) Mass (g) Mass fraction

l) 0.705 7.402 0.570
0.858 5.577 0.430

) 1.563 12.979 1
0.204 1.324
1.767
1.178 0.880
2.945 15.183
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Fig. 4. Criticality values of the FBNR with UO2 fuel charge. k1, lattice (fuel element)
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Fig. 5. Neutron spectra at the inner and outer core surface of the reactor for 9%
enriched UO2.
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Fig. 6. Criticality values of the FBNR with a mixed fuel charge consisting of weapon
grade PuO2/ThO2.
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ig. 7. Neutron spectra at the inner and outer core surface of the reactor for 20%
weapon grade PuO2 + 80% ThO2.
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PuO2 fraction. A reasonable fuel mixture will be advisable by
around 20% PuO2 and 80% ThO2 with a keff = 1.2864. Higher PuO2

content is not recommended in order to exploit thorium fuel as
much as possible.

At first look, it may appear surprising that �20% weapon grade
PuO2 is needed to have a comparable nuclear performance with 9%
enriched UO2. We remember that the thermal absorption cross
section of 238U, playing the role of breeding material in the ura-
nium fuel is �3 times higher than that of 232Th, namely
ra(238U) = 2.7 barn and ra(232Th) = 7.4 barn. As FBNR is basically
a thermal reactor, significantly more fuel with higher nuclear qual-
ity is needed in the presence of thorium in order to attain compa-
rable criticality values.

Fig. 7 shows the neutron spectrum at the inner and outer core
boundaries. Neutron spectrum with plutonium fuel is harder com-
pared to uranium core. Flux inclination at intermediate energies is
stronger and neutron flux level at thermal energies is lower than in
Fig. 5. Both indicate higher neutron absorption and the need for
more plutonium than uranium fuel. A sharp flux depth around
1 eV and another wide flux depth below 1 eV are sign of strong res-
onances of 239Pu at the vicinity of thermal energies.

3.3. Reactor grade plutonium

It is of general interest to reduce the separated amounts of civil-
ian plutonium and the stockpiles of military plutonium as much as
possible. Reactor grade plutonium fuel is denaturated and non-
proflific due to continuous abundant neutron generation through
the high spontaneous fission rate of the 240Pu and 242Pu isotopes.
The spontaneous fission half-life T1/2 of the plutonium isotopes is
given in Manson et al. (1981) as T1/2 = 5.5 � 1015, 1.4 � 1011 and
7.1 � 1010 years for 239Pu, 240Pu and 242Pu, respectively. Hence,
the intensity of spontaneous fission neutron generation in 240Pu
and 242Pu is about 40 000 and 77 000 times higher than in 239Pu
so that the presence of only a few percent (>5%) of 240Pu and/or
242Pu would already be sufficient to denaturate the plutonium pro-
duced in a reactor to the non-prolific level (Meyer et al., 1977) and
would prevent any nuclear detonation.

The third series of criticality calculations are conducted with
fuel compositions made of thoria (ThO2) and reactor grade PuO2,
where PuO2 is varied from 1% to 100%, as depicted in Fig. 8 for infi-
nite (k1) and finite (keff) reactor dimensions. Reactor becomes crit-
ical by �8% PuO2 content. One could achieve keff = 1.267 by 35%
PuO2, which would enable a long reactor operation time without
fuel change. Although reactor grade plutonium is a waste product
for conventional LWRs, it would serve as a very useful fuel for FBNR
due to the excellent neutron economy of the latter, even allowing
233U breeding to some degree.

Fig. 9 shows the neutron spectrum at the inner and outer core
boundaries. The spectrum becomes harder, flux inclination at
intermediate energies is stronger and neutron flux level at thermal
energies is lower, even compared to weapon grade PuO2 case due
F
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Fig. 9. Neutron spectra at the inner and outer core surface of the reactor for 35%
reactor grade PuO2 + 65% ThO2.
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Fig. 10. Criticality values of the FBNR with a mixed fuel charge consisting of MAO2/
ThO2.
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Fig. 11. Neutron spectra at the inner and outer core surface of the reactor for 50%
MAO2 + 50% ThO2.
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to the presence of higher plutonium isotopes with higher neutron
absorption. The flux depressions at resonances of 239Pu, 240Pu,
242Pu and 242Pu dominate the neutron spectrum.

3.4. Minor actinides

Nuclear power plants are producing different types of nuclear
waste materials, which can be classified as fission products, minor
actinides (MA) and structural materials. Major component of reac-
tor waste MA consists of diverse plutonium isotopes. Some nuclear
waste actinides (239Pu, 241Pu, 242mAm and 245Cm) are fissile fuel
under thermal neutron spectrum, and all of them become fissile
fuel under fast neutron spectrum. Some other MA are moderately
fissile even under thermal neutron spectrum (238Pu, 241Am and
244Cm). Hence, it is worth to investigate the incineration of MA
in conventional commercial reactors.

The forth series of criticality calculations are conducted with
fuel compositions made of thoria (ThO2) and MAO2, where MAO2

is varied from 1% to 100%, and criticality values are depicted in
Fig. 10 for infinite (k1) and finite (keff) reactor dimensions. Reactor
can become critical already by �17% MAO2 content. Reasonably
high reactor criticality of keff = 1.2673 is achieved by 50% MAO2,
which would allow long reactor operation times without fuel
change for this excess reactivity.

Fig. 11 shows the neutron spectrum at the inner and outer core
surface. Relatively hard neutron spectrum favors the incineration
of minor actinides in situ. Again, domination of plutonium reso-
nances in shaping the neutron spectrum at intermediate energies
is clearly shown.

4. Conclusions and outlook

The study has shown that the FBNR can burn and even use as
nuclear fuel the most dangerous nuclear waste products of conven-
tional PWRs, namely the reactor grade plutonium and minor actin-
ides, with great success in combination with thorium. On that way,
due to its excellent neutron economy, FBNR is capable to eliminate
the most dangerous nuclear wastes, which constitute a nuisance at
present, by extracting additional energy out of them. This will open
the possibility of relaxing the repository problems to a great
degree.

Utilization of thorium as nuclear fuel in combination with
weapon grade plutonium and the actinide waste products of con-
ventional PWRs, including higher plutonium isotopes, will extend
the time availability of nuclear fuel resources significantly (Jagan-
nathan et al., 2008; Lenzen, 2008).

In summary, FBNR is a new pressurized water reactor, realizable
in near future. It is based on relatively simple design and already
existing technology. Aside from electricity production, mainly for
decentralized energy needs in the realm of 40–100 MWel, it can
also be used for water desalination and space heating purposes.
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FBNR can contribute significantly to reduce total nuclear waste
output of LWRs making use them as new type nuclear fuel.

Within the framework of this work, time evolution of the criti-
cality has not been pursued. This was subject in previous work
with TRISO fuel (S�ahin and Sefidvash, 2008), which has predicted
long operation times. One can expect similar results also with CER-
MET fuel.
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