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Abstract

The Advanced Fuel Cycle Initiative (AFCI) of the US Department of Energy stresses waste minimization within an
integrated nuclear fuel cycle. In one possible future fuel cycle scenario, the radionuclides 244Cm and 241Am are placed in
decay storage until a capability for fast-spectrum transmutation is available. We discuss the scale of hypothetical wet
and dry storage facilities for cesium/strontium and americium/curium products. Because of the extended storage period
for cesium/strontium products, underground storage appears to be the option most acceptable to regulatory policy.
Several underground designs are discussed. To reduce the required underground storage space, we recommend a
pre-staging period where the cesium/strontium products are cooled in a small pool for 30–50 years. Americium and
curium products would require storage for not more than approximately 50 years. For this reason, and because of
the high thermal power density, pool storage appears to be the best option for americium and curium.
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PACS: 28.41.Kw
0022-3115/$ - see front matter � 2005 Published by Elsevier B.V.
doi:10.1016/j.jnucmat.2005.07.012

q Work supported by the US Department of Energy, Office of
Nuclear Energy, Science and Technology, under Contract W-
31-109-Eng-38.
qq The submitted manuscript has been created by the Univer-
sity of Chicago as Operator of Argonne National Laboratory
(�Argonne�) under Contract No. W-31-109-ENG-38 with the
US Department of Energy. The US Government retains for
itself, and others acting on its behalf, a paid-up, nonexclusive,
irrevocable worldwide license in said article to reproduce,
prepare derivative works, distribute copies to the public, and
perform publicly and display publicly, by or on behalf of the
Government.
* Tel.: +1 630 252 4777; fax: +1 630 252 5246.
E-mail address: kaminski@cmt.anl.gov
1. Introduction

The Advanced Fuel Cycle Initiative (AFCI) program
of the US Department of Energy has begun research and
development of a fully integrated nuclear fuel cycle for
the future. This could include a spent fuel processing
and separation scheme that will produce, among other
streams, two streams of high-heat radioactive products
containing cesium and strontium, and americium and
curium. In order to maximize the effective use of a single
geologic repository for high-level waste, the short-lived
fission products of cesium and strontium will be placed
in decay storage prior to burial as low-level waste.
Transmutation radionuclides 244Cm, whose daughter
product 240Pu can be burned, and 241Am will be placed
in decay storage until the transmutation reactor fleet is
constructed.
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Fig. 2. Specific thermal power of radionuclides for 50-GWd/
MT and 33-GWd/MT fuel.
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In Part I [1], we described a model that computed the
maximum size of cylindrical radioactive products
consisting of cesium, strontium, americium and curium.
Herein we summarize the properties of the storage
material and conceptually adapt industry experience to
describe the scale of centralized storage facilities for
the engineered products. We do not describe facility
design in detail.

At full deployment, operations under the proposed
AFCI fuel cycle are assumed to recycle approximately
2000 MTHM per year. The mass yield (Fig. 1) and ther-
mal decay power (Fig. 2) of Cs (137,134Cs primarily), Sr
(90Sr), Am (primarily 241,243Am), and Cm (primarily
243,244,245Cm) are dependent on the burnup of the fuel
and its age. Since rubidium and barium remain in the ce-
sium and strontium product stream after fuel processing
and barium is the daughter of 137Cs, the total mass of
the Cs/Sr/Rb/Ba stream does not change appreciably
with fuel age. However, the mass yield of each element
is significantly different between high-burnup fuel
(50 GWd/MT) and more common low-burnup fuel
(33 GWd/MT). The americium stream increases with
fuel age due to the in-growth of 241Am from 241Pu, while
curium will decay according to the 18.1-year half-life of
244Cm. Thermal decay (Fig. 2) follows closely the half-
life of the primary heat-generating radioisotopes (i.e.,
137Cs, 90Sr, 241Am, 244Cm).

When opened, a facility will begin to accept engi-
neered products for decay storage. We assume a single
national storage facility for each product stream. To
reach Class C LLW classification, storage for cesium
and strontium is necessary for 300 years, at which time
steady-state physical capacity is reached as the oldest
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Fig. 1. Mass quantities of high-heat radionuclide products
requiring storage (from ORIGEN2).
products are moved to a LLW site. However, older stor-
age products will be much cooler than new products so a
steady state in total thermal output is reached well
before 300 years (Fig. 3). For the Cs/Sr product, stea-
dy-state capacity is reached in 180 years. The facility,
therefore, must accommodate 20–80 MW thermal
capacity, depending on fuel age prior to initial process-
ing. For Am/Cm, we assume that no product will remain
in the storage facility longer than 50 years before being
processed for transmutation. Then, the capacity is
7.6 MW for americium and 17 MW for curium products
from 10-year cooled fuel.

