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Abstract

Reducing the inventory of long lived isotopes that are contained in spent nuclear fuel is essential for maximizing repo-
sitory capacity and extending the lifetime of related storage. Because of their non-fertile matrices, inert matrix fuels
(IMF’s) could be an ideal vehicle for using light-water reactors to help decrease the inventory of plutonium and other tran-
suranics (neptunium, americium, curium) that are contained within spent uranium oxide fuel (UOX). Quantifying the
characteristics of spent IMF is therefore of fundamental importance to determining its effect on repository design and
capacity. We consider six ZrO2 based IMF formulations with different transuranic loadings in a 1–8 IMF to UOX pin-cell
arrangement. Burnup calculations are performed using a collision probability model where transport of neutrons through
space is modeled using fuel to moderator transport and escape probabilities. The lethargy dependent neutron flux is treated
with a high resolution multigroup thermalization method. The results of the reactor physics model are compared to a
benchmark case performed with Montebruns and indicate that the approach yields reliable results applicable to high-level
analyses of spent fuel isotopics. The data generated show that a fourfold reduction in the radiological and integrated ther-
mal output is achievable in single recycle using IMF, as compared to direct disposal of an energy equivalent spent UOX.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The US inventory of civilian spent nuclear fuel is
increasing at around 2000 tonnes of heavy metal
each year. At present this material is destined for
interment at Yucca Mountain but the opening date
for the repository and its ability to isolate radiolog-
ical isotopes over geological time periods are points
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of ongoing public and political contention [1].
Decreasing the quantity of transuranics requiring
interment would reduce the long term heat and
radiological loads to a repository and extend the
lifetime of related storage materials. This would in
turn increase a repository’s capacity and make
protection of the biosphere more certain. As a
result, much effort has been focused on developing
methods by which the long lived isotopes that are
contained within spent uranium oxide fuel (SFUOX)
can be transmuted into more benign or shorter lived
forms.
.
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Because light-water reactors (LWR) are likely to
dominate nuclear energy production in the near
term, considerable interest exists in utilizing them
to help reduce the large inventories of transuranics
that they produce when loaded with uranium oxide
fuel (UOX). At present, the only commercial-scale
option for doing this is to reprocess SFUOX and
recycle the plutonium in mixed oxide fuel (MOX)
for use in existing LWRs. However, because of neu-
tron capture in the uranium matrix of MOX, con-
siderable transuranics, both higher actinides and
plutonium, are bred in situ even as the recycled plu-
tonium is being fissioned. The magnitude of this
effect is quantified by the conversion ratio (CR),
defined as the rate of transuranic (TRU) produc-
tion divided by its rate of consumption [2]. MOX
fuel typically offers a conversion ratio from 0.5 to
Pu + Np
or TRU
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per unit energy produced, at reducing the radiolog-
ical inventory requiring storage as compared to
either direct disposal of SFUOX or TRU recycle in
MOX.

In the past decade attention has been given to the
use of ‘inert matrix’ fuels (IMFs) that would avoid
the problem of the neutron capture that leads to
the production of TRUs and thereby achieve a CR
of zero [4,5]. In addition, it is currently envisioned
that such fuels might contain not only plutonium
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well (Fig. 1), making IMF particularly attractive
as a means of reducing the quantity of radiological
isotopes that are produced as a byproduct of
LWR operation [6]. Because it is both insoluble
and highly durable, yttrium stabilized ZrO2 (YSZ)
has attracted interest for this use [5,7]. Fabrica-
tion techniques are similar to those used for MOX
and UOX with dry milling of constituent oxides, or
co-precipitation to form a solid solution, being
followed by compaction and sintering of the result-
ing grains [7]. Characterization of the mechanical
and thermal properties of YSZ based IMF have
been reported in a number of studies as has its dura-
bility under radiation bombardment. Initial results
from in pile testing at the Halden test reactor (to
update models for fission gas release, thermal con-
ductivity and fuel swelling) have recently been
published as well [8–10].

