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Abstract

This paper presents an analysis of a homogeneous thorium-plutonium fuel cy-
cle developed for the Integral Inherently Safe LWR (I?S-LWR). The I?S-LWR
is an advanced 2850 MWt integral PWR with inherent safety features. Its
baseline fuel and cladding materials are U3Sis and advanced FeCrAl steel, re-
spectively. The advanced steel cladding can withstand longer exposure periods
with significantly lower degradation rates compared to traditional Zr-based al-
loys. However, longer fuel cycles would require higher fuel enrichment, and this
is currently limited to 5%% in the I2S-LWR. Therefore, an alternative thorium-
plutonium mixed oxide (TOX) fuel cycle is investigated. In principle, the TOX
fuel cycle has no fissile content limitation and becomes even more attractive for
long irradiation periods, due to the efficient build-up of 233U, which increases
its cumulative energy share and hence decreases the initial Pu requirements per
unit of energy produced by the fuel. Current Pu recycling practice in the form
of U-Pu mixed oxide (MOX) fuel is not well-suited for Pu disposition due to
continuous Pu production from 23%U. This study compares the TOX and MOX
cores in terms of efficiency of Pu disposition. The results show that the burnt
Pu fraction in the TOX cycle is much higher, and could be further enhanced for
longer irradiations (100 MWd/kg or more).
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1. Introduction

This research focuses on thorium-plutonium fuel cycle options for the In-
tegral Inherently Safe Light Water Reactor (I2S-LWR). The I2S-LWR. concept
(Petrovic, 2016, 2014; Salazar and Franceschini, 2014) is a Gen II1+ large scale
(i.e. 1 GWe) pressurized water reactor (PWR). The preliminary design of the
I?S-LWR is being carried out by a consortium made up of universities (Michigan,
Virginia Tech, Tennessee, Florida Institute of Technology, Idaho, Morehouse
College, Cambridge, Politecnico di Milano, Zagreb), Idaho National Labora-
tory, Westinghouse and Southern Nuclear Company. The project is led by the
Georgia Institute of Technology and the US contributions are funded by the
Department of Energy through a Nuclear Energy University Programs (NEUP)
Integrated Research Project (IRP).

Innovative features of this PWR concept include: an integral primary circuit,
a fully passive decay heat removal system that provides indefinite cooling capa-
bility, and the use of new materials. Novel materials that were originally chosen
for this design include UsSiy pellets within advanced FeCrAl steel cladding. The
project also seeks to address issues such as sustainability (i.e. fuel utilization and
waste minimization) and proliferation resistance. This motivates our current re-
search, which focuses on designing and assessing an alternative thorium-based
fuel cycle for the I2S-LWR.

Bearing in mind that as reported by the TAEA (1998) large stockpiles of
civil separated plutonium have been accumulated, Gen III or ITI4+ power reac-
tors could be attractive candidates for Pu incineration. According to this TAEA
report (INFCIRC/549) the largest plutonium stockpile is in the UK and is esti-
mated to be around 112 tonnes. The continuing growth of separated plutonium
stockpiles around the world poses proliferation and environmental risks.

Current experience (IAEA, 2003) of plutonium recycling is mostly limited to
the mixed oxide U-Pu (MOX) fuel. This approach is not a particularly efficient
means of Pu disposition, since Pu destruction is accompanied by simultane-

ous generation of new Pu from 238U. The use of Th-Pu mixed oxide (TOX)



fuel to increase Pu incineration efficiency has been considered in the past by,
among others, Galperin et al. (2000), Galperin and Raizes (1997), Shwager-
aus et al. (2003), Fridman and Kliem (2011) and Bjork and Fhager (2009).
These studies have demonstrated improvements in Pu consumption by transi-
tioning to the TOX cycle, with the majority investigating the utilization of Pu
fuel in a typical or modified LWR core, assuming typical irradiation periods of
~50 MWd/kgHM. These irradiation periods were so chosen because, in existing
LWRs, discharge burnup is limited primarily by the performance of the Zircaloy
cladding, the mechanical properties of which degrade with burnup, and hence
limit the maximum achievable fuel burnup.

