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Abstract

The most efficient way to enhance the plutonium consumption in LWRs is to eliminate pluto-
nium production altogether. This requirement leads to fuel concepts in which the uranium is replaced
by an inert matrix. The inert matrix material studied at PSI is zirconium oxide. For reactivity control
reasons, adding a burnable poison to this fuel proves to be necessary. The studies performed at PSI
have identified erbium oxide as the most suitable candidate for this purpose. With regard to material
technology aspects, efforts have concentrated on the evaluation of fabrication feasibility and on the
determination of the physicochemical properties of the chosen single phase zirconium/
erbium/plutonium oxide material stabilised as a cubic solution by yttrium. The results to-date,
obtained for inert matrix samples containing thorium or cerium as plutonium substitute, confirm the
robustness and stability of this material. With regard to reactor physics aspects, our studies indicate
the feasibility of uranium-free, plutonium-fuelled cores having operational characteristics quite simi-
lar to those of conventional UO2-fuelled ones, and much higher plutonium consumption rates, as
compared to 100% MOX loadings. The safety features of such cores, based on results obtained from
static neutronics calculations, show no cliff edges. However, the need for further detailed transient
analyses is clearly recognised. Summarising, PSFs studies indicate the feasibility of a uranium-free
plutonium fuel to be considered in "maximum plutonium consumption LWRs" operating in a "once-
through" mode. With regard to reactor physics, future efforts will concentrate on strengthening the
safety case of uranium-free cores, as well as on improving the integral data base for validation of the
neutronics calculations. Material technology studies will be continued to investigate the physico-
chemical properties of the inert matrix fuel containing plutonium and will focus on the planning and
evaluation of results from appropriate irradiation experiments.

1. INTRODUCTION

The Swiss R&D contributions on uranium-free LWR fuels are embedded within the framework
of PSI's research efforts on advanced fuel cycles. Apart from the need to ensure analytical and
experimental support on plutonium recycle issues to the utilities as well as to various federal agencies,
PSFs efforts aim at strengthening the sustainability arguments for nuclear power as a very-close-to-
zero-CO2 emission primary energy source for electricity generation.

The strategy presently adopted by some utilities to deal with ever increasing plutonium invento-
ries accumulating in the spent fuel generated by their nuclear power plants corresponds to the so-
called "self-generated mode" which consists in reprocessing the uranium based LWR fuel, fabricating
MOX fuel assemblies, and using these to load up to 1/3 of the core. This strategy is firmly based on
industrial processes, but it permits only to stabilise the plutonium mass flow (over the life span of a
core loading, as much plutonium is consumed as is produced through neutron captures in 238U). To go
beyond the "self-generated mode", full MOX core loadings are envisaged for advanced LWR core
designs. A much more efficient way, however, to enhance the plutonium consumption in LWRs
would be to eliminate plutonium production altogether. This requirement leads to fuel concepts in
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which the uranium is replaced by an inert matrix. The inert matrix fuel (IMF) studied at PSI is based
on zirconium oxide Ref. [1-2]. This material is a promising inert matrix candidate due to the fact that
it is stabilised by rare earth oxides in a single phase solid solution with a cubic structure. By the addi-
tion of yttrium, the zirconium oxide based inert matrix material becomes comparable to UO2 in MOX

fuel, thus offering the sought after properties for hosting the plutonium, the other actinides, and the
fission products. For reactivity control reasons, adding a burnable poison to this fuel proves to be nec-
essary. The studies performed at PSI have identified erbium oxide as the most suitable candidate for
this purpose.

Within the framework of the reactor physics studies, the main objectives have been to investi-
gate the operational and safety-related parameters of uranium-free, plutonium-fuelled LWR cores, to
identify and implement the minimum design modifications permitting a smooth transition from pre-
sent-day UO2 and UO2/MOX loadings to such plutonium-incinerating cores, and, last but not least, to

strengthen the validation basis for the data and calculational methods employed.

With regard to material technology aspects, efforts have concentrated on the evaluation of
fabrication feasibility and on the determination of the physicochemical properties of the chosen single
phase zirconium/erbium/plutonium oxide material stabilised as a cubic solution by yttrium.

The present paper summarizes the results obtained to-date with respect to both material tech-
nology and reactor physics aspects of PSFs IMF studies.