A number of studies have investigated the bur-
nup and safety profiles of YSZ based IMF [4,5,11]
for a single recycle system and suggest good in reac-
tor performance. This, coupled with the potential
for efficient consumption of all recycle transuranics,
suggests that the use of IMF can offer benefits by
decreasing the heat and radiological loads to which
a repository, and related storage materials, would
be subjected [12]. We expand on these previous
studies and consider six YSZ and ZrO2/MgO based
IMF formulations with different weight percents of
plutonium and minor actinides (Cm, Am, Np).
Blends of ZrO2/MgO have recently been suggested
as a means by which the thermal conductivity of
IMF could be increased, with the ZrO2 providing
protection against hydration of MgO [13]. We show
here that a fourfold reduction in the radiological
and integrated repository heat loads would be
achievable using single recycle with high TRU load-
ing to an IMF, as compared to direct disposal of an
energy equivalent of SFUOX. The primary cause of
this improvement is the very high specific burnup
of IMF, P500 MWd/kg IHM. This corresponds
to the fission of more than 50% of the atoms of
TRU fuel initially present. These reductions could
have a dramatic benefit by extending the capacity
of repositories such as Yucca Mountain.

2. Materials and methods

2.1. Overview

Burnup calculations for six IMF formulations
were performed using a two region, multigroup col-
lision probability model that has been fully bench-
marked for LWRs burning UOX, MOX and IMF.
The applicability of this method rests on the premise
that detailed spatial variations in the neutron
flux are unimportant to tracking isotope buildup
and burnout provided that average cross-sections
and fluxes can be derived that preserve interaction
rates within macroscopic heterogeneous regions of
a fuel element. Collision probability theory then
models the transport of neutrons from region-to-
region using transmission and escape probabilities.
The overall aim is to reduce the spatial dependence
of the problem to that of only a few regions. Such
an approach was used in the WIMSD-5 code deve-
loped by the British [15] and was intended primarily
for static neutronics calculations on thermal reac-
tors. We have extended this approach to consider
the time dependence of the spatial and energy
dependent neutron flux in a reactor core in a way
that is amenable to rapid computation. The concen-
tration of 24 actinide isotopes is tracked through
time (as well as fission products) and the model
accepts as inputs fuel element geometry and compo-
sition, moderator/coolant geometry and composi-
tion, reactor geometry, fuel residence time and fuel
discharge burnup.

The implementation of the reactor physics model
(VBUDS: visualization, burnup, depletion and spec-
trum) uses collision probability approximations to
the neutron transport equation to decouple the
spatial and energy variables. The lethargy depen-
dent neutron flux, governed by coupled integral
equations for the fuel and moderator/coolant
regions is treated by multigroup thermalization
methods, and the transport of neutrons through
space is modeled by fuel-to-moderator transport
and escape probabilities. The transport equation is
formulated as a set of coupled integral equations
in energy. To reduce the problem of solving these,
the spatial and energy variables are decoupled and
the isotropic and linearly anisotropic components
of the elastic scattering kernel in the center-of-mass
system are preserved.

To model the transport of neutrons between the
spatial regions in the fuel and moderator/coolant,
an effective cell consisting of a homogeneous fuel
element surrounded by a region of homogeneous
moderator/coolant is constructed. The spatial
dependence of the flux is treated by taking the
neutron number density in the respective fuel and
moderator/coolant regions to be uniform. This
simplification greatly facilitates spatial transport



Table 1
Specification of IMF burnup cases

Matrix for inert matrix fuels (w/o)

Case Matrix Fuel

YstabZrO2 MgOZrO2 Pu + Np TRU

1 92 8
2 92 8
3 92 8
4 92 8
5 88 12
6 85 15

Here ‘Stab’ stands for stabilized, TRU for all transuranics and
‘w/o’ for weight percent.
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computations, as it allows us to apply the recipro-
city theorem. The movement of neutrons between
regions is then governed by transmission and escape
probabilities, which are themselves functions of
energy. It is important to emphasize that the goal
is not to accurately model the spatial dependence
of the flux, but instead its spectral dependence and
through this the time dependent concentration of
isotopes in the reactor as a whole.