In the I2S-LWR design, an advanced FeCrAl steel is envisioned as the cladding
material. There are on-going tests to evaluate its mechanical properties, such as
yield strength and ultimate strength, under irradiation. However, a recent study
(Terrani et al., 2012) indicates that such cladding materials can withstand longer
irradiation periods with much lower degradation of their mechanical properties
than standard Zr alloys. Transitioning from Zr to advanced steel alloys offers
the opportunity to improve the economic performance of the plant by enabling
longer irradiation periods.

However, since longer fuel cycles would require enrichments higher than the
existing design limit (i.e. more than 5%% of 235U), extending the fuel burnup
with enriched UO3 or UsSiy in the I2S-LWR design is not possible. TOX fuel
does not have such limitations and thus offers an alternative solution. An addi-
tional advantage of TOX fuel is that 223U will be continuously produced through
neutron captures in 232Th and in time contributes a significant fraction of the
energy produced. This fuel cycle strategy could also replace the current ap-
proach to incinerate Pu in the form of MOX — an approach that is inefficient
due to the continuous production of Pu from 238U.

Recent studies (Shwageraus and Feinroth, 2011) investigated the potential
use of silicon carbide cladding (Feinroth et al., 2002) to extend the burnup of
TOX fuel. Although this study presented only basic lattice physics analysis, it

clearly highlighted the motivation (i.e. improved Pu consumption) for extending



the discharge burnup.

The main objective of the current work is to investigate Pu incineration
efficiency for the specific I2S-LWR. case by extending the burnup beyond 90
MWd/kgHM. This, in turn, will allow considerably more energy to be extracted
from 233U, which is continuously being bred from thorium. Moreover, the Pu
burnup would be ‘deeper’, as the final-to-initial Pu content ratio decreases with
burnup. Finally, the Th-Pu fuel cycle is more proliferation-resistant since the
fraction of Pu isotopes with high decay heats (i.e. 2*®Pu and 24'Pu) increases
with burnup. It should also be mentioned that 233U bred from 232Th has a cer-
tain degree of proliferation self-protection due to high energy v emitters present
in its transmutation chain (Laughter et al., 2002).

The assessment of the 100% TOX and 100% MOX loaded cores and associ-
ated fuel cycles was performed through full 3D modelling of the corresponding
cores. The feasibility of nearly doubling the burnup of the I?S-LWR fuel through
the use of TOX fuel was confirmed. The results indicate that, compared to the
traditional MOX approach, the TOX fuel cycle is favourable in terms of core

behaviour (e.g. cycle length and power peaking) and Pu incineration.

2. Calculation methodology

The analysis of the [2S-LWR thorium-based core design was performed using
the WIMS-PANTHER core physics package. WIMS10 (Newton et al., 2008)
was used for lattice data generation by employing a 172-group JEFF3.1-based
library. WIMS uses the method of characteristics and collision probability to
obtain the transport solution needed to generate homogenised parameters for
each fuel type. WIMS has been extensively verified and is capable of modelling
fast and thermal systems, see for example Lindley et al. (2016).

Full-core analyses for both the MOX and TOX fuel cycles were performed
with the nodal diffusion code PANTHER (Morrison, 2003). PANTHER includes
a thermal-hydraulic module to solve the heat conduction-convection problem.

In PANTHER, a 3-batch reloading scheme was iteratively applied to both



the TOX and MOX core designs until the main core parameters converged and
an equilibrium cycle was reached.

The reactor-grade Pu isotopic vector was taken from typical LWR discharge
fuel with initial 4.5"% enrichment (Shwageraus et al., 2003), 50 MWd/kg bur-
nup and 10 years of cooling following discharge. The plutonium vector is shown

in Table 1.

Table 1. Initial Pu isotopic vector.