2. FUEL MATRIX

Zirconium oxide is a promising candidate as inert matrix because it may be stabilised by rare
earth oxides in a single phase solid solution which offers attractive properties for a nuclear fuel. In
this material, rare earth oxides stabilise the phase in a cubic structure, and the stabilised zirconia is
then comparable to UO2 in MOX fuel. In the suggested fuel material, the stabilised zirconia fluorite-
type phase will be the host phase for plutonium, other actinide elements or fission products. Binary
cubic mixtures ZrO2-YOj 5 form solid solutions with numerous dopants from room temperature to
about 3000 K [3], Little is known on the properties of zirconia based ceramics, and on their behaviour
under irradiation. Some early studies reported data on zirconia lattice expansion [4], thermal conduc-
tivity changes [5], and mechanical property changes [6]. It was also observed that during neutron irra-
diation of uranium doped zirconia, the phase transforms to cubic when the neutron fluence increases
[7]. More recently, Clinard [8] studied the behaviour of stabilised zirconia under neutron irradiation
and showed the presence of ordered inclusion arrays. All of this information indicates that these
zirconia based materials have a relatively stable behaviour under irradiation.

For estimating the in-pile behaviour of zirconia based fuel, the behaviour of both inert matrix
and simulated fuel materials is being studied under specific types of irradiation. Since fission products
such as Xe are known to cause considerable material damage, the stability of these ceramic materials
has been assessed under Xe irradiation utilising both high and low energy particles.

2.1 Material Preparation and Analysis

The selected route for material preparation is aqueous co-precipitation of the nitrate salts solu-
tion mixture by ammonia. This wet preparation method was adapted for the fabrication of a simulated
fuel material (Zr0.95-x-yYxErQ05My)O1.975.^ with M = Ce, U or Th as analogue of Pu (x= 0.10-0.15,
y= 0.07-0.10). Subsequent drying, crushing, pelletising and sintering at 1875 K was carried out for
pellet preparation. The relative density of these material samples was about 95%. X-ray diffraction
was used for phase interpretation and determination of second phase formation. Fig. 1 illustrates that
the quaternary material forms a single solid solution. Lattice parameter measurements where applied
for characterisation and the determination of theoretical densities. Specific samples for measurements
were obtained by cutting the pellet using a diamond saw.
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FIG. 1. XRD Spectrum and Structure of Pellet (SEM Micrograph) for a (Zr07Y0j5ErQQ5Ce0})O]9 Sample

2.2 Thermal Conductivity Analysis

Thermal conductivities of zirconia based inert matrix and analogous fuel materials were meas-
ured and modelled [9]. Measurements were performed using the laser flash method and systematically
applied to binary, ternary and quaternary systems including zirconia, yttria, erbia and ceria or thoria.
Measurements were carried out from room temperature up to 1300 K. Thermal diffusivity results for
simulated fuels are given in Fig. 2 and compared to non-irradiated and irradiated UO2. Thermal
conductivity was calculated using theoretical values for specific heat capacity and was also modelled
taking into account the effect of dopants on the lattice parameter of the cubic solid solution and the
oxygen vacancy size and concentration [9]. Experimental and lattice parameter values are compared
prior to full justification of the results. In the temperature range from 300 to 1000 K, the thermal con-
ductivity of the single phase solid solution with yttria, erbia and ceria as analogues of fuel material
was confirmed to be about 2 W-nr^K'1, a value similar to stabilised zirconium oxide with similar
dopant concentrations.

In addition, inert matrix sample conductivity was measured up to 2200 K. It was striking to note
the large conductivity increase around 1500 K, reaching 3 W-nr^K"1 at 2200 K. These samples
presented, however, lower conductivities at room temperature (about 1.5 W-m^-K-1). Recently, com-
parable thermal conductivity values were obtained by oscillating scanning differential calorimetry for
the same material (Fig. 3). Energy transfer in this transparent matrix must, however, be discussed on
the basis of both photonic and phononic conductivities. Based on the phononic conductivity, an
annular pellet design to reduce the centre line temperature has been proposed [2].
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FIG. 2. Comparison of Thermal Diffusivity of Stabilized Zirconium Oxide and simulated IMF with
Uranium Oxide, and with High Burn-up Uranium Fuel

2.3. Behaviour under Irradiation

The inert matrix and simulated fuel materials were irradiated using an analytical electron
microscope with a low energy Xe injector at the Japanese Atomic Energy Research Institute (JAERI)
and using the HVEM-Tandem Facility at Argonne National Laboratory (ANL).