We provide an overview of approximate facility size
by which to judge options for going forward in the
development of engineered product storage for the
AFCI. We consider dry and wet storage facilities and
underground tunnel storage. We argue that interim pool
storage of fresh Cs/Sr/Rb/Ba products for 30–50 years
significantly reduces the footprint of long-term, dry,
underground storage facilities that will be needed for
the remaining storage period of approximately 300
years. For Am/Cm or pure Cm, an above-ground pool
is preferred to dry storage because of the intense decay
heat, small pool footprint, and shorter storage period.
2. Methodology

Unless stated otherwise, the reference fuel is from a
pressurized water reactor (PWR, 4.25% enrichment
and 50 GWd/MT burnup) cooled 10 years prior to
processing. ORIGEN2 calculations were performed
in-house. The maximum diameter of right, cylindrical
storage canisters is given in Ref. [1] and repeated here
in our discussion.
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Fig. 3. Thermal power from the decay of engineered storage
products for (a) cesium/strontium and (b) americium/curium
during the operation of the storage facility. Assumes 2000
MTHM processed per year with a constant accumulation of
material from 50-GWd/MT PWR fuel.
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2.1. Facility scale

Because the design of a decay storage facility will be
similar in many aspects to radioactive waste facilities, we
can compare decay storage concepts with current radio-
active waste facility design and philosophy. The design
limit of a decay facility is expected to be the thermal
power density, so we estimate the footprint using Eq. (1)

footprint ½m2� ¼ 2000 _Pfmass

Rthermal

; ð1Þ

where Rthermal is the thermal rating for the facility in
terms of kW/m2, _P is the specific power of the radionu-
clide stream in kW/kg (Fig. 2), fmass is the mass output
of the radionuclide stream in kg/MTHM (Fig. 1), and
the factor of 2000 accounts for 2000 MTHM processed
per year.

2.2. Storage pools

Spent nuclear fuel assemblies are routinely dis-
charged from the reactor and transferred under water
to a spent fuel storage pool. Pools are kept at approxi-
mately 40 �C by active cooling. At shutdown, the
thermal power is approximately 1600 kW (from ORI-
GEN2) per assembly, with 60–80 assemblies removed
per cycle. Pools are 100–3000 m3 and vary in capacity
from 3 to 6 MTHM/m2, where storage limits are dic-
tated by criticality, space, and decay heat [2]. We assume
storage capacities of 5 MTHM/m2. The thermal rating,
5.6 kW/MT, is from ORIGEN2 calculations for 5-year
cooled fuel (50 GWd/MT). Thus, Rthermal = 28 kW/m2.

2.3. Dry cask and vault storage

An alternative to pool storage is to store the material
in dry storage casks or vaults. Each system has been in
safe, reliable service for spent fuel and/or low-level stor-
age in many countries. Dry-storage casks and vaults
provide a passive means of cooling, which can decrease
cost and increase reliability over the long term.

Spent fuel casks are rated according to thermal out-
put primarily to avoid excessive cladding temperatures.
We assume casks (2.08 m diameter) are stored with a
3.5-m pitch and NRC-approved 40-kW capacity. Thus,
at 12.25 m2 per cask plus an additional 25% to account
for service aisles, we arrive at Rthermal = 40 kW/(12.25
(1.25) m2) = 2.61 kW/m2.

Vault storage units are massive bunkers for multiple
waste products or spent fuel casks. Many low-level
waste (LLW) facilities are of this type, as they are gener-
ally reserved for large-volume needs. One system, the
NUHOMS modular vault design, is claimed to reduce
the dry cask footprint by 30% [3].

2.4. Borehole (small tunnel) storage

One concept [4] describes a series of long, small-
diameter boreholes drilled horizontally into a drift to
create a large radiator-type facility. In Canada, they
have evaluated a similar design for low-level and inter-
mediate-level waste, where small tunnels are drilled into
the soil from below-grade access ramps [5].