Isotope  ¥%

28py 3.18
9Py 56.35
240py 26.62
241py 8.02
242py 5.83

3. Core and fuel design

3.1. Fuel assembly geometry

The core design includes fresh and burned assemblies. The assemblies also
contain different burnable poison loadings in the form of integral fuel burnable
absorber (IFBA). The B concentration used in the IFBA rods is 0.984 mg/cm
(2.5 mg/in). Radial assembly loading patterns are used to flatten the core power
distribution as depicted in Fig. 1. Each assembly axially consists of 3.6576 m
(144 in) of homogeneous fuel between top and bottom reflectors. The I?S-LWR
aims to achieve a power density 40% higher than that of a 2-loop Westinghouse
PWR core. To achieve this objective, the assembly array was modified to a
19x19 square pitch lattice, as shown in Fig. 1. The main fuel assembly design

parameters are presented in Table 2.



(a) 84 IFBA rods (b) 156 IFBA rods

Fig. 1. I2S-LWR IFBA loading patterns. The top-right quadrant of the assembly is shown.
IFBA rods are indicated by the green circles, blue circles are the guide tubes and red circles

are the fuel rods without burnable absorber.

Table 2. I2S-LWR main assembly parameters.

Parameter Value

Power rate 2850 MW
Fuel assembly pitch 23.1 cm
Lattice 19x19 square

Control rods per assembly 24

Cladding material FeCrAl (Terrani et al., 2012)
Fuel cell pitch 1.2150 cm
Fuel pin outer radius 0.4591 cm
Fuel pellet radius 0.4097 cm
Guide tube inner radius 0.5102 cm

Guide tube outer radius 0.5476 cm

8.2. Fuel management

The 3-batch 12S-LWR. thorium core loading pattern (LP) is shown in Fig. 2.

No LP optimization was performed at this stage. The core LP was adopted



from (Zainuddin and Parks, 2015), with the chosen LP being the one that gives
the most negative moderator temperature coefficient (MTC) value. In their
work, loading patterns were optimized using a multi-objective genetic algorithm
(Parks, 1996) to identify trade-offs between different objective functions (e.g. ra-
dial power peaking, discharge burnup, MTC, etc.) and the corresponding LP
for each optimized objective. The baseline fuel for their work was thorium-
plutonium which allows us to use their findings. Optimizing for different objec-
tive functions revealed different LP strategies. In the case of minimizing MTC,
especially for high plutonium content fuel, the only way to obtain a negative
MTC is to place fresh fuel on the core periphery, with once and twice burnt fuel
placed towards the centre of the core. This LP increases core leakage and thus
amplifies the negative contribution to MTC following spectrum hardening. This
LP appears to be the more favourable even with the use of burnable poisons.
This is because the main contributor to positive MTC in these TOX cores is

the increase in epithermal fission in 23°Pu.



Fig. 2. Equilibrium cycle core loading pattern. The numbers indicate the number of IFBA

rods in fresh fuel assemblies.

The I2S-LWR core includes 40 fresh assemblies per reload out of 121 assem-
blies. As shown in Fig. 2, the fresh assemblies are positioned at the outermost
peripheral locations to lower the radial peaking factor and to minimize the

MTC.

4. Core analysis

4.1. Pu incineration efficiency

This section presents the Pu incineration efficiency analysis results. More
specifically, it illustrates the motivation for extending the fuel burnup from
typical values of 50 MWd/kg to above 90 MWd/kg for the TOX case. To
determine the efficiency of Pu burning, a wide range of volume fraction (the
fraction PuOy in the mixture) values (6, 8,..., 20¥%) were considered for both
the TOX and MOX cycles. The density of ThO2 and PuO, were set to be 95% of

their theoretical values, which are 9.5 g/cm? and 10.89 g/cm? respectively. For



the TOX fuel, the Pu vector (Table 1) was homogeneously mixed with ThOx.
The MOX fuel was assumed to be manufactured by mixing the identical Pu
vector with depleted UOs fuel (0.25%% of 235U).

In this stage, 3D calculations were performed by applying the LP described
in Fig. 2. The cycle length was evaluated for each case bearing a different Pu
volume fraction.