For electron microscopy, trepanning disks of 3 mm diameter with a thickness of 10-20 mm in
the centre part were made by ultrasonic cutting and dimpling. Perforation was made by thinning with
a 3 keV Ar+ ion beam. With the electron microscope, amorphization and defect clusters due to ion
thinning were not observed on the inert matrix samples. In all samples cubic solid solutions were
determined. One as fabricated sample (with thoria included) presented locally amorphous phases
(about 10%) produced in the tri-join boundary spaces.

Observations and irradiation experiments for (Zr0 §5Yo inEr0.os)Oi 925 with and without 10%
CeO2 at JAERI were performed in a JEM electron microscope equipped with an ion accelerator. The

beam of 60keV Xe ions provided a flux of 510 1 2Xecm^s" 1 . The irradiations were carried out at
room temperature and at 925 K accumulating relatively large doses, simulating fission damage under
light water reactor conditions (Fig. 4).
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FIG. 3. Comparison of Thermal Conductivity Values. Determined by Oscillating Differential
Scanning Calorimetry (solid symbols) and Laser Flash Methode (open symbols)

(a): Ternary systems: (Zri.x.y)Yx,Ery)O2.(x+y)/2 with an erbia part of (At%): • : 0, • : 5, ^ : 10.

(b): Quaternary systems: (Zr1.x.y.z,Yx,Ery,Cez)O2. (x+y) /2 and (Zr1 .x .y . zYx ,Ery ,Th z)O2 .{ x + y ) / 2 .

The different material compositions were: "*": (Zr0 70>Y010,Ero.o5)Oi.925'
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FIG. 4. Process of Formation and Growth of Defect and Bubbles in (ZrOgSYQ joEro o$)Oj 925 During

Irradiation with 60 keVXe Ions of 5-1012Xe-cnc2-s-1 at 650°C.
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The thickness of the sample observed with an electron microscope was about 50 nm. Irradiation
performed at the two temperatures demonstrated that for a dose of 1.8 1016Xe-cnr2, no amorphization
was observed. The penetration depth of the Xe ions in the inert matrix irradiated with 60 keV Xe ion
was estimated to be about 15 nm by the TRIM-95 code.

After ion irradiation, the volume swelling of the specimens was estimated from the total bubble
volume which was measured from bubble densities and average bubble radius. The volume swelling
was estimated to be about 0.19 % at room temperature and about 0.72 % at 925 K, respectively.

Simulated fuel samples (ZrO75Yo loErOo5Tho ]0)Oj 925) were prepared to investigate the
microscopic behaviour of the material under high energy irradiation (1.5 MeV). TEM sub-samples
were prepared by mechanical grinding and ion milling at the University of New Mexico. The thick-
ness of those samples was of the order of 100 nm and the irradiation took place in the HVEM-Tandem
Facility. The material was irradiated with an ion dose rate of 3.4-1012Xe-cm'2s"1, to doses of
2.0-1016Xe-crrr2 with high energy Xe ions. Irradiation was carried out at 20 K with a liquid helium
stage, because previous experiences on ZrO2 have shown that the phase is very resistant to amorphi-
zation, but that amorphization might occur at sufficiently low temperatures at which defect recovery
could be suppressed. Some observations were carried on-line (Fig. 5).

FIG. 5. Examination of Defects on a (Zr075Y0 ioEr005Th010)01925 Sample during Irradiation with

1.5 MeVXe Ions of2-1016Xe-cm2 at 20 K Courtesy Prof Ewing, Uni New Mexico

At a fluence of 210 1 6 Xe-cnr2, a high density of dislocation loops was observed, and the size
of the loops ranged from 20 to 60 nm. Detailed TEM analysis after ion irradiation did not reveal any
amorphization even near the grain boundaries. According to a full cascade TRIM-95 calculation
(using Ed = 60 eV), the damage in the middle of the electron transparent TEM foil (100 nm in depth)
reached 25 dpa (displacement per atom) at full ion dose.

