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RELEASES FROM EXOTIC WASTE PACKAGE._
FROM PARTITIONING AND TRANSMUTATION

W_li_m W.-L Lee Jor-Shan Choi
Lawrence Berkeley Laboratory Lawrence Livermore National Laboratory
University of California University of California
Berkeley, CA 94720 Livermore, CA 94550
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ABSTRACT 2. Need for Evaluating the Benefits of Partitioning and
Transmutation

Partitioning theactinidesinspent nuclearfuelandtransmut-

ing them in actinide-burning liquid-meta/reactors has been The slow pace of technological progress as well as seem-
proposed as a potential method of reducing the public risks ingiy overwheming public opposition to geologic disposal
from geologic disposal of nuclear waste. To quantify the of spent nuclear fuel has brought forth the concepts of par-
benefits for waste disposal of actinide burning, we calculate titioning and transmutation to reduce the risks to the public
the release rates of key radionuclides from waste packages of waste disposal. Spent nuclear fuel can be reprocessed,
resulting from actinide burning, and compare them with re- and the waste can be partitioned or separa'Lcdinto elemen-
lea:e rates from LWR spent fuel destined for disposal at tat fractions which can then be tranamuted into stable or

• e potential repository at Yucca Mountain. The wet-drip shoe-lived isotopes by bombardment with neum:ms, Patti-
water-contact mode has been use& Analytic methods and tioning involves chemical processes and can be done in a
parameter values are very similar to those used for assessing reprocessing facility. Transmutation can be accomplished
Yucca Mountain as a potential r_pository. Once released, in accelerators or reactors. Actinide burning is the concept
the transport characteristics of radionuclides will be largely of using the transuranics in LWR spent fuel in a liquid-
determined by site geology. For the mos_ important nu- metal fast reactor to generate electricity as welJ as perform
cl.ides such as I-129 and Tc-99, which arc undiminished by transmutation.
actiafide-buming reactors, it is not surprising that actinide

burning offers little reduction in releases. For important While the technology for partitioning and transmutation was
actinides such as Np-237 and Pu isotopes, which am re- developed in the 1970's and 1980's, the waste disposal corn-
duced in inventory, the releases a_ not reduced because munity has always m_ the benefits from partitioning
the release rates arc proportional to solubility, rather than and transmutation to be margin'al, compa.r_ m the mag-
inventory, nitude of the unde_g. 1 However, recent difficulties at

Yucca Mountain2 have given new impetus to partitioning
I. Introduction and transmutation.

Partitioning the actinides in light-water reactor ('[.WR)spent The main claimed benefits of partitioning and transr,'..,ation
fuel and transmuting them in actinide-burning liquid-metal are
reactors (ALMP) has been put forth as a potential method of
reducing the 10ublic risks from geologic disposal of nuclear • partitioning and transmutation reduce health risk to future
waste. Howe,,e:, the ma/benefits of such partitioning and generations.
transmutation for waste disposal have not been analysed.
Efforts to quann:,fythese benefits are now under:way. Thi_, • pa.rridoning and transmutation reduce the heat placed in
paper provides tihefollowing the repository.

a. Elucidation of an equal energy produced basis of corn- • partitioning and transmutation case the licensing of a
parison, repository.
b. Characteristics and inventories of exotic waste packages
from aqueous and.pyro-reprocessing schemes, • partitioning and transmutation make the repository more
c. Release rates of selected radionuclides that are likely acceptable to the public.

. to travel to the accessible environment from the potential
repository at Yucca Mountain.
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Only the first two claims can be evaluated quantiafively. In the generation of 9.1 x 105 MWe-a of energy using LWR's,
this paper we give the inventories of major nuclides in the or a total of
repository from various schemes, and calculate the release 28 MTIHM SF63000 + 9. I x I0''i x = 88400 MTLUlM
of the nuclides from waste packages. The inventories and 1000MWe - a

release rates are used by total systems analysts. Therefore the repository serving Scheme 1 shouZd contain -
88400 MTIHM for an equal-energy produced comparison.3. An Equal Energy Production Comparison

In this Section we describe the basis of comparing the ref- 4. Waste Characteristics and Inventories

erence case of spent-fuel disposal at Yucca Mountain with Figure 2 shows the waste streams from the three Schemes.
two variants of partitioning and transmutation. The waste characmristics and inventories were originally

