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ABSTRACT

Criticality safety issues for disposal of the ANL
ceramic waste were examined for configurations within
the waste package. Co-disposal of ceramic waste and
DOE spent fuel is discussed briefly; co-disposal of
ANL ceramic and metal wastes is examined in detail.
Calculations indicate that no significant potential for
criticality exists until essentially all of the important
neutron absorbers are flushed from the degraded
ceramic waste. Even if all of the neutron absorbers are
removed from the ceramic waste rubble, the package
remains far subcritical if the blended salts used in
ceramic waste production have an initial U-235
enrichment below 40%.

I. INTRODUCTION

The key step in the Argonne National Laboratory
(ANL) electrometallurgical treatment process for
sodium-bonded spent nuclear fuel occurs in the
electrorefiner where the bond sodium is neutralized and
where uranium metal is separated from transuranics,
fission products, cladding, and fuel matrix material [1].
The cladding and matrix material remain in the baskets
that initially contained spent fuel and are removed from
the electrorefiner. Sodium, fission products, and
transuranics accumulate in the molten LiCl-KCl salt in
the electrorefiner. This salt reaches the end of its
operational lifetime when accumulated sodium, fission
products, and transuranics reach levels that either
interfere with the electrorefining process or reach
criticality safety limits.

For disposal purposes the electrorefiner salt is
processed into a ceramic waste form (CWF). Frozen
salt is ground to powder and mixed with powdered

zeolite (about 10 wt.% salt, 90 wt.% zeolite) at high
temperature where the salt components, fission
products, etc. become trapped in the zeolite molecular
structure. Salt-loaded zeolite is then combined with
borosilicate glass and loaded into a can; the final
mixture contains 75 wt.% salt-loaded zeolite and 25
wt.% glass. This mixture is heated under pressure to
form a ceramic consisting of sodalite and glass. The
heating transforms the zeolite to sodalite.

Table 1 shows the nominal composition of the
ceramic waste. No credit can be taken for the fission
products in the criticality analysis, so all fission
products were added to the sodium in the ceramic
waste to conserve mass. The final ceramic waste ingot
has a diameter of 50.8 cm, a length of 66.04 cm, a
density of 2.4 kg/1, and a mass of about 320 kg.

Three CWF ingots are placed in the ANL HLW
can which is then loaded into a DOE standardized
canister. Five standardized canisters are placed in the
outer ring of a co-disposal container. The center
position in the co-disposal container holds some other
form of DOE waste, e.g., DOE spent fuel.

H. CO-DISPOSAL OF DOE SPENT FUEL

There are too many possible forms of DOE spent
fuel to consider in detail here. Specific criticality
safety requirements for co-disposal of DOE spent fuel
and ANL ceramic waste will depend on the exact form
of spent fuel in the center position. However,
requirements have been determined in the broad sense
for DOE-owned aluminum-clad spent fuel [2]. This
category encompasses various research reactor fuels
ranging from highly-enriched MIT reactor fuel (93.5
wt.% U-235 maximum initial enrichment) to medium



enrichment research reactor fuels with initial
enrichments around 20 wt.% U-235. Most of the
aluminum-clad spent fuel is in a form similar to MTR
plate-type elements.

Ref. 2 evaluated the co-disposal viability of
aluminum-clad DOE-owned spent fuel and HLW glass
and concluded that waste package internal criticality
could be prevented if certain conditions were imposed
on the design of the co-disposal package for aluminum-
clad fuel. In particular, Ref. 2 showed that carbon steel
would have advantages over stainless steel for
fabrication of baskets and recommended gadolinium
over boron as the neutron absorber in the co-disposal
package because gadolinium is much less soluble than
boron over the expected range of pH values. Ref. 2
further recommended gadolinium phosphate over
gadolinium oxide because the phosphate is less soluble
than the oxide, particularly in the mildly acidic
environment which could result from stainless steel
corrosion.

Calculations performed as part of this analysis
show that the ceramic waste form is very durable and
has a lifetime similar to that of HLW glass. Both HLW
glass and the ceramic waste form have very low
intrinsic reactivity worths in the undegraded condition.
The following section will show that degraded ceramic
waste has a very low intrinsic reactivity worth under
most credible conditions as well.