Fig. 3 shows that increasing the Pu volume fraction in the mixture improves
the Pu utilization for both the TOX and MOX cycles. This is measured through
the initial mass of Pu per unit of energy produced by the fuel. Increasing the
PuO; volume fraction allows higher burnups to be achieved (Fig. 4), which, in
turn, in the TOX cycle enables efficient breeding of fissile 233U. The motivation
to load a higher initial Pu content is to increase the discharge burnup and lower
Pu requirements per unit of energy generated. Moreover, it can be seen that
for PuOs volume ratios above 12¥%, considerably higher discharge burnups are
achieved in the TOX cycle compared to the MOX cycle. This is a result of a
higher build-up of fissile material in the TOX cycle, i.e. 233U bred from 232Th
(Fig. 5). The bred 233U increases the cycle length by contributing to the total
energy production.

Fig. 5 presents the cumulative energy share of the most important fissile
nuclides as a function of the discharge burnup. The cumulative energy @; for
each fissile nuclide j was calculated using Eq. (1):

Ta
[ o(t) 2y, (t) By dt
Q=% (1)

> [ o) Sy () By dt

Jj o

where Ty is the time to discharge, ¢ (¢) is the flux at time ¢, 3y ; (¢) is the
macroscopic fission cross-section of nuclide j at time ¢ and Ey ; is the energy
released per fission of nuclide j.

It is important to note that the discharge burnup/time is different for dif-
ferent Pu volume fractions. Fig. 5 shows that increasing the Pu volume in the

mixture increases the energy production from 223U, which is known to have



a low build-up rate. However, when the volume fraction of Pu reaches 18V%,
corresponding to a discharge burnup of ~104 MWd/kg (Fig. 4), the total en-
ergy production from 233U saturates. This also explains why Pu utilization

eventually reaches equilibrium for high initial Pu loadings, as shown in Fig. 3.

3,300

& TOX

A -o-MOX
3,100

2,900 \

2,700 '\

kgPu/GWe-yr

2,500

Plutonium loading requirements,

2,300 A

2,100

8 10 12 14 16 18 20 22

Relative volume of Pu0,, %

Fig. 3. Pu utilization (kg-Pu/GWe-yr) as a function of PuOg relative volume.

10



140

4 TOX

-o-MOX
120

A ]
100 -

80

Discharge burnup, MWd/kg

40

20 A

8 10 12 14 16 18 20 22

Relative volume of Pu0,, %

Fig. 4. Discharge burnup as a function of PuOg relative volume.

50.0
4A-Pu-239
re-Pu-241
*-U-233
45.0 4
N
g
]
= 40.0
@
? /./%
£ o e
g /: /
=
g / /
5 30.0
o A
A
A
25.0 / A A
20.0
20 40 60 80 100 120 140 160

Discharge Burnup, MWd/kg

Fig. 5. Cumulative energy share of different fissile nuclides in the TOX cycle.

11



4.2. Determination of Pu loadings

The results of the TOX fuel cycle analysis in the previous section showed
that it is worthwhile to use higher Pu fractions due to the resulting better Pu
utilization. In this section, 3D full-core analyses for the various Pu volume
fractions (i.e. 10-20¥%) were performed for the TOX and MOX cycles. In each
case, a different discharge burnup was achieved and then used to extract the Pu
concentration at the discharge point. Fig. 6 shows the percentage of Pu burnt
for the different initial Pu loadings. These results again underline that there is

a strong incentive to increase the Pu volume fraction in the mixture.
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Fig. 6. Amount of Pu burnt (%) as a function of initial PuO2 volume (V%).