In our analysis, we assume high-heat radionuclide
canisters are packed linearly within a system of horizon-
tal boreholes drilled into the subsurface. The radial
dimension of the canister is as discussed in Ref. [1] for
air-cooled canisters (rmax = 0.18 m for 10% Cs/Sr/Rb/
Ba loaded in alumino-silicate zeolite). Inlet and outlet
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vents in the borehole permit natural convective cooling
across the air gap between the canister and the borehole
wall. Each canister would contain a mass of radioactive
material mrad given by

mrad ¼ prmaxHf loadingqradð1� pÞ; ð2Þ

where rmax is the radius of the storage material (exclud-
ing canister), f is the volume fractional loading of radio-
active material in the storage material, qrad is the density
of the storage material, and p is the porosity of the
storage material (assume 20%). The reference height H
of the canister is arbitrarily set to 10 times the diameter.
Minimum borehole lengths L are

L ¼ 10� ð2rmaxÞ � N ; ð3Þ

where N is the number of canisters per shaft. The num-
ber of canisters packaged per year depends on the prod-
uct stream and the storage form composition (Fig. 4).

The thermal rating can be estimated from the
minimum heat flux from Yucca Mountain, 137 kW/ha,
which is based on conductive cooling through the drift.
The heat flux at a boundary is k dT

dR for conduction and
hDT for convection. If we assume conduction through
the earth, we may observe a temperature drop of dT

dR ¼
20–200 K=m and k = 3 W/(m K) or k dT

dR ¼ 60–600
W=m2. For natural convective cooling, we assume
h = 6 W/(m2 K). For a calculated temperature drop of
DT = 140 K (440 K surface temperature for Cs/Sr/Rb/
Ba loaded to 10% in zeolite and cooled by air at
300 K) the heat flux hDT = 840 W/m2. We will assume
convective cooling is 10 times more efficient than
conduction or Rthermal = 137 kW/ha · 10 = 1370 kW/
ha or 0.137 kW/m2.
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Fig. 4. Yearly canister production rates for decay storage
material from 50-GWd/MT (solid lines) and 33-GWd/MT
(dashed lines) fuels. Cm oxide (h), Cm oxide in UO2 (·), Am/
Cm oxide (d), and Cs/Sr/Rb/Ba in zeolite (s) are shown.
2.5. Gamma-ray dose

The gamma intensity from 137Cs is calculated from

IðxÞ ¼ I0e�ðl=qÞearthqearthx ð4Þ

measured in photons/cm2/s, where (l/q)earth is the mass
absorption coefficient for 662-keV gamma rays in
earth = 0.030 ± 0.005 cm2/g, qearth = 5.15 g/cm3, and x

is the thickness of earth above an infinite planar source
of photons, I0

I0 ¼
mCsf137
2� area

NA

MW
k; ð5Þ

where mCs is the mass of cesium in a year of processed
fuel = 8160 g; f137 is the fraction of cesium that is 137Cs
(f137 = 0.45); area is the footprint of the borehole space
per year of storage = 6500 m2, MW is 137 g/mol; NA is
Avagadro�s number; k is the decay constant for 137Cs
(ln2/30.1y), and the factor of 2 divides the source strength
in half for a skyward fluence rate. At a depth of 6–8 m of
earth, the dose is reduced to approximately 10 lR/h.
3. Results

3.1. Engineered product composition

For Cs/Sr/Rb/Ba storage, we must ensure safe inter-
im storage for up to 300 years. Afterward, the storage
form should be suitable for direct disposal as Class C
LLW1 without additional packaging or conditioning.
Cesium and strontium oxides or salts tend to be hygro-
scopic, a deleterious property when a dry form is
required to reduce radiolysis products and canister pres-
surization. For this and other reasons such as melting
point and unit operations, the most favorable option is
a product diluted in a stable adsorbent. Although a deci-
sion remains, storage within an alumino-silicate zeolite
is attractive. The alumino-silicate product can then be
fabricated to a convenient dimension, where the
maximum radius is determined by the volume fraction
of radioactive material (Fig. 5).

For a combined Am/Cm product, a pure form is most
desirable. This material, after decay storage, will need to
be conditioned for transmutation so additional bulk
material and impurities would complicate the condition-
ing process and increase cost. Thus, a pure oxide is most
favorable. From Ref. [1], a combined pure oxide product
has a much smaller maximum diameter compared with
the Cs/Sr/Rb/Ba product, 0.0094 m at 50 GWd/MT
and 0.013 m for 33-GWd/MT from 10-year cooled fuel.
From 60-year old fuel, product dimensions are 0.016 m
1 Calculations show that a time period of approximately 300
years is necessary for 137Cs and 90Sr levels to reach 4600 Ci/m3

and 7000 Ci/m3 limits, respectively, for Class C waste.
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for 50- and 33-GWd/MT fuel. But, similar to nuclear fuel
pin fabrication, the small Am/Cm elements can be
stacked into long pins for storage.