The schemes being compared are shown in Figure 1. devekoped by Thompson and Taylor, 6 revised by Wilemsand Danna 7 and we revised them furO,er. We use the inven-

Scheme 1 is disposal of light-water reactor spent-fueL tories given by Thompson and Tav"_r. 6 We adopted the sim-
plified waste packaging suggested by Wilems and Danna "7

In Scheme 2, the geologic repository receives waste from and thei.r per package thermal limit of 2.5 Kw/package.
the reprocessing of LWR and the reprocessing of ALMR
fuel. In order to provid_ initial fuel, reloads and makeup These are. the major modifications we made.
for actinidJe-burning liquid-metal reactors, light-water reac-

• In Scheme 2b we considered low-recovery (99.9%) aque-
tor (LWR) spent-fuel is reprocessed, by either conventional

ous processing. The inventories we use are from the high-
aqueous reprocessing technology, the PUREX process, 3 or
pyrochemical reprocessing technology under development.'* recovery (99.999%) tables by Thompson and Taylor and
We shall take the 63000 MTIIqM of LWR spent fuel des- scaled back to 99.9%. For pyro-processing, we use 99.9%
fined for the first repository and reprocess for use in the recovery.

General Electric PRISM reactor, 5 the reference Lr. S. De- • Where 1-129 is considered a gas, we convert it to AgI,
partment of Energy advanced liquid-metal reactor. 'We as- a low-solubLlity compound that ts a more leach-resistant
sume waste form.
• Nine modules of PRISM produce 1395 MWe;
• The reactors have 40 yeats of economic life; • We put the fuel hardware from ALMR (A3-2) into the
• The ALMR's have a capacity factor of 0.8 and conversion electro-refining meta/ waste (A3-5), wkich has a copper
ratio of 0.76. matrix, forming A3-2,5.

In Scheme 2a, the LWR spent fuel is reprocessed with py- • Gaseous nuclides and short-lived wastes such as AI-5 c_
rochemical processes, and the ALMR fuel recycled using be allowed to decay. If d.isposed in any repository, these
pyrochemical processes. We shall designated waste streams species will not affect dose to ht.u'nans except in human
in the pyro-processing of LWR fuel as Al-x, and waste intrusion scenarios.
streams in the pyro-processing of ALMR fuel as A3-x. 6

Table 1 shf's the waste packages from pyro-processing of

In Scheme 2b, the LWR. spent fuel is reprocessed with aque- LWR sper., fuel. Table 2 shows the waste packages from
ous processes, and the ALMR fuel processed with pyro- aqueous processing of LWR spent fuel. Table 3 shows the
chemical processes. We shall designated waste streams in waste packages from pyro-processing of ALNtR fuel. In
the aqueous processing of LWR fuel as Bl-x, and waste each case, the dimensions, materials, heat output, matrix
streams in the pyro-processing of ALMR fuel as A3-x. 6 and number of packages are sho_,'n.

For the following calculations, we use 33,000 MWd/ton In this saady, we track 33 radionuclides. They have been
burnup fuel from pres:sarized water reactors as _he reference chosen because of the_ significance in waste disposal. Such
case. With each big U or MTIHM of LWR spent fuel species have one or more of the fotlowing characteristics
giving 9.72 kg of transuranics, 3878 MTII-Dv! of LWR spent • Long haft life • Large inventory
fuel are needed to support one 1395-ND,Ve ALMR, and the , High toxicity • High heat generation
63,000 MTIHM would support abou.t 16 in all. In the course • Low sorption.
of their economic lives, these 16 ALMR's would produce

9.1 x 10.5 MWe-a of energy. Thus a repository servine Rad2oactive inventories of waste packages have been cal-
- culated for 10, 100, 300, 1000, 5000 and 10,000 years after

Scheme 2a or 2b wou/d contain the waste of 9.1 × 105 emplacement.8
M'We-a of energy, plus the waste from the reprocessing of
63,000 MTE-IM of I.,W'R spent fuel. For a fair or equal 5. Calculation of Release Rates
energy produced comparison, w'e now add to Scheme 1 the
equiv_ent LWR spent fuer that would have resulted from We assume that waste from LWR and ALNIR cycles will ,

be placed in the potential reposito_' at Yucca Mountain.
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Table 1. Waste packages from pyro-processing of LWR spent fuel

Pyro--processing of LWR SF Al-l,2 Al-3 AI-4 Al-6 Al-7 Al-8
..... , ...... --

Waste Stream Hardware Gases Reduction 'Transpon Electrtr-refining Electro-refining

Salt Metal Salt Metal •
......