VBUDS uses a multigroup formulation to treat
neutron energy dependence. The ENDF/B-VI data
were processed using NJOY99 to yield cross-section
libraries at five temperatures (300, 600, 900, 1200,
1500 K). Cross-sections come bundled with VBUDS
for a wide range of potential constituents which
include the 24 actinide isotopes, oxide, nitride, zir-
conia, and zirconium hydride fuel forms, common
cladding and structural materials (e.g., Zircaloy,
HT-9), control absorbers (boron, B4C, Ag–In–Cd,
Gd2O3) and a number of common moderators and
coolants (light- or heavy-water, graphite, helium,
CO2, lead, bismuth and sodium). Rather than adopt
any of the currently existing energy meshes, we use
an energy grid in which all bins are of equal lethargy
width. This mesh, which contains 10 (coarse repre-
sentation) or 100 (fine) bins per neutron energy dec-
ade, was chosen because the set of nucleides whose
resonances might determine the binning structure
could vary widely between VBUDS runs.

To date VBUDS has been fully tested against
LWR, UOX and MOX benchmarks that are avail-
able from the NEA/OECD [16,17] and against
IMF burnup calculations that were done using
Monteburns, all with strong fidelity, see Section 2.3.

2.2. Relative cumulative decay heat and
radioactivity

The output from the VBUDS simulations was
used in conjunction with the ORIGEN2.2 [18] data-
base of isotope properties to determine the time
dependent radioactivity and cumulative decay heat
[Watt-years] for SFIMF from the individual cases
(see next section). We choose SFUOX with a burnup
(BUUOX) of 45 MWd/kg IHM as a basis for com-
parison, as well as a TRU source from which IMF
will be made. The relative performance measures
(radioactivity and cumulative decay heat) for IMF
versus direct disposal cycles are calculated on an
energy equivalent basis as follows. Let x[kg IHM]
be the amount of IMF fuel that can be made from
the TRU’s contained in 1 kg of SFUOX. The burnup
achieved by this IMF, BUIMF [MWd/kg IHM] is
computed using VBUDS. The total energy released
from the IMF during its burn plus the energy pro-
duced by irradiation of the initial 1 kg of UOX is

E ¼ BUUOX þ xBUIMF: ð1Þ

Producing this amount of energy using a once-
through UOX cycle would require y kg IHM of
UOX with:

y ¼ E=BUUOX: ð2Þ

The relative integrated decay heat and radioactivity
of the IMF cycle are then obtained by dividing the
outputs from 1 kg SFUOX + x kg SFIMF, by the
respective outputs from y kg SFUOX.

2.3. IMF case specification

Tables 1–4 specify both the type of the inert
matrix to be investigated as well as the initial isoto-
pic composition of the fuel. Two IMF matrices were
considered, YSZ with 92 w/o Y2O3–8 w/o ZrO2 and
MgOZrO2 with 40 w/o MgO–60 w/o ZrO2, where
w/o denotes ‘weight percent’. The cycle parameters
are taken from Herring et al. [6], except for the tem-
peratures and water density typical of a PWR taken
which are taken from the BU credit benchmark, Vol
IV-B [17]. An infinite lattice is assumed in all cases.

Discharge burnups were determined in the usual
manner for pin-cell, pin array, or fuel assembly level
calculations. The infinite medium multiplication
factor, k1, was computed as a function of fuel
burnup with leakage taken into consideration
through a non-leakage probability, PNL, such that
keff = k1PNL. For a three-batch reloading scheme,
keff was then determined for each fuel batch at the
conclusion of each irradiation period. The discharge
burnup was defined as that burnup for which keff



Table 2
Input isotopic composition of the Np and Pu used cases 1, 3, 5
and ‘a/o’ stands for atom percent

Isotope Fraction of
Pu + Np (a/o)

Isotope fraction
(a/o)

Np-237 6.9 100.0
Pu-238 2.0 2.2
Pu-239 55.9 60.0
Pu-240 24.8 26.6
Pu-241 3.6 4.0
Pu-242 6.7 7.2

Table 3
Input isotopic composition of TRU used in cases 2, 4, 6 and ‘a/o’
stands for atom percent

