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Abstract

Production of lower-level radioactive wastes, as well as the reduction in radioactivity of
HLW, is an important performance indicator in assessing the viability of a partitioning-transmutation
system. We have begun to identify the chemical compositions and to quantify the amounts of
radioactive wastes that may be generated by JAERI’s processes. Long-lived radionuclides such as 14C
and 59Ni and spallation products of Pb-Bi coolants are added to the existing inventory of these nuclides
that are generated in the current fuel cycle. Spent salts of KCl-LiCl, which is not generated from the
current fuel cycle, will be introduced as a waste.

Keywords: partitioning-transmutation system, long-lived activation and spallation
products, spent KCl-LiCl salt, Pb-Bi coolant and target

1. INTRODUCTION

Separation of short-lived fission products through partitioning reduces the initial
radioactivity of high-level radioactive waste (HLW). Transmutation of long-lived minor actinides such
as 237Np reduces the radioactivity of HLW over tens of thousands of years. The partitioning-
transmutation technology accordingly helps reduce the potential hazard of HLW[1].

The physical and chemical processes used during the application of partitioning-
transmutation technology, however, generate other, lower-level, radioactive wastes. Although the
lower-level radioactivity does not represent a significant increase in potential hazard after disposal of
the waste, the technological feasibility of waste disposal, including radiological safety, is assessed
based on the quantity and chemical compositions of the wastes, besides radioactivity contained. The
type of solidifying matrix material is chosen depending on the chemical compositions of the wastes,
and the volume of waste forms is determined both by that of the employed matrix material and the
quantity of loaded raw wastes, as well as the radioactivity. The chemical compositions and the amount
of the wastes affect the treatment, the total volume, and therefore the cost for final waste disposal.
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Waste management technologies have been developed for radioactive wastes generated from
the current nuclear fuel cycle. The technologies may not be applicable and different technologies may
be required for wastes arising from partitioning-transmutation fuel cycle.

We have begun to identify the chemical compositions and to quantify the amounts of
radioactively contaminated wastes that may be generated by each of the partitioning-transmutation
processes. There are two general sources of the wastes – process losses, and wastes arising from the
maintenance and decommissioning of the plants. The process losses can be estimated from the
material balance calculations for each process, and so, in principle, the types and amounts of wastes
generated can be assessed quantitatively. By using industrial experiences and expertise, the types and
amounts of maintenance and decommissioning wastes can be estimated on at least a semi-quantitative
basis. This paper presents the results of estimates of process losses obtained so far by material flow
analyses of the partitioning, transmutation, and nitride fuel reprocessing processes of the partitioning-
transmutation system proposed by Japan Atomic Energy Research Institute, JAERI. The analysis for
the nitride fuel fabrication process has not been examined yet.

2. JAERI’S PARTITIONING AND TRANSMUTATION SYSTEM

JAERI has proposed to have a “double strata” nuclear fuel cycle, in which the current
Japanese reprocessing fuel cycle would be the first stratum, or layer, of the cycle, and a partitioning-
transmutation system would be the second layer. This cycle is shown schematically in Figure 1. The
partitioning-transmutation cycle system is composed of four processes -- partitioning of elements into
groups, fabrication of nitride fuel, accelerator-driven transmutation of the nitride fuel, and
pyrochemical reprocessing of the nitride fuel after transmutation. This system is featured to be
independent from the commercial power reactor fuel cycle.

Figure 1: JAERI’s “double strata” fuel cycle system. The commercial power reactor fuel
cycle is the first stratum, and the partitioning-transmutation fuel cycle is the
second. HLW: High Level Waste, MA: Minor Actinide, LLFP: Long-Lived
Fission Product, SF: Spent Fuel. ADS: Accelerator-Driven subcritical System.
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partitioning-transmutation layer of the double strata cycle begins when high-level liquid waste,
discharged from the fuel reprocessing plants of the first layer of the cycle, is received at the
partitioning plant. Minor actinides and a long-lived fission product, 99Tc, extracted at this partitioning
will be converted into fuel for transmutation.

Material flow in the partitioning-transmutation system is summarized in Figure 2. One and
one-fourth tons of minor actinides per year (the sum of 0.25 tons from the PUREX reprocessing plant
and 1.00 ton from the pyrochemical reprocessing) are loaded into the ADS, accelerator-driven
subcritical system. Twenty percent of the 1.25 tons is transmuted and the rest, 1.0 tons, is discharged
to be pyrochemically reprocessed. The system-wide inventory of minor actinides is 5.5 tons. The 0.25
tons of minor actinides supplied from the PUREX reprocessing is the quantity of minor actinides
produced by 195.7 tons of 45,000 MWd/t burnup spent nuclear fuel from light water reactors.
Consequently, the following estimates are based on reprocessing and applying partitioning-
transmutation technology to 195.7 tons of spent light water reactor fuel per year.

Figure 2: System-wide material flow in JAERI’s partitioning-transmutation cycle system

The accelerator-driven subcritical system, ADS, is currently designed to be 800 MWt with
the lead(Pb)-bismuth(Bi) eutectic coolant and to transmute 20 wt% of the loaded minor actinides, 0.25
tons, during the system cycle period of 600 days[2]. The fuel composite is a homogeneous mixture of
minor actinide nitrides and an yttrium (Y) nitride in the volume ratio of 1 to 3. The yttrium nitride is
an inert diluent to control the power density. Titanium and zirconium are alternative diluents to be
considered in the future design study for optimization. Zirconium(Zr) is used for vibropacked fuel
element with Zr-N and minor actinide nitride microspheres. Our analysis here in this study is on the
yttrium option.