The results of all examinations indicate that the irradiation temperature (20 K) is still too high
to destroy the crystal structure of stabilised zirconia [10]. Compared to the stability of UO2 under
energetic irradiation conditions [11], the proposed IMF seems to be much more stable.
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3. FUEL ASSEMBLY DESIGN

Based on scoping cell calculations [1] addressing the basic reactor physics characteristics (e.g.
depletion dependent reactivity variation, temperature and void coefficients, reactivity control) of IMF,
a promising candidate was identified, with ZrO2 being the inert matrix in which the PuO2 fuel is
embedded, and Er2O3 the burnable poison. The plutonium isotopic composition considered corre-
sponds to that obtained from LWR UO2 fuel with a burnup of approximately 40 GWd/t and five years
cooling time. This IMF was included, among others, in an international benchmark exercise aiming at
data and methods validation [12]. Apart from PSI, participating with results based on the code
BOXER using JEF-1 data, the other participants were CEA (APOLLO-2/JEF-2.2), ECN
(SCALE/JEF-2.2), JAERI (SRAC-95/JENDL-3.2) and POLIMI (WMS/WIMS-86). The main results
with regard to the IMF studied at PSI can be summarized as follows:

- k-infinity results at beginning of life are in good agreement, the standard deviation with respect to
all participants' average value being 400 pcm. The uncertainties observed at beginning of life are
due to the different cross section libraries. At the end of life, the discrepancies are larger, with the
standard deviation reaching 1000 pcm, and are mainly due to the different methods;

- the results obtained for the fuel temperature coefficients show the same trend as for k-infinity:
satisfactory agreement at beginning of life, and larger discrepancies at end of life;

- there are significant discrepancies in the results obtained for the void coefficients if the void
fraction exceeds 90%.These are mainly due to differences in the zirconium resonance cross
sections.

The overall conclusion from these benchmark studies to-date is that there remain some physics
characteristics of inert matrix fuels requiring further clarification (mainly with regard to the fuel tem-
perature coefficients and to the void coefficients for void fractions larger than 90 %).

In a second step, whole-core three-dimensional neutronics analyses were performed [13-14] to
assess the operational, safety-related, and - last but not least - plutonium consumption characteristics
of present-day PWR core designs fuelled with the aforementioned uranium-free fuel. Within the scope
of these studies (i.e. equilibrium cycle situations, homogeneous uranium-free assembly design), the
results obtained have been very encouraging. They indicate, for a present-day 1 GWe PWR, the
feasibility of a 100% uranium-free fuelled four-region core with a cycle length of over 300 efpd. Its
plutonium consumption capabilities (in terms of total plutonium) are approximately twice as high as
in the case of 100% MOX-fuelled cores, i.e. 60% of the initial plutonium inventory. At the same time,
the operational characteristics (e.g. reactivity variation with burnup, and power peaking) of the
uranium-free cores are very similar to those of conventional present-day UO2 fuelled ones. A
discussion of the safety-related parameters, on the other hand, asks for a more discerning approach.
While the fuel temperature feedback reactivity effect (Doppler coefficient) in the uranium-free core is
approximately half the value (in absolute terms) of that for the conventional UO2-core, the moderator

temperature coefficient is very similar, and the shutdown margin (reactivity margin at hot zero-power
conditions) is even larger - always when comparing the uranium-free with the conventional U02-core.
The bottom line to date is that, although no cliff edges are expected based on the results for safety-
related parameters obtained from static neutronics analyses, detailed transient studies are necessary to
strengthen the safety case for the uranium-free cores.

Finally, results are presented summarising the main findings of the third step in PSFs physics
design efforts towards the goal of enhanced plutonium consumption in present-day PWRs fuelled with
uranium-free plutonium fuel. In these studies, we have looked at "real-life situations" which ask for
"transition configurations" in which loadings with mixed UO2 and uranium-free assemblies must be
considered.
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FIG. 6. Relative Power Density Distributions for a (a) MOX and (b) Uranium-Free Plutonium Fuel
Assembly Surrounded by Standard Uranium oxide fuel.
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The problems faced when introducing uranium-free assemblies into a UO2-assembly environ-
ment are similar to those encountered in the case of MOX fuel [15]. Fig. 6 shows the distribution of
the relative power densities for both a MOX (Fig. 6 (a)), and a uranium-free fuel assembly
(Fig. 6 (b)). In both cases, the special assemblies are homogeneous and surrounded by standard UO2-
fuel. It is worthwhile mentioning that, with the exception of the outermost corner pin (for which the
spectral effect of the neighbouring UO2-elements is extreme), the spectral impact of the uranium zone
on the plutonium bearing assembly is stronger in the case of the MOX fuel assembly than in the case
of the uranium-free one.