Isotope Fraction of
TRU (a/o)

Isotope fraction
(a/o)

Np-237 6.0 100.0
Pu-238 1.8 2.2
Pu-239 49.0 60.0
Pu-240 21.7 26.6
Pu-241 3.3 4.0
Pu-242 5.9 7.2
Am-241 10.8 89.1
Am-242m 0.0 0.1
Am-243 1.3 10.9
Cm-242 0.0 0.0
Cm-243 0.0 1.7
Cm-244 0.2 84.7
Cm-245 0.0 11.9
Cm-246 0.0 1.6
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equaled one. This approach, though elementary, has
found wide use [19] and we have adopted it here.

To capture the heterogeneous nature of the fuel
loading, keff was determined as a function of fuel
Table 4
Initial and final actinide concentrations for the IMF in cases 1–3, given

Isotope Case 1 Case

Initial Final Initia

Np-237 6.87 2.28 6.03
Pu-238 2.01 3.22 1.81
Pu-239 55.85 1.24 48.63
Pu-240 24.77 8.70 21.83
Pu-241 3.75 4.36 3.32
Pu-242 6.74 10.70 5.94
Am-241 0 0.239 10.87
Am-242m 0 0.005 0
Am-243 0 2.46 1.31
Cm-242 0 0.248 0
Cm-243 0 0.007 0.00
Cm-244 0 1.67 0.23
Cm-245 0 0.079 0.03
Cm-246 0 0.030 0.00

The burnup for case 1 was BU 585 (MWd/kg IHM), for case 2 it is 55
burnup, and burnup as a function of fluence, for
both IMF and UOX pin-cells. Assuming that the
fluences in the IMF and UOX cells were the same,
a keff versus burnup profile was then assembled for
the 1:8 IMF-to-UOX lattice as a weighted average
of the two. This approach was found to yield good
results, see below, but would not be applicable to
extreme lattice heterogeneities such as burnable
targets.

A detailed description of k1 and PNL calcula-
tions in VBUDS can be found in [14].

2.4. Benchmark

We consider an inert matrix fuel with 92 w/o zir-
conium oxide and 8 w/o transuranics (case 2 above)
where one of nine pins in a pin-cell configuration is
IMF. The vector for the TRU is given in Table 4.
We use VBUBS to calculate the beginning and
end of life neutron spectra for the core, the time
dependent neutron production rates for 24 actinides
and parameters for the six factor formula (repro-
duction factor, thermal utilization factor, keff, etc.)
as a function of fuel burnup. The results are
obtained by using a weighted average from simula-
tions done on full IMF and UOX pin-cell configura-
tions. Isotope buildup and burnout for this case
were also simulated using Monteburns to provide
a point of comparison to VBUDS calculations.

3. Results

Figs. 2 and 3 show representative isotopic con-
centrations during burnup for case 2 simulations
in weight percent of IHM

2 Case 3

l Final Initial Final

2.05 6.87 2.94
5.92 2.01 3.38
1.86 55.86 2.02
7.84 24.77 11.96
4.09 3.75 5.72

10.55 6.74 10.34
0.609 0 0.381
0.012 0 0.007
2.91 0 2.27
0.789 0 0.242

5 0.034 0 0.006
2 2.52 0 1.19
3 0.126 0 0.055
4 0.068 0 0.015

0 (MWd/kg IHM), and for case 3 it is 540 (MWd/kg IHM).