Container Type 6 6 5 6 5 5
....... ,,,

Inside Container Dia (m) 0.59 0.59 0.4 0.59 0.4 0.4 '
'' , ,,,

Inside Container Ht (m) 5.0 5.0 5.0 5.0 5.0 5.0
,,. ,......

Inside X.Sectional Area (m 2) 0.273 0.273 0.125 0.273 0.125 0,125

Container Material SS SS SS SS SS SS
...... , ..........

Outside Container Dia (m) 0.66 0.66 0.47 0.66 0.47 0.47
....... ,

Outside Container Ht (m) 5.22 5.22 5.22 5.22 5.22 5.22

Outside X-Sectional Area (m 2) 0,342 0.342 0.173 0.342 0.173 0.173
.........

Waste Volume (m 3) 1.16 1.16 0.53 1.16 0.53 0.53
........... ,,

Void Volume (m 3) 0.624 0.624 0.37 0.624 0.37 0.37
..........

MATRIX None AgI Zeolite Copper Zeolite Copper
.... , .........

KW/pkg at 10 )'ears 0.57 0.00126 2.08 0.19 0.35 1.45
, .

Number of Containers 4190 5 25589 2394 1646 1500
....

"/'able 3. Waste packages from pyro-prc_,essing of ALMR

Table 2. Waste packages from aqueous processing of LWR fuel
,,.

spent fuel Waste Stream A3-4 A3-2.5

[Waste Stream Bl-2 Bl-3 Bi-4 Electro- Hardware &
....

Hardware Gas Glass refining Electro-refining............

:Inside Container Diameter (m) 0.59 0.59 0.4 Salt Metal
......

Inside Container Height (m) 5.0 5.0 5.0 Inside Container Di_ (m) 0.59 0.59
....... --

Inside X-Sectional Area (m 2) 0.273 0.273 0.125 Inside Container Ht. (m) 5.0 5.0
...... _,,

Container Material SS SS SS Inside X-Sectional Area (m 2) 0.273 0.273

Outside Container Dia. (m) 0.66 0.66 0.47 Outside Can Dia. (m) 0.66 0.66
,,,

Outside Container Ht. (m) 5.22 5.22 5.22 Outside Can Ht. (m) 5.22 5.22
.... f_ _ --.

Outside X-Secfiona.l ,&.rea (m 2' 0.3.42 0.342 0.173 Outside X-Sectional Area (m 2) 0.342 0.342
...... t

Waste Volume (m3) 1.16 1.16 0.53 Container Material SS SS i

Void Volume (m 3) 0.624 0.624 0.37 Waste Volume (m 3) 1.16 1.16
J.

MATRIX None AgI Glass Void Volume (m 3) 0.624 0.624
__ _ , ,

Kilowatts/Package at 10 years 0.57 0.00126] 2.50 MATRIX Zeolite Copper

........ i .... ,Number of Containers 4191 5 24550 Kilowatts/Package at 10 years 0.70 1.84

........... iN .....
umber of Containers 16880 5114



Current design calls for vertical emplacement of waste con- Release Mechanisms
tainers, and for the containers to be surrounded by an air

For the exotic waste matrix encountered in pyrochemicalgap. Although the waste package is generally' not seen
as the primary barrier for nuclear waste isolation, it rnust processing, Table 4 summarizes the release mechanisms for

' in fact meet specific regulatory requirements. In 10 CFR actinides and fission products.