The conclusions in Ref. 2 regarding co-disposal of
aluminum-clad spent fuel and HLW glass are likely to
be broadly applicable to co-disposal of aluminum-clad
spent fuel and the ANL ceramic waste form as well.
However, differences in compositions between HLW
glass and the ceramic waste may require minor changes
in design parameters, e.g., minimum gadolinium
content, in the spent fuel canister for co-disposal of
spent fuel and ceramic waste.

m . CO-DISPOSAL OF THE ANL METAL WASTE
FORM

In contrast to the wide range of possible DOE
spent fuels that might occupy the center position, co-
disposal of the ANL metal waste form and ceramic
waste leads to configurations that can be defined with
reasonable accuracy at present. The ANL metal waste
form consists of metal ingots containing waste steel
and about 15 wt.% zirconium. The waste steel consists
of cladding hulls, element hardware, subassembly
hardware, and minor metal waste streams. Cladding

hulls contain some residual undissolved zirconium,
fission products, and actinides, so the final metal waste
form may contain up to 10 wt.% actinides. Enough
zirconium is added during metal waste preparation to
keep the total zirconium content around 15 wt.% for
metallurgical reasons. Enough depleted uranium is
added to keep the U-235 enrichment below 20% in the
final product Three stacks of metal waste ingots will
be loaded into an ANL HLW can; the total mass of
metal waste ingots in the can will be around 2100 kg.

The electrometallurgical process is being used to
treat EBR-II driver fuel and EBR-II blanket fuel. Most
EBR-II driver fuel had an initial U-235 enrichment of
67%, although limited amounts with higher
enrichments were produced. EBR-II blanket fuel
consists of depleted uranium. Very little plutonium
was produced by irradiation of driver fuel. Several
hundred grams of plutonium were produced in each
blanket assembly.

Driver fuel is electrorefined in the Mk-IV
electrorefiner; blanket fuel is treated in the Mk-V
electrorefiner. The U-235 enrichment in Mk-IV
electrorefiner salt is around 65%. The corresponding
value for the Mk-V electrorefiner salt is around 0.5% -
1% because the uranium chloride oxidant added to the
Mk-V electrorefiner may be made with natural
uranium. The present plan is to blend Mk-IV salt and
Mk-V salt for ceramic waste production, so the likely
U-235 enrichment of a new ceramic waste ingot prior
to plutonium decay will be between 20% and 40%.
However, the U-235 enrichment in a ceramic waste
ingot will gradually rise as the plutonium decays.
Unless otherwise stated, the initial U-235 enrichment
in the salt was assumed to be 60% for the criticality
calculations to provide a conservative upper bound for
the blended product.

MCNP was used for all criticality calculations[3].
The computed k for a waste package containing five
cans of ceramic waste in the outer ring and a central
can of metal waste ingots is 0.1569 +/- 0.0003 in the
initial state prior to package failure and water intrusion.
The corresponding k for the completely flooded waste
package prior to any waste degradation is 0.4545 +/-
0.0006. If the central can of metal waste ingots is
removed, k for the flooded package containing only
intact ceramic waste ingots is 0.0245 +/- 0.0001.

Calculations were performed to estimate the
fraction of the ceramic waste form that would be
dissolved as a function of time following a postulated



waste package failure. These calculations made use of
the GoldSim[4] contaminant transport module[5] to
implement the model of the engineered barrier system
assumed in the total system performance viability
assessment[6]. Ceramic waste form dissolution was
calculated using the same model that was used for
preliminary performance assessment calculations for
ANL ceramic and metal waste forms[7]. Experimental
analysis in support of ceramic waste form modeling is
still in progress, and changes in the dissolution model
can be anticipated. The engineered barrier system
model assumes that a certain water volume per unit
time contacts the waste package. The amount of that
water that enters the package is estimated by
determining the fraction of the waste package surface
area that has been penetrated as the result of corrosion
and multiplying the water volume per unit time by this
fraction. Once water has entered the waste package,
the model assumes that the water contacts the entire
surface area of the waste form. This maximizes the
dissolution rate.

Two calculations were performed in which the
waste package was assumed to be breached after about
3000 years. In the first calculation, the specific area of
the waste form was assumed to remain constant while
the waste form dissolves. The specific area is the
product of the wetted surface area of the waste form
and a cracking factor divided by the undissolved mass.
The cracking factor accounts for surface imperfections
including roughness and cracks that might develop as
a result of waste package packing and handling. Since
many of the input parameters for the calculation are
stochastic, the dissolved fraction as a function of time
was determined for each of 100 independent samples
of the stochastic input parameters. The calculations
show that as little as 10% or as much as 70% of the
waste form could dissolve within the first 1,000,000
years. During the first 100,000 years, the fraction of
the waste form which dissolves could be as little as a
few per cent to as much as 30%.