Fig. 2. Benchmark of Am and Cm isotopes predicted by VBUDS
and Monteburns. The prevalence of Np-237, Am-241, Am-243,
Cm-242, Cm 244 as a function of burnup as predicted by VBUDS
(blue) and Monteburns (red). Horizontal axes are burnup (MWd/
kg IHM) and the vertical axes are percent of initial heavy metal
(% IHM). The benchmark case considered a pin of IMF in a nine
pin assembly where the IMF was a Y stabilized ZrO2 with 8 w/o
Pu + MA and a Pu and MA vector as specified in Herring et al.
[6]. (For interpretation of the references in color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. Benchmark of Pu isotopes predicted by VBUDS and
Monteburns. The prevalence of Pu-238–Pu-242 as a function of
burnup as predicted by VBUDS (blue) and Monteburns (red).
Horizontal axes are burnup (MWd/kg IHM) and the vertical axes
are percent of initial heavy metal (% IHM). The benchmark case
considered a pin of IMF in a nine pin assembly where the IMF
was a Y stabilized ZrO2 with 8 w/o Pu + MA and a Pu and MA
vector as specified in Herring et al. [6]. (For interpretation of the
references in color in this figure legend, the reader is referred to
the web version of this article.)
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done with VBUDS and Monteburns. The correla-
tions are in line with previous results that compared
VBUDS simulations of uniform core loadings of
MOX and UOX in LWRs to OECD benchmarks.
While the IMF pin-cell configurations represent
inhomogeneous LWR core loadings the method of
using a weighted average of VBUDS simulations
for uniform IMF and UOX loadings, as described
above, gives results that correlate well with those
generated using Monteburns. This is likely due to
the relatively short neutron mean free path in an



Table 5
Initial and final actinide concentrations for the IMF in cases 4–6, given in weight percent of IHM

Isotope Case 4 Case 5 Case 6

Initial Final Initial Final Initial Final

Np-237 5.99 2.61 6.87 1.50 5.99 0.945
Pu-238 1.80 6.41 2.01 2.60 1.80 3.81
Pu-239 48.95 2.60 55.85 0.721 48.95 1.01
Pu-240 21.69 10.55 24.77 4.63 21.69 3.03
Pu-241 3.30 5.27 3.75 2.41 3.30 1.72
Pu-242 5.90 10.21 6.74 10.88 5.90 10.14
Am-241 10.80 1.12 0 0.092 10.80 0.093
Am-242m 0 0.023 0 0.002 0 0.002
Am-243 1.30 2.83 0 2.70 1.30 2.85
Cm-242 0 0.879 0 0.229 0 0.510
Cm-243 0.005 0.033 0 0.008 0.005 0.024
Cm-244 0.231 2.00 0 2.48 0.230 3.88
Cm-245 0.032 0.102 0 0.099 0.032 0.157
Cm-246 0.004 0.043 0 0.065 0.004 0.162

The burnup for case 4 is 500 (MWd/kg IHM), for cases 5 and 6 it is 650 (MWd/kg IHM).
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LWR (which servers to somewhat isolate pins from
their neighbors) and the fact that the IMF pins con-
sidered here are not unlike their UOX counterparts
in terms their flux spectrum. The very strong corre-
lations shown in Figs. 2 and 3, along with the previ-
ous LWR benchmarks, confirm the applicability of
VBUDS for LWR burnup simulations for a variety
of fuel types, including the present ones.

Tables 4 and 5 give the charge and discharge
actinide compositions of the IMF in units of weight
percent of initial heavy metal (IHM). In all cases
Pu-239 consumption of more than 95% was
achieved, which is consistent with previous studies
[4,5]. As would be expected, the high plutonium
loading cases (5 and 6) achieved the greatest con-
sumption rates with just under and over 98%, respec-
tively. These results indicate that the high burnup
offered by IMF would be particularly effective at
disposing of weapons grade plutonium. In general,
the presence of the other transuranics (Am, Cm) in
the fresh IMF decreased the degree of plutonium
burn somewhat, which would be expected because
of their effect upon the neutron balance. The overall
consumption of plutonium ranged from 57% (case 4)
to 77% and 76% for cases 5 and 6, respectively. The
consumption of neptunium ranged from a low of 56
to a high 85% for cases 4 and 6, respectively. A
greater than 90% consumption of Am-241 was
observed in the cases with full TRU loading with
consumption of total Am ranging from 67% to
75% for cases 4 and 6, respectively. Both neptunium
and americium consumption increased with increas-
ing burnups. In all cases a net positive curium
buildup is observed, though net curium production
per unit energy decreases for cases where all transu-
ranics are retained in the IMF as well as for fuel con-
figurations achieving higher discharge burnup. It
should be noted that the while the discharge
burnup of the IMF was chosen to meet core-average
reactivity constraints, the degree of burn could be
adjusted by modifying the UOX enrichment in
assemblies where IMF is present. Therefore, to max-
imize the transmutation potential of IMF, the fuel
loading would be configured such that IMF pins
would function, late in their burnup cycle, as targets
supported by neighboring UOX pins. The maximum
TRU burnup fraction that can be achieved through
such a strategy has not yet been assessed and will be
the subject of future work.