60.113(a)(1)(ii)(B), the U. S. Nuclear Regulatory Commis- Table 4. Release Mechanisms
sion requires that the release rate of any radionuclide from

, the engineered barrier system following the containment pe- Matrix None i AgI Zeolite Copper Glass
riod shaU not exceed one part in 100,000 per year of the in- I

ventory of that radionuclide calculated to be present at 1,000 Actinide._Solubility. NA NA Solubilib.. Solubility
years following permaltent closure. For low-inventory ra-
dionucLides,those that constitute less than 0.1 percent of limited limited limited

the calculated total cmie inventory at 1,1300 years, the al- Fission Instant Solubility. tnstantAlteration. Mteradon-
lowable annual release is a constant value, equal to 10-8
of the total curie inventory in the repository at 1,000 years. Products limited controlledl controlled
The release rate is input to total system performance calcu-
lations. Therefore it is necessary to calculate release rates
for waste packages at Yucca Mountain. Table 5. Solubility Data

We calculate release rates for the selected radionuclides us- Solubility (g/m 3)
ing analytic solutions in Sadeghi ct, al.9 for the wet-drip
bathtub water-contact mode. For the radionuclides, we con- LWR SF & Copper Glass

sider the release of three types of species: solubility-limited
species, species released congruent with solid-solid alter- Np 3.0 x 10 -4 9.4 x 10-2
ation of the waste matrix, and readily soluble species. In Pu 9.5 x 10 -4 3.8 x 10-8
each case we give the release rates of the species as a func-
tion of time. U 0.3 6 x 10-2

5.1 The Wet-Drip Water-Contact Mode Am 3.8 x 10-5 1.5 x 10 -3

Here we refer to the dripping of water from overhead rock Source Ref. 12 Ref. 13
onto waste packages. This dripping may happen because
of episodic fracture flow or a change in rock permeabLlity
may divert wa:er into fractures that intersect the borehole. Solubility
Drips are assumed to penetrate cracks in a failed container
and to dissolve radionuclides as the radionuclide solution For calculating the release rates of the solubility-limited

slowly rises in the container and finally overflows through species, the elemental solubility is neede:d. For solubilities
other cracks and penetrations. Overflow of contaminated of U, Np, Pu and Am dissolving from hardware and copper
water is assumed to occur only near the top of the container, matrix, we use the concentrations of these elements mea-
The contaminated water drips to the rock below. Water sured in hot-cell leaching experiments of decladded LWR
within the container is always well mixed from diffusion spent fuel, 12 shown in Table 5.

and t.k,ermal convection. We refer to this as the "wet-drip Solubilities of U, Np, Pu and Am dissolving from borosili-
bathtub water-contact mode." We showed in Sadeghi et care glass have been calculated using the geochemical code
al. 10 that the release rates from the wet-drip bathtub water- EQ3/6 to simulate hot-cell leaching experiments of Wilson,
contact mode are not very. different from the wet-drip flow- also shown in Table 5.13
through or the moist-continuous water-contact modes.

See Sadeghi et al. lO for a discussion of the uncertainties in
For details of calculations of release rates from LWR spent these solubilities.
fuel (Scheme I), see Sadeghi et al. lO

For AgI, the solubility was obtained from the commonly
5.2 Parameters Adopted for Calculating Release Rates "known solubilit2/' product constant, l'*

Hydrogeologic Conditions Matrix Alteration Rates

The far-field averaged flux at the emplacement horizon is For LWR spent fuel, we use an UO2 alteration rate of 10.-3
taken to be 0.5 mm/a, which appears to be an upper bound per year from W'llson's leaching experiments. 15
for expected conditions, lI For the wet-drip water-contact

' mode we assumed that water contact begins at 1000 yea.rs For borosilicate glass, there is a slow corrosion rreaction

after emplacement, which releases fission products and actinides. From the

L

I
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experimental dissolution rate of lithium from borosilicate the following figures are repository-wide comparisons. Fig-
glass, 16 the rate of reaction of the SiO2 glass matrix with ure 5 shows t'_erelease rates of 1-129 from LWR spent fuel
water is 5.2 g/m2-a. For a container with 1660 kg glass and reprocessed wastes. The peak release rate of 1-129
and assuming that the total reaction surface area, due to from reprocessed wastes is approximately the same as that
internal cracks, is 25 times the geometrical surface area from LWR spent fuel, but starts earlier. For reprocessing
(0.27 m2), 17,13the reaction rate would become 36 g/a. This wastes from both Schemes 2a and 2b, the releases are dot'n-
results in a fractional alteration rate of 2 x 10-5/a. inated by instant release from the zeolite waste in A3-4.