In the second calculation, it was again assumed
that the waste package was breached after about 3000
years. However, the wetted surface area of the waste
form was assumed to remain constant while the waste
form dissolved. The results were again based on 100
independent samples of the stochastic input parameters.
The calculations indicate that as little as 10% to as
much as 100% of the waste form might dissolve within
the first 1,000,000 years. By 100,000 years, as much
as 40% of the waste form might dissolve. The results
indicate that there is approximately a 5% chance that

between 75% and 100% of the waste form will dissolve
within the first 1,000,000 years.

As a waste form dissolves, the specific area of the
waste form can be expected to increase with increasing
dissolved mass. Thus, the results computed with the
assumption of a constant specific area almost certainly
underestimate the fraction of the waste form that
dissolves by a give time. The assumption of a constant
wetted area for the waste form results in an increasing
specific area, but it cannot be demonstrated that it
bounds the increase. This increase is more rapid than
would be expected on geometrical grounds. On
geometrical grounds, the specific area is inversely
proportional to a characteristic linear dimension of the
waste form. Since the linear dimension decreases as
the waste form dissolves, the specific area will
increase. The assumption of a constant area is
equivalent to assuming that the specific area is
inversely proportional to the linear dimension raised to
the third power.

Degradation analysis for the ceramic waste form
was performed using the industry standard
geochemistry code EQ3/6 [8]. Only dissolution of
ceramic waste in EJ-13 water was considered.
Corrosion of other components of the waste package,
e.g., containers and structural items, was ignored in this
preliminary analysis because the products resulting
from waste package degradation are expected to take
the system farther away from criticality.

EQ3NR calculations followed by EQ6 calculations
were performed to estimate the solubility limits for all
species contained in the ceramic waste form. In the
EQ6 simulations, 100 g and 1000 g of ceramic waste
were assumed to dissolve congruently in 1000 g of EJ-
13 water. An open system, i.e., one in equilibrium with
the ambient atmosphere, was assumed. Elements are
released in proportion to their mole fractions in the
initial waste form, and no distinction is made between
isotopes of the same element. Crystalline silica
polymorphs were suppressed from precipitation. All
calculations were performed at 25 C.

These calculations show that aluminum and silicon
reach saturation at relatively low concentrations and are
precipitated as aluminosilicates like Muscovite and
Natrolite with densities in the range 2-3 kg/1. A
majority of any plutonium in the package precipitates
as plutonium oxide with a density around 11 kg/1. Any
plutonium was assumed to stay in the package.



Initially, uranium reaches saturation and
precipitates. However, as additional ceramic waste is
dissolved in an open system, the alkalinity of the
solution increases, resulting in an increase in uranium
solubility. If the flow rate of water through the
package is low, the pH of water in contact with the
waste form will be controlled by in-package chemistry,
and a fraction of the dissolved uranium will be washed
out of the system. However, for higher flow rates, the
pH will be the same as that of the incoming ground
water. In this case, uranium solubility is likely to be
low, and a majority of the uranium will precipitate and
be retained in the package. For a conservative
calculation for in-package criticality, it may be
assumed that all of the uranium and plutonium stays
within the package. Hence, a solubility limit of zero
was used in the GoldSim calculations.

The EQ6 calculations also showed that the
concentrations of boron, lithium, and chlorine
increased as more ceramic waste is dissolved. Boron
may ultimately precipitate as borax, but a conservative
infinite solubility was assumed in GoldSim for boron,
lithium, and chlorine.

Scoping criticality analysis shows that essentially
the entire ceramic waste form must dissolve before
there is any significant potential for criticality.
According to the waste form degradation model,
essentially all of the plutonium in the waste form
would decay to U-235 before significant degradation of
the ceramic waste occurs.

Metal waste has a density of about 7.9 kg/1 versus
2.4 kg/1 for ceramic waste, so the metal waste is likely
to end up in the bottom of the package as waste
degrades. The effective densities of the rubble from
degradation of ceramic and metal waste are not known
precisely; this analysis considered effective packing
fractions of 50%, 60%, 70%, and 80% for the rubble in
the degraded state. Any free space in the rubble was
occupied by water, and water was assumed to occupy
any free space above the rubble in the waste package.