Table 6 shows the benefit in reducing transuranic
heat load and radioactivity by reprocessing SFUOX

and recycling some or all transuranics in IMF’s.
The benefit or savings factor is given, by case, for
a fuel cycle with single recycle through IMF as com-
pared to direct disposal of an energy equivalent of
SFUOX. As can been seen, the cases where all TRUs
are included in the IMF offer the greatest savings in
radiological and integrated heat loading. This indi-
cates that partitioning and storage of the unrecycled
TRUs (Am, Cm) is disadvantageous for IMF strat-
egies that are intended to enhance repository capac-
ity, a result that is not observed with MOX. Case 6
offers the most profound savings relative to direct
disposal and indicates that a four fold reduction in
integrated heat load could be achieved at 1500 years
after emplacement, which is considered to be a



Table 6
Relative heat and radiological outputs of IMF vs direct disposal

Case 100 year
decay
power

1000 year
decay
power

100–1500 year
cumulative decay
heat

10000
year
activity

1 0.82 0.59 0.67 0.32
2 0.88 0.31 0.45 0.34
3 0.94 0.73 0.82 0.37
4 0.99 0.39 0.54 0.38
5 0.75 0.55 0.63 0.28
6 0.56 0.17 0.24 0.26

The table shows the relative decay power, cumulative decay heat
and radioactivity for an IMF cycle as compared to direct disposal
of an equivalent of UOX. The results are computed by consid-
ering only the transuranic actinides within the IMF as well as
their decay daughters. Fission products that are separated during
reprocessing are assumed to be left out of a repository and, hence,
would have no effect on it. However, it can be shown that these
fission products have a negligible effect on the results. The inte-
grated decay heat for SFIMF is that which occurs between 100 and
1500 years after IMF discharge from a reactor.
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limiting factor in determining the capacity of Yucca
Mountain [20]. A similar decrease is seen for the
radiological load at ten thousand years after
emplacement. Such reductions could translate into
a significant increase in repository capacity.

Each of the transuranic isotopes found in SFUOX

and SFIMF is a member of one of the four actinide
decay chains, Tables 7 and 8 and Figs. 4 and 5.
Three of these chains, 4N, 4N + 2 and 4N + 3 con-
tain naturally occurring radioisotopes (232Th, 238U
and 235U, respectively). The only way for a species
to leave the decay chain of which it is a member is
for it to capture a neutron or to fission, and IMF
transmutation gives recycled actinides a second
chance at both. Once spent fuel is discharged from
a reactor and slated for disposal, the mass and con-
stituency of each decay chain is fixed forever. While
the initial distribution of the isotopes in the respec-
tive decay chains of course varies between IMF and
UOX SF, the species that dominate the heat pro-
duction and activity within each are the same.

In the very long term, the longest lived daughter
in each actinide decay chain will dominate, and the
activity or heat load for the chain will be governed
by how much of this species is present, which is in
turn determined by how many atoms were initially
present in each decay chain. Figs. 4 and 5 under-
score the reductions in radiological and thermal
outputs for case 6 relative to an energy equivalent
of UOX. The figures show a significant decrease in
both thermal and radiological output for the IMF
cycle relative to the UOX option. The actinide mass



Table 8
Actinide decay chains and the effects on UOX and IMF cycles

Decay chain Effects

4N Dominates medium (1–10 k) year radioactivity and for long (>1000 year) term decay power in SFUOX. For the discharged
IMF of case 6, it is reduced, on an energy equivalent basis, by 73%

4N + 1 Dominates short (<1e3 year) and very long term (>1e6 year) radioactivity. It’s also a major contributor to medium (100–
1000 year) decay power. IMF case 6 reduces the inventory of this chain by 88%