Within the AFCI program, it has not been decided
whether to separate curium from americium for storage.
If curium is isolated for decay storage, the maximum ra-
dius of the pure oxide would be prohibitively small to
avoid surface temperatures >700 K (0.004 m diameter
[1]). Unless thin, plate-type storage forms are used, this
material would have to be diluted in a suitable matrix
for decay storage. Depleted uranium or zirconia may
be appropriate. In France, they have considered diluting
curium in an inert matrix fuel [6], storing it until complete
decay of 244Cm, and then introducing it into a transmu-
tation reactor with little pre-conditioning necessary.

3.2. Production-scale output

The AFCI will produce as much as 16300 kg of com-
bined Cs, Sr, Rb, and Ba and 2860 kg of Am and Cm
(320 kg of which is Cm) at full deployment. It is impor-
tant to point out the small volume of radioactive mate-
rial requiring storage compared with current spent fuel
volume and LLW production rates. Less than 300 m3

of cesium and strontium-loaded zeolite will require stor-
age per year compared with 40183 m3 in LLW waste
volume in the US, of which 360 m3 was Class C waste
in 1998 [7]. The Am/Cm oxide volume is 0.3 m3 per year.

3.3. Storage facility options

In our discussion of storage facility options, we elim-
inate facilities from consideration where retrieval and
natural convective cooling systems are not possible.
These include trench designs often used for LLW and
silos like the Swedish and Finnish designs for HLW [8].
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3.3.1. Americium/curium forms

For short-term storage, water storage appears to be
best. The technology has a long history of safe operation
and stable economics. The water coolant provides excel-
lent radiation shielding for neutrons and very efficient
cooling, resulting in a small storage pool. Because the
anticipated storage period is short (<50 years), concerns
over stainless steel corrosion are low, and maintenance
costs of the pool may be offset by the small facility foot-
print. Importantly, though, special provisions are neces-
sary to remove the tremendous buildup of helium from
alpha decay of the product. For the combined stream,
the required pool size is 890 m2 for 50-year capacity
(Fig. 6(a)) or 600 m2 for Cm (not shown) from 10-year
cooled fuel.2 In comparison, a dry storage system con-
sisting of Am/Cm in dry casks would require a 350 m2

footprint per year or 17500 m2 over 50 years due to
the high heat density (Fig. 6(a)). Clearly, this is a dra-
matic difference in favor of pool storage. An above-
ground facility is recommended.

3.3.2. Cesium/strontium products

3.3.2.1. Stage 1 storage. For cesium and strontium
products, a two-stage storage concept is proposed. Pools
can be used to store the fresh and most heat-intense Cs/
Sr/Rb/Ba products for approximately 30 years, thereby
reducing the size of a longer-term dry storage facility by
roughly one-half. A maximum pool capacity of 1400 m2

is needed for this purpose (Fig. 6(b)). Because of the
short-term decay period, an above-ground pool is
recommended to reduce cost.

3.3.2.2. Stage 2 storage. For long-term storage, mainte-
nance operations are the dominant factor in decision-
making [2]. For this reason, passive, dry storage systems
are preferred. We must consider also the consensus par-
adigm in radioactive waste management as it should
apply to a storage facility – we should limit the burden
of this generation�s decay storage products on the next
generation. This ethical viewpoint teaches us not to rely
on the stability of government for monitored long-term
storage (approximately 300 years for cesium/strontium
before emplacement in a LLW site), which leads us to
recommend that a dry facility be located underground.
An underground facility offers better security and the
possibility of safe closure during political uncertainty.
Moreover, if the facility is sited in a locale that can be
permitted as a LLW site in the future (the NRC and
public may require it), then environmental safety can
2 This analysis does not include criticality. With the thermal
density being much higher than spent fuel, high-heat radionu-
clide products will have a much higher pitch than spent fuel, so
keff is expected to be much smaller than for spent fuel.
Criticality calculations will be needed to verify that preventative
measures such as borated pool water or steels are not necessary.
be further guaranteed in case of an early forced closure.
The facility certainly need not be located in deep caverns
such as the practice for HLW, spent fuel, and greater-
than Class C waste, but can be near the surface, analo-
gous to Class-C LLW waste sites. Calculations show
that a soil depth of 10 m is sufficient to make the surface
dose negligible. The question then becomes �what kind
of underground facility should be built for the bulk of
cesium and strontium products?� One can envision sev-
eral design concepts that offer natural convective cooling
to dissipate the high heat production, reduce costs over
forced cooling, and guarantee retrieval. Designs include
underground caverns housing dry storage casks or
underground vaults, or an open tunnel storage system.