As a matter of fact, the spectral effects are "felt" well into the MOX assembly, while, in the
uranium-free case, they hardly influence the power distribution beyond the first pin row. This may be
explained by the fact that, on the one hand, the plutonium content in the uranium-free fuel assembly is
approximately 50% higher than in the MOX one (thus having a more determining influence on its
spectral characteristics), and, on the other hand, the thermal absorption rates, at beginning of life, in
the uranium-free assembly are enhanced due to the presence of the burnable poison.

Based on the results presented in Fig. 6, an optimised heterogeneous design of a 15 x 15 ura-
nium-free fuel assembly has been obtained (lower part of Fig. 7, VA- symmetry). Its simplicity, when
compared to advanced MOX fuel assemblies [15], is apparent. The distribution of the relative power
densities for this subassembly surrounded by standard UO2-assemblies at a depletion stage

corresponding to 350 efpd is given in Fig. 7 (upper part). This burnup state - corresponding
approximately to the end of the first cycle - has been chosen because it is the most demanding one
(the supplementary gadolinia in the corresponding poisoned rod at the outermost corner position is
depleted at this stage). As can be seen, the power distribution is very satisfactory (maximum form
factor not exceeding 1.16).

To determine the influence of the introduction of the proposed uranium-free fuel assembly on
the core parameters of a standard UO2-fuelled PWR, three-dimensional full core analyses of a
present-day 1 GWe PWR containing 4 and 12 such fuel assemblies have been performed. The main
results are summarised below:

- loading 4 uranium-free assemblies does not alter any of the operational characteristics of
the PWR core, as compared to the standard UO2 -fuelled case;

- in case 12 uranium-free assemblies are considered, the beginning-of-life boron con-
centration is lower than in the standard UO2 -fuelled core.

The results summarised in Fig. 8 quantify the effects on the power distribution. In Fig. 8 (a),
relative nodal power densities are indicated for the beginning of cycle situation of a standard UO2-

fuelled present-day 1 GWe PWR (maximum form factor not exceeding 1.52). The four uranium-free
fuel assemblies have been loaded symmetrically into the peak power locations. The power distribution
results for the beginning and end (gadolinia depleted) of cycle situations are shown in Fig. 8 (b) and
Fig. 8 (c), respectively. As can be seen, satisfactory power distributions are attained, with form factors
below 1.54 and 1.33 for the beginning and end of cycle, respectively.

The results presented so far strengthen the case for a gradual introduction of uranium-free fuel
assemblies having the design proposed into a present-day 1 GWe PWR. They indicate that loading 4
to 12 such assemblies permits to envisage fuel management schemes compatible with current opera-
tional requirements (i.e. cycle length, boron concentration, etc.). However, when considering, in
absolute terms, the plutonium consumption capabilities of such a core, caution is due with respect to
using results obtained for 100% uranium-free PWR loadings [14]. Clearly, additional studies are
necessary to define a detailed fuel management strategy beyond the 4-12 uranium-free fuel assemblies
considered in the present study, and towards 100% uranium-free fuelled cores. Nevertheless, based on
the results obtained for 100% MOX and uranium-free PWR-cores (about 430 kg/GWea and
1090 kg/GWea plutonium consumption rate, respectively [14]), conclusions with regard to the relative
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FIG. 8. Relative Power Distributions Derived from 3D Full-Core Calculations for (a) a Standard
Uranium-Oxide Fuelled PWR at BOC, and for the Same PWR with 4 Uranium-Free Plutonium
Assemblies Loaded into the Peak Power Location at (b) BOC and (c) EOC.

plutonium consumption capability of uranium-free fuelled PWRs as compared to MOX fuelled ones
can be drawn.