Current models indicate that in the long term
ceramic waste degrades more slowly than metal waste.
However, metal waste has a higher reactivity worth
than ceramic waste, so the criticality calculations
included configurations in which the ceramic waste
degraded before the metal waste as well as after to
identify the most conservative configurations for
criticality safety purposes.

Table 2 shows k as a function of ceramic waste
volume fraction and rubble composition for a model in
which undegraded metal waste ingots lie in the bottom
of the waste package under a layer of ceramic waste
rubble and water. This model assumes that no material
except possibly neutron poisons is lost from the
package. The first row in the table shows k as a
function of ceramic waste volume fraction based on the
composition of the ceramic waste/water mixture prior
to loss of any elements due to differential solubility and
flushing.

The significant neutron absorbers in the ceramic
waste are boron, lithium, and chlorine. The solubilities
of these neutron absorbers are higher than the solubility
of uranium, so it is possible that a significant portion of
the neutron poisons could dissolve and be flushed from
the package without any corresponding reduction in the
uranium content. The second, third, and fourth rows of
Table 2 show the effects of flushing the neutron
poisons out of the package without removing any
uranium. If any significant amount of neutron poison
remains in the waste rubble/water mixture, Table 2
shows that there is no potential for criticality. Table 2
also shows that the maximum value of k occurs for a
mixture containing about 70% waste rubble and 30%
water by volume when all of the poisons are removed.

Eventually the metal waste ingots will degrade.
Table 3 shows k for models in which a layer of
degraded metal waste and water lies on the bottom of
the co-disposal container under a layer of degraded
ceramic waste rubble and water. The volume fractions
of metal waste and ceramic waste in the waste/water
mixtures were assumed to be identical for
calculational purposes. The first row in Table 3 shows
k as a function of effective waste volume fraction in the
waste/water mixtures assuming no loss of any absorber
materials due to differential solubility and flushing.
The second, third, and fourth rows in Table 3 show the
effects of removing neutron poisons from the ceramic
waste/water mixture; there are no specific neutron
poisons in the metal waste. Table 3 confirms the
observations in the preceding paragraph concerning the
effects of remaining neutron poisons and the most
reactive waste/water mixture.

The calculations in Tables 2 and 3 are based on an
assumed initial U-235 enrichment of 60% in the
electrorefiner salt in the ceramic waste. Blending of
Mk-IV salt and Mk-V salt will probably result in a U-
235 enrichment in the 20% - 40% range. The
sensitivity of k for the degraded waste mixture to the



initial U-235 enrichment in the blended salt was
examined. Table 4 shows k as function of initial U-235
enrichment in the salt for the model containing
undegraded metal waste ingots below a mixture of
ceramic waste rubble and water. Table 5 shows k as a
function of initial U-235 enrichment in the salt for the
case where degraded metal waste and water sit on the
bottom of the package below a layer of degraded
ceramic waste and water. In both tables the
waste/water mixtures contain 70% waste and 30%
water by volume, and all of the boron, lithium, and
chlorine have been removed from the ceramic
waste/water mixture. It is clear from Tables 4 and 5
that the waste package containing ceramic waste and
metal waste would be far subcritical even for the case
with 100% degradation of both the ceramic and metal
wastes and complete loss of neutron poisons from the
ceramic waste rubble if salt blending during ceramic
waste production results in an initial U-235 enrichment
below 40% in the blended salt.

IV. DISCUSSION AND CONCLUSIONS

Criticality safety issues related to disposal of the
ANL ceramic waste form in a repository have been
examined. Co-disposal of DOE spent fuel and ceramic
waste was not examined specifically because there are
too many possible fuel choices to consider within the
scope of this work. There are sufficient similarities
between the ANL ceramic waste form and HLW glass
to indicate that the conclusions reached in Ref. 2
regarding the viability of co-disposing aluminum-clad
spent fuel and HLW glass are probably applicable to
the ANL ceramic waste as well with minor changes in
design parameters, e.g., gadolinium content, in the
container.