The solubility-limi,,'d,release tem AgI from gaseous 1-129Several of the new waste containers have copper matrix. El- does not appear until about 80,000 years, in the form of a
emental copper is not stable in the oxidizing environment tail.
at Yucca Mountain. To estimate copper corrosion rate, we

used dal:afrom a 16-year corrosion damage study of copper Figure 6 shows that for Tc-99 the peak release rate from
alloy in aqueous environments in tropical countries, con- LWR SF is higher by about a factor of 10 than the peak
ducted by the U. S. Naval Research Laboratory.is In these release rate from reprocessed wastes. However, the releases
tests, samples exposed to intermittent immersion in Pacific from reprocessed wastes start earlier and stay at a near con-
Ocean water and complete immersion in soft-water lake wa- stant level for a much longer time. Release from the LWR
ter resulted in the same corrosion rate. Over 16 years the spent fuel waste container begins much later because it has
average weight loss was 5 g/m2-a. We use this corrosion a larger void volume, but the peak release rate of Tc-99
rate, in the form of a fractional alteration rate per year, for from LWR SF is higher because the alteration rate of LWR
copper-matrix waste containers. .spent fuel is about two-orders of magnitude faster than the

5.3 Catculaled Release Rates copper-matrix waste containers resulting from reprocessing.

For solubility-limited Np-237, Figure 7 shows that the re-
Release rates have been calculated for the 33 species tracked lease rate from LWR siren: _" 1_ue, is between that of Scheme
in this study. However, in this paper we shall present only 2a and Scheme 2b. Wi,.hin the uncertainty of our parameter
selected calculated release rates, values, we can say ft',at the release rate of Np-237 from

In a parallel study, Hirschfelder et al.19 showed that only LWR spent fuel and reprocessed wastes are equal.

a few nuclides will reach the water table and have the po- Figare 8 shows the composite release rates of the plutonium
tential to reach the accessible environment, isotopes from LWRspent fuel and reprocessing wastes. The

Figure 3 shows the release of Cs-135 from single containers, combined release from LWR spent fuel is usually higher,
in Ct/a, from all reprocessing wastes, as well as from LWR but within a factor of 10. Within the accuracy of the pa-
spent fuel. 10The release rates of Cs-135 from reprocessed rameter values, these release rates can be considered equal.

packages are generally lower than for LWR spent fuel, but The release rates in Figures 5 through 8 assumes that ali
the fractional release rates of several reprocessed packages waste packages begin water contact at 1000 years, and no
are above the USNRC limit of 5 x 10-_ for Cs-135. credit has been taken for any metallic container or the time-

Figure 4 shows the release rates of plutonium species from distributed nature of package failure.
single containers, in Ct/a, from ali reprocessing wastes. The 6. Conclusions
release rate of Pu is partitioned into the three longest-lived
isotopes, and that partition is shown for only one waste This paper provides some of the basis for evaluating the
stream, ,_,1-8. The release rate of only Pu-242, the longest- benefits for waste disposal of partitioning and u'ansmutation.
lived isotope, is shown from the other waste packages. Be- Inventories of exotic waste packages are given. Release
cause Pu is solubility limited, all release rates are low. rates, for the wet-drip water-contact mode relevant to Yucca

Mountain, have been calculated. For key radic_'_' "_tidesthat
We now calculate the aggr_'gate release from entire repos- are likely to reach the accessible environment, u.: release
itories, represented by the schemes in Figure 1. An equal rates from reprocessed waste packages are shown to be ap-
amount of nuclides released from either scheme sholaldre- proximately the same as the release rate from LWR spent
sult in the same dose at the point of discharge. Once ra- fuel.
dionuclides are released from waste, the buffering capacity
of the rock controls the chemical form of the species, and Several caveats are in order about the results presented here.
its transpozt properties. While we use the same methodology for calculating release

rates as for _e potential repository at Yucca biountain, in
We multiply the release rates of key radionuclides from the calculating release rates for Yucca Mountain we use well
individual waste packages bv the number of waste pack- established solubilities. In this stud,,' we a.++_um_dthat s'A-
ages, and compare the overall release rate of that species ubilities for LWR spent fuel can be used for pyro-process_.d ,
from the two schemes, LWR spent fuel (SF3 versus repro- hardware and copper-matrix packages, a step that has to be
cessing, for 1-129, Tc-99, Np-237 and Pu isotopes. Thus justified by experiments.
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Figure 6. Release rates of Tc-99 from Schemes I, 2a and 2b
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