The 1 GWe PWR considered consumes the same amount of plutonium when loaded with 4 or
12 uranium-free fuel assemblies, as it would with 10 or 30 MOX assemblies, respectively. In other
terms, if a PWR loaded with a 1/3 loading of MOX assemblies can be considered as operating in a
"self-generating mode", the same would be achieved with as little as a 1/8 loading of uranium-free
fuel assemblies. The uranium-free fuelled PWR has an edge over the 100 % MOX core also when
comparing the minor actinides (MA) production. Per unit amount of plutonium consumed, the MA
production is almost a factor of 2 lower in the former case [14].

4. THE FUEL ASSEMBLY AS WASTE FORM

An assessment of the radio-toxicity risk associated with the waste obtained from uranium-free
fuelled PWRs and a comparison with MOX have been carried out on the basis of the nuclide invento-
ries in the discharged fuel. No barrier effects of the waste repository are considered. The radio-
toxicity risk values are thus obtained by multiplying the nuclide activities in the discharged fuel by the
corresponding effective ingestion dose conversion factors derived from the ICRP Publication 61 data
on the limits on intake of radionuclides by workers [16]. Table 1 summarises the core inventories of
the considered PWR variants at beginning and end of life.
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TABLE 1. CORE INVENTORIES AT BEGINNING (BOL) AND END OF LIFE (EOL) OF THE
DIFFERENT 1 GWE PWR (1300 EFPD RESIDENCE TIME)

PWR

fuelled with :

100%

100%

UO2

MOX

U-free

Pu

0

5.3

7.7

BOL

U

88.4

81.6

0

Core inventory

MA

0

0

0

[103 kg]

Pu

1.0

3.5

3.3

EOL

U

82.6

78.5

0

MA

0.10

0.27

0.39

TABLE 2. RADIO-TOXICITY HAZARD POTENTIAL FOR THE DIFFERENT 1 GWE PWR

SCENARIOS CONSIDERED

PWR
fuelled with:

100 <

100 3

UO2

7c MOX

o U-free

103a

1270

899

670

Radio-Toxicity hazard
given in [106-Sv/GWea] after

104a

257

162

109

105a

14.1

7.38

5.20

106a

2.33

1.80

1.69

A meaningful comparison of the radio-toxicity hazard potential has to include also the reactor
systems needed to feed the plutonium-consuming reactor. On the basis of the results given in Table 1,
it is concluded that 5.3 and 7.7 standard UO2 -fuelled 1 GWe PWR are necessary to feed one 100%
MOX and one uranium-free 1 GWe PWR, respectively. Accordingly, the radio-toxicity hazard
potential given in Table 2 and Fig. 9 considers the waste coming from 5.3 PWRs for the 100 % MOX,
and from 7.7 PWRs for the uranium-free fuelled case, on top of the waste produced by the respective
plutonium burning reactor. Obviously, the plutonium unloaded from the UO2-PWRs to feed the
respective burners is not to be directly considered as waste. It contributes to the radio-toxicity only
indirectly, i.e. after being recycled in the burners.

To help put the radio-toxicity hazards into perspective, a line at 5-106Sv/GWea is drawn in

Fig. 9. This value corresponds to the asymptotic toxicity hazard of the natural uranium (0.7% 235U)
mass needed to generate 1 GWe per year. As can be seen, the additional radio-toxicity hazard due to

the fission products from actually generating this power falls below this level after less than 400
years. The radio-toxicity associated with the actinides (plutonium and minor actinides), on the other
hand, reaches this limit only after 100 W0 - 200TO0 years, depending upon the fuel type considered.
When comparing the radio-toxicity hazard in the period from M03 to M 0 6 years (Table 2), the
uranium-free case is the most favourable (a factor of approximately 2 lower than for the UO2-fuelled
core), with the MOX case indicating hazard potentials about 25 - 30% higher.
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FIG. 9. Comparison of Hazard Potential

However, when assessing the potential of the proposed uranium-free fuelled PWRs, it must be
borne in mind that the insolubility of this inert matrix fuel in water and acids, on the one hand, and the
important reduction of the waste volumes by reprocessing with the utilisation of the chopped clad-
dings as source of zirconium for the inert matrix material, on the other hand, offer considerable
advantages over UO2- and MOX-fuelled cores.
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