4N + 2 Is a major contributor to long (1e5–1e6 year) term radioactivity. It also influences short-medium term (50–300 year) decay
power. IMF case 6 increases the inventory of this chain by 60%

4N + 3 Is a significant contributor to medium to long term (5e3–5e5 year) radioactivity in UOX SF. It also plays a major role in
driving the long (>1000 year) term decay power. IMF case 6 decreases the inventory of this chain by 93%
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Fig. 4. Radioactivity from IMF and UOX cycles. Radioactivity from SFIMF (case 6) and an energy equivalent of SFUOX are shown. Here
1 kg of SFUOX is burned to 45MWd/kg HM and the resulting SFUOX is reprocessed to give 0.013 kg of IMF which is itself burned and
disposed of as SFIMF. An energy equivalent of UOX, with a 45 MWd/kg IHM burnup, is 1.19 kg. Overall, the actinide mass requiring long
term storage is decreased by 73% for the chain 4N, 88% for 4N + 1 and 93% for 4N + 3. The IMF option gives a significant reduction in
radiological output over the majority of the time course shown.
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requiring long term storage is reduced for all decay
chains except 4N + 2. Table 8 summarizes the effect
of each of the respective actinide decay chains and
how and IMF cycle effects them.
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Fig. 5. Decay power from IMF and UOX cycles. Decay power from SFIMF plus the VHLW from reprocessing (case 6) and an energy
equivalent of SFUOX are shown. The IMF option gives a fourfold reduction in integrated thermal output at 1500 years and beyond.
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For moderate (a few hundred MWd/kg) burn-
ups, the higher the IMF burnup, the more pro-
nounced the burnout of other decay chains (and
buildup of 4N + 2 isotopes) becomes. However,
case 6 reaches a sufficiently high burnup for even
the 4N + 2 membership to reach a peak and begin
to be consumed. Chain 4N + 2 is in addition rela-
tively innocuous, as in the long term its members
decay to uranium-238. Therefore, concentration of
the actinides in the chain 4N + 2 results in benefits
to performance indicators outweighing the buildup
of these isotopes. The benefits are less pronounced
in those specific areas where members of the
4N + 2 chain do play a significant role in driving
heat load and activity, as outlined above. Addition-
ally, if the IMF burnup could be increased further,
even the mass in this decay chain could be reduced
and this will be the subject of future work.
Previous studies have investigated the safety pro-
file of ZrO2 based IMF with plutonium loadings
similar to those in cases 5 and 6 and suggest that
use of such fuel would be possible [5]. While the sim-
ulations for cases 5 and 6 were for MgO/ZrO2

blends, the isotopic profile at end of life would be
nearly identical for a pure YSZ based IMF, with
equivalent TRU loading, as both Mg and Zr are
highly transparent to thermal neutrons. This is sig-
nificant as considerable work has already gone into
assessing the usability of YSZ based IMF in LWRs.

4. Conclusions

• ZrO2 based IMF’s can achieve a more than 95%
consumption of Pu-239 and up to a 77% overall
reduction in plutonium if a high fuel burnup
can be achieved.
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• Consumption of Am-241 of over 90% is achiev-
able with ZrO2 based IMF’s and overall ameri-
cium consumptions of more than 67–75% can
be achieved when all TRUs are recycled and is
burnup dependent. Consumption of Np-237 of
up to 85% was observed in simulations of IMF
at burnups of 650 Mwd/kg IHM. The curium
content of IMF is seen to increase over its life-
time in the core, though the rate of increase is less
when all TRUs are recycled in the IMF.

• A fourfold reduction in the radiological and inte-
grated heat loads can be achieved with high
burnup ZrO2 based IMF, as compared to direct
disposal of SFUOX on a per kW h basis. This
reduction can offer significant increases in repos-
itory capacity and reductions in radiological
load.

• Comparison of the results of the reactor physics
model to those from benchmark case generated
using Monteburns indicates that VBUDS yields
reliable results applicable to high-level analyses
of spent fuel isotopics.
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