Table 3 summarizes the performance of the TOX and MOX designs in terms
of discharge burnup, Pu incineration and Pu utilization. This table and the

accompanying figures convey three main points:

(1) Increasing the relative fraction of Pu in the mixture from 10¥% to 16¥%

improves the Pu incineration efficiency by a factor of ~2 for both cycles by
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(more than) doubling the discharge burnups, and improves the Pu utiliza-
tion by more than 19% and 25% for the MOX and TOX cycles, respectively.
(2) The incineration performance of the TOX fuel cycle is superior to that of
MOX. The percentage of Pu burnt per pass can be as high as 30% and 50%
in the MOX and TOX fuel cases, respectively.
(3) The fraction of heat-producing nuclides in discharged fuel (i.e. 2*¥Pu and
241Py1) is much higher in the TOX case, which improves the proliferation

resistance of the spent fuel.

Table 3. Summary of fuel cycle performance for the TOX and MOX cycles.

10¥% PuOq 16¥% PuOq
MOX TOX MOX TOX

Discharge burnup (MWd/kg) 423 429 79.8 909
Pu burnt, (%) 193 382 272 484
Discharged Pu?3$+241 /Pu (%) 445 777 469 764
Pu utilization (kg-Pu/MWe-yr) 3.1 3.2 2.5 2.4

4.3. Determination of Pu loading limits

Increasing the Pu content in either MOX or TOX helps improve various fuel
cycle performance metrics (e.g. economics and fuel utilization). However, the
reactor physics characteristics of Pu fuel cycles are different from those of typical
UO; cycles (Shwageraus et al., 2003; Galperin et al., 2000). More specifically,
high Pu content significantly hardens the spectrum (Fig. 7), which reduces the
reactivity worth of various control materials, such as 1B (Fig. 8). Increasing
the Pu content in the mixture results in higher excess reactivity, which requires
higher boron content in the coolant to maintain core criticality. High boron
concentration in the coolant directly impacts the MTC, which eventually be-
comes positive, as shown in Fig. 9. It must be pointed out that the integral
design eliminates the large break LOCA scenario and hence rules out any issues

with positive void coefficient which is usually the case when large Pu quantities
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are loaded into a conventional PWR core. In other words, under no plausible

accident condition the core would be substantially voided.
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In this section, we identify the practical initial Pu loading for both TOX
and MOX fuel cycles in the I?S-LWR. This is done by examining the effect of
Pu loadings on the MTC, as depicted in Fig. 9. Each point in this figure was
obtained by conducting full 3D core calculations and iteratively reaching the
equilibrium cycle. The PANTHER code provides a built-in capability for the
evaluation of reactivity coefficients.

Fig. 9 shows the beginning-of-cycle (BOC) core MTC as a function of PuOq
volume fraction. As shown in the next section, the MTC becomes more negative
over the course of the cycle, so the BOC MTC represents the limiting case.

The MTC is defined as the change in reactivity per one degree change in the
moderator temperature, and is calculated using Eq. (2):

kref - k'per

MTC =
kref X kper X (Tref - Tper)

(2)

where ko and kpe, are the reference and perturbed criticality values that cor-
respond to the temperatures Trer and Tper, respectively. The inlet coolant tem-
perature was perturbed by 5°C for the purposes of these calculations.

Fig. 9 shows that as the volume of PuQOs increases the BOC MTC for both
cycles, eventually becomes positive. However, in order to conduct a fair com-
parison (Section 4.4), the volume of PuOs for the TOX and MOX cores was
chosen to be 17% and 16Y%, respectively. These values were chosen since they
correspond to approximately the same small negative BOC MTC value in both

cases.

4.4. Equilibrium TOX and MOX homogeneous cycle core analysis

This section reports on the results of the full-core steady-state analysis for
the 17V% TOX and 16¥% MOX Pu loaded cores mentioned in the previous
section. At this stage, the loading pattern was fixed as stated in Section 3. In
addition, an identical 3-batch fuel management strategy was applied to both
cores.

The variation of critical boron concentration (CBC) over the course of a

cycle for the two cores is shown in Fig. 10. It can be seen that for both (TOX
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and MOX) cases the CBC is below 2000 ppm, as mandated by operational
requirements. It should be noted that the boron (in nature 20% !°B) was

assumed to be enriched to 90% 9B to counteract the reduced boron worth.
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Fig. 10. Critical boron letdown curves.