3.3.2.2.1. Dry cask and vault storage option. A large,
open cavern can house dry storage casks. Based on spent
fuel cask thermal ratings, the size of the concrete pad
needed to house casks containing high-heat radionuc-
lides would be manageable (Fig. 6(b)). Compared with
a football field (5000 m2), the pad size for a year�s capac-
ity of cesium/strontium is small, 200–690 m2. The
300-year storage capacity required for Cs/Sr is 58000–
200000 m2. A system of underground vaults would be
slightly smaller in size than an above-ground vault sys-
tem or dry cask system. For example, the footprint of
NUHOMS vaults (Transnuclear, Inc.) are approxi-
mately 70% that of a comparable dry-storage cask
system [3]. There is no reason to believe that the
NUHOMS system could not be implemented below-
ground.

The major drawback to the cask or vault system is
the large capital cost for excavation of the large open
caverns needed to house the products. Certainly, caverns
with many years of storage space would be expensive,
but economy of scale should improve unit storage costs.
To reduce the upfront capital costs, we consider a mod-
ular system that allows for cessation of storage activities
prior to reaching storage capacity with limited capital
investment.

3.3.2.2.2. Borehole (small tunnel) storage option. A
series of horizontal tunnels can contain rows of storage
products much like the drift system described for Yucca
Mountain. But, unlike Yucca Mountain, there is no rea-
son why the tunnel diameter cannot be much smaller
since the Cs/Sr storage products are quite small (diame-
ter <1 m). Moreover, the depth of the holes need not be
similar to Yucca Mountain because of the drastically
different isolation periods. Drilling small-diameter hori-
zontal or vertical holes into a suitable near-surface
geologic formation can be an attractive option (see
Fig. 1 in Ref. [5]). Studies suggest that upfront costs
for this type of facility would compete with LLW trench
designs, a significantly lower cost over cavern excavation
[5]. To establish natural convective cooling, a number of
vent holes would be connected and the earth would
provide radioactive shielding and security.
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Storage of cesium and strontium-loaded zeolite
would require 0.5 and 0.6 km of borehole space annually
for a product loaded to 5% and 30%, respectively
(50 GWd/MT fuel). Spacing between boreholes can be
estimated from the minimum heat density values for
Yucca Mountain (137 kW/ha) as explained in the meth-
odology. Then the maximum storage facility footprint
can be estimated (Fig. 7). Borehole space for a single
year of cesium/strontium product could occupy as much
as 0.65 ha or 6500 m2. For example, a series of 10 bore-
holes 50 m long and spaced 15 m apart would accommo-
date a single year of product (132 canisters).

An additionally attractive feature of this design is the
possibility of re-licensing areas of the storage facility as a
LLW site as old products reach Class C limits. The sta-
ble product form, canister integrity, depth of the facility,
modular design, and monitoring capabilities are consis-
tent with Class C waste site designs. Indeed, the NRC
and/or public may require that the storage site be
located in an area suitable for a LLW waste site as
further protection against early or forced closure.
4. Summary and conclusions

We compared the scale of wet and dry storage facil-
ities for cesium/strontium and americium/curium engi-
neered products. Storage in above-ground pools much
like those used for discharged spent fuel is well-suited
for americium/curium products. A small pool roughly
the size of average spent fuel pools operating at US
nuclear power stations is needed for a 50-year capacity.

For cesium/strontium, a two-phased storage
approach has attractive features. The hottest products
would be stored in a single 1400-m2 pool for 30–50 years
and then transferred to an underground dry storage
facility for long-term storage. A shallow-depth facility
constructed of passively cooled boreholes has attractive
features as well as a potential for significant cost savings
over an underground cavern facility. Designs consist of
a series of horizontal holes totaling 0.5 km in length.
An important consideration for further study is regula-
tory ruling. It is important that proposed designs be
conferred to the NRC with sufficient time to establish
the regulatory guidelines needed for this unique storage
concept.
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