Co-disposal of the ANL ceramic and metal waste
forms was studied. Scoping calculations indicate that
essentially all of the ceramic waste must degrade and
remain in the waste package to have a significant
potential for criticality within the package.
Calculations were performed to estimate the fraction of
the ceramic waste that would dissolve as a function of
time following waste package failure. These
calculations indicate that there is about a 5% chance
that 75% -100% of the ceramic waste would dissolve
within the first million years.

Models were constructed for intact metal waste
ingots in the bottom of the waste package covered by
a layer of degraded ceramic waste and water and for a
layer of degraded metal waste and water in the bottom

of the waste package covered by a layer of degraded
ceramic waste and water. Calculations of k as a
function of waste volume fraction in the waste/water
mixture and of ceramic waste/water mixture
composition were performed for both models. These
calculations show that there is no potential for
criticality within the package if any significant amount
of neutron poison (the lithium, chlorine, and boron in
the ceramic waste form) remains in the ceramic
waste/water mixture. If all of the poisons are removed
from the ceramic waste/water mixture, the maximum
value of k occurs for a mixture containing about 70%
waste rubble and 30% water by volume.

The salt used in production of the ANL ceramic
waste form will be a blend of salts from the Mk-IV and
Mk-V electrorefiners. Calculations show that a waste
package containing ceramic waste and metal waste
would be far subcritical even for the case with 100%
degradation of both the ceramic and metal wastes and
complete loss of neutron poisons from the ceramic
waste rubble if salt blending during ceramic waste
productionresults in an initial U-235 enrichment below
40% in the blended salt.
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Table 1. Ceramic Waste Composition

Element Density, kg/1

Lithium
Boron
Oxygen
Sodium
Aluminum
Silicon
Chlorine
Potassium
Calcium
Uranium
Plutonium

0.0106
0.0360
1.0497
0.3214
0.3477
0.4737
0.0912
0.0439
0.0061
0.0139
0.0058

Table 2. k as a Function of Ceramic Waste Rubble Density and Composition For Degraded Ceramic Waste and
Undegraded Metal Waste Ingots

Composition

Initial

Remove B

Remove B, Li

Remove B, Li, Cl

50%

0.2136 +/-
0.0004

0.3811+/-
0.0005

0.4761 +/-
0.0005

0.8033 +/-
0.0005

Ceramic Waste Rubble Volume Fraction
60% 70%

0.2113+/-
0.0004

0.3738 +/-
0.0005

0.4807 +/-
0.0005

0.8750 +/-
0.0006

0.2114+/-
0.0004

0.3633 +/-
0.0005

0.4714+/-
0.0005

0.9127+/-
0.0008

80%

0.2142 +/-
0.0004

0.3479 +/-
0.0005

0.4460+/-
0.0005

0.8927 +/-
0.0009

Table 3. k as a Function of Ceramic Waste Rubble Density and Composition for Degraded Ceramic Waste and
Degraded Metal Waste Ingots

Composition

Initial

Remove B

Remove B, Li

Remove B, Li, Cl

50%

0.6042 +/-
0.0008

0.6459 +/-
0.0008

0.6741 +/-
0.0007

0.8375 +/-
0.0006

Ceramic Waste Rubble Volume Fraction
60% 70% 80%

0.5180+/-
0.0008

0.5769 +/-
0.0008

0.6185 +/-
0.0007

0.8971 +/-
0.0006

0.4309 +/-
0.0007

0.5020 +/-
0.0006

0.5634+/-
0.0006

0.9297 +/-
0.0007

0.3331 +/-
0.0006

0.4229 +/-
0.0006

0.5042 +/-
0.0006

0.9083 +/-
0.0008



Table 4. k as a Function of Initial U-235 Enrichment Table 5. k as a Function of Initial U-235 Enrichment
in Blended Electrorefiner Salt for Degraded in Blended Electrorefiner Salt for Degraded
Ceramic Waste and Undegraded Metal Ceramic Waste and Degraded Metal Waste
Waste Ingots - All B, Li, Cl Removed from Ingots - All B, Li, Cl Removed from
Ceramic Waste Rubble Ceramic Waste Rubble

Initial U-235 Enrichment k Initial U-235 Enrichment k

20% 0.7093+/-0.0006 20% 0.7559+/-0.0007
40% 0.8206+/-0.0006 40% 0.8502+/-0.0006
60% 0.9127+/-0.0008 60% 0.9297+/-0.0007
70% 0.9529+/-0.0008 70% 0.9646+/-0.0008