The power peaking factors (Fig. 11) for the TOX fuel are within acceptable
limits and are similar (e.g. 1.8 at BOC) to those obtained in the original I2S-
LWR fuel cycle. In the MOX case, the total power peaking factor at BOC is
higher (~1.96) and will probably necessitate a further reduction in the initial

Pu loading.
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The difference in initial power peaking factors can be attributed to the more
moderate reactivity change in the TOX case, which creates a flatter power
distribution within the core.

The reactivity coefficients are shown in Figs. 12 and 13. The MTCs are
negative throughout and the curves for the TOX and MOX cases are similar.
The MTC values for both of the cycles are higher (i.e. less negative) than typical
values for UOs fueled PWRs. This leads to a lower power defect and would
be beneficial (make it easier) to provide the necessary shutdown margins. In
addition, Fig. 13 shows that the Doppler coefficient (DC) is more negative in
the TOX case. The DC was calculated using Eq. (2).
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The Pu and the transuranic (TRU) incineration efficiencies for the MOX
and TOX cores are reported in Table 4. In the TOX core, the higher initial
Pu loading enables the irradiation period to be extended. As expected, the Pu
burning efficiency of the TOX fuel is significantly higher than (almost double)
that of the MOX fuel. Although considerably less Pu is generated in the TOX
core, 233U is being bred from 232Th. Hence, the overall TRU destruction rates

in the TOX core are higher only by a factor of 1.5.

Table 4. Pu and TRU incineration performance.

MOX  TOX
Initial Pu (kg/assembly) 101.05 107.05
Discharge burnup (MWd/kg)  79.8 97.8
Pu burnt (%) 27.8 49.2
EOC Pu2¥+211 /Py (%) 6.9  76.4
TRU burnt! (%) 22.8 33.6

Finally, a summary of the reactivity coefficients at BOC and end of cycle
(EOC) for the cases considered is presented in Table 5. Boron worth (BW)
values are included alongside DC and MTC values. An additional set of cal-
culations was carried out for the original [?S-LWR core (Petrovic, 2014) with
U3Si, fuel. This case is denoted as ‘REF’ because it provides a point of reference

for consistent cross-comparison between the different cases.

Table 5. Summary of core reactivity coefficients.

DC (pcm/°C) MTC (pem/°C) BW (pcm/ppm)
REF MOX TOX REF MOX TOX REF MOX TOX

BOC —-2.52 -219 -2.68 -19.2 —-38 -34 -51 —-63 —6.5
EOC -3.10 —-249 -294 512 -36.0 —-352 —57 -—-76 —7.38

1 2337 and 233Pa were included in the TRU inventory.
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4.5. Assessment of TOX and MOX safety margin to melting

The core results presented in previous sections concluded that the TOX fuel
cycle is feasible for the I2S-LWR. and can be used to achieve a set of specific
goals. Moreover, TOX fuel exhibits better performance than MOX with respect
to the objectives of achieving a longer fuel cycle and higher Pu disposition rate.

This section demonstrates an additional inherent safety advantage of the
TOX fuel cycle. More specifically, its safety margin to fuel melting is presented.

For this purpose, 4 different fuel options (U3Siz, UO2, MOX and TOX)
were investigated here. It must be noted that the pellet geometry for the UsSis
case is different (Salazar and Franceschini, 2014) from the others mainly due
to its central void region to accommodate the higher swelling rate of the UsSis
fuel. For each case, a 3D assembly model was used to simulate rapid overpower
events. The analyses relied on coupled neutronic-thermal-hydraulic calculations
and were performed with PANTHER. Table 6 details the melting temperature,
T, and thermal conductivity of the considered fuel types. The melting points
and thermal conductivities for UO5 and MOX were taken from (Popov et al.,
2000). The thermal properties for U3Siz were obtained from (Samoilov et al.,
1968). The thermal conductivity and the fuel melting temperature for the TOX
were obtained from (Cozzo et al., 2011) and (Bohler et al., 2015), respectively.

Typically, fuel melting safety margins are defined as the difference between
the maximum fuel temperature at normal operation and the melting tempera-
ture. However, previous studies (Ferroni et al., 2014) have indicated that this
definition cannot adequately account for the effect of the fuel thermal conductiv-
ity. For example, for two fuel types with the same margin to melting (according
to this definition of margin), the one with higher thermal conductivity would
be preferable because it could tolerate a higher power increase before reaching
its melting point.

In our analysis, the assembly average power was increased in order to find
the overpower factor causing the maximum fuel temperature to reach the fuel
melting point. This factor is representative of the safety margin to fuel melting,

since it captures the effects both of the maximum fuel temperature during full
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power normal operation and the ease with which fuel melting conditions can

then be reached.

Results are shown in Fig. 14, which presents the overpower factor of the

different fuels. The results indicate that the overpower factor of the TOX fuel

is larger than that of all the others, due to its high melting point and relatively

high conductivity values.

Table 6. Thermal properties of the considered fuel types.

Ty, K Thermal conductivity, Wm~'K~!

U0, 3113 —1.526 x 107157° + 1.057 x 10~ 1T* — 2.745 x 107873 +
3.415 x 107572 — 2.217 x 10727 + 9.343

UsSip 1938  8.155 4+ 8.35 x 10737

MOX 3023 L1270 423434 x 1017~ 35
A(x) = 2.85z + 0.035
C(z) = (=7.15x 4+ 2.86) x 1074

TOX 3484 L (1-0.05(2.6 — 92L))

A+2.4x10—4T
A(z) =6.071 x 1073 + 0.5722 — 0.59372>

In the above equations T is in °C and z is the Y% of PuO,

in the fuel.
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Fig. 14. Overpower factor to reach melting for the different fuels.

5. Summary

The main objective of this study was to analyse the homogeneous Th-Pu
oxide (TOX) fuel cycle for the I’S-LWR design. Adopting the TOX cycle facil-
itates longer fuel burnups that cannot be matched by either the UO5 or UsSis
fuel cycles due to the U enrichment limitation. The new I?S-LWR cladding ma-
terial is believed to be suitable for the goal of achieving high burnups. However,
the reactor physics characteristics of the Pu fuel cycle are different from those of
typical UOs fuel. For example, the worth of control material (e.g. boron) would
be significantly lower due to the presence of Pu, which is a strong thermal
absorber.

The current work illustrated some of the challenges of the Pu cycle (Section
4.2), the main one of which is ensuring a negative MTC, along with prohibitively
high critical boron concentrations. While the CBC issues can be solved fairly

easily by enriching the soluble boron, a careful core design process is required to
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ensure an acceptable MTC. Therefore, the first design stage here was to adopt
a loading pattern that minimizes the value of the MTC. The next stage was to
establish the maximum fraction of Pu in the fuel which ensures that all reactivity
control and power peaking design limits are not violated. To satisfy these safety
criteria, the TOX and MOX cores were loaded with 17V% and 16Y% of PuQa,
respectively. The higher initial Pu content enhances the performance of the
TOX core (compared to that of the MOX core) even further. The advantages
of the TOX fuel cycle are expressed in considerably higher burnup, improved
Pu incineration efficiency and enhanced safety features.

There is an additional motivation to why the proposed plutonium-thorium
fuel cycle is particularly suitable for the I?S-LWR design. In general, increasing
the discharge burnup would result in higher fission gas release. Since the original
design uses the UsSiy fuel (rather than the UOs) which is expected to have
higher accumulation of fission gas at the crystalline grain boundaries, which
gradually migrates by diffusion, the fuel pins gas plenna were increased. This
design feature is extremely useful in achieving longer irradiation periods, which
is the case in the proposed thorium-plutonium fuel cycle.

To conclude, this study of the Pu-Th fuel cycle for the I?S-LWR. shows the
attractiveness of high Pu contents to achieve better fuel utilization and reduced

volume of high level waste.
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