The irradiated nitride fuels are submitted to molten-salts electrorefining to remove fission
products. This pyrochemical separation yields actinide metals, and the metals are converted into
nitride fuel by nitridation.
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3. EVALUATION OF GENERATED WASTES

3.1 Partitioning

Radionuclides in the high-level liquid waste are separated into four groups by the
partitioning process: transuranium elements (TRU; Np, Pu, Am, Cm), Tc-platinum group metals (99Tc,
Ru, Rh, Pd), the elements Sr and Cs, and “other elements” (Zr, Mo, Fe and rare earth elements).
Material flow for the partitioning process is fairly well established in the partitioning-transmutation
system, with the assumption of 0.1 wt% of process loss [3]. Products and wastes generated by the
partitioning process are estimated in Table 1.

Table 1. Products and Wastes generated from Four-group Partitioning Process
(Based on data given in Ref.[4] for 195.7 tons of LWR spent fuels producing 0.25
tons of minor actinides)

(a) Partitioned products
Group Major

nuclides or
elements

Chemical form Volum
e (m3)

Treatment after partitioned

TRU Np, Am, Cm oxides 0.024 transmuted
Tc-platinum
group metal

99Tc, Ru, Rh,
Pd

metal 0.104 Utilization or disposal
Tc: transmuted

Sr-Cs 90Sr, 137Cs calcined products 3.5 interim storage or utilized as
heat source, followed by

disposal
Others Zr, Mo, Fe,

rare earths
vitrified form (30

wt% of oxides
loaded)

8.6 storage, followed by disposal

Total 12.1
Non-
partitioned
option

vitrified form (12
wt% of oxides

loaded)

40 interim storage followed by
final disposal

(b) Secondary wastes
Waste Compositio

n
Treatment/Waste form α

radioactivity
Spent

solvent
DIDPA-

TBP-
dodecane

Thermal decomposition into 1.55 tons of
Ca2P2O7 yielding 9.2 m3 of cemented form (10
wt% of Ca2P2O7 loaded)

0.013 GBq/t

Washing
liquid

NaNO3,
Na2CO3

Neutralization into 56.6 tons of liquid NaNO3,
yielding 56.6 m3 of cemented form (50 wt% of
palletized NaNO3 loaded)

0.2 GBq/t

Others DTPA,
oxalic acid

Decomposed in H2O and CO2

Partitioned transuranium elements (284 kg, in oxides, per year) and technetium (206 kg, in
metal, per year) will be converted into nitride fuel for transmutation. Platinum group metals (1,094 kg
per year) may be retained for later use as noble metals. (Chemical treatments for purification of
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platinum group metals are not designed in the current partitioning process and the secondary wastes
arising from the treatments are therefore not counted in the material flow analysis.)

Strontium and cesium are solidified by calcinations of the loaded zeolites and titanic acid
into 3.5 m3 of waste, and the remaining group of elements is solidified into 8.6 m3 of vitrified waste.
These last two groups are the primary wastes from partitioning, totaling 12.1 m3. This is much less
than the 40 m3 of vitrified waste that would be produced by solidifying an equivalent quantity of non-
partitioned high-level waste. This reduction in volume results from the removal of short-lived fission
products 90Sr and 137Cs. The loading of high-level waste liquid into glass is limited by the temperature
rise by decay heat. Removal of 90Sr and 137Cs allows the increased loading into glass, and accordingly
the number of glass waste forms is expected to decrease. The secondary wastes that would result from
the partitioning process include spent solvent (DIDPA-TBP-dodecane) and sodium salt solutions
(sodium carbonate and sodium nitrate). The spent solvent yields 9.1 m3 of calcium phosphate and the
sodium salts result in 56.6 m3 of cementitous waste.

The calcined products with zeolites and titanic acid are wastes that are not generated from
the current fuel cycle, but will be generated from the partitioning-transmutation system.

3.2 ADS

Radionuclides produced by the ADS include short-lived fission products produced in nitride
fuels, activation products and spallation products generated in fuel pins, and the Pb-Bi eutectic target
and coolant.

Nitrogen-15, enriched from natural nitrogen, is used for the nitride fuel. Carbon-14 (5,730
yr) is produced through activation of the remaining 14N during the transmutation process. The amount
of 14C produced is proportional to that of 14N. A 90% enrichment of 15N yields 20 TBq (110 g) of 14C
per year. Activation products of SUS316 fuel cladding include radionuclides of various lifetimes.
Twenty thousand TBq of 58Co (71 d) dominate the initial radioactivity of the discharged fuel, and 0.4
TBq of 59Ni will dominate 10,000 years after fuel discharge from the ADS.

Some of the yttrium in the yttrium nitride in the fuel is activated during transmutation to
produce 1x1018 Bq of 90Y (64 hr). This isotope quickly decays to a stable isotope of 90Zr. About 2.4
tons of Y and 5.6 kg of 90Zr will remain, affecting the subsequent partitioning-transmutation processes,
and finally will be disposed of as a waste.

About 7,000 tons of the Pb-Bi eutectic metal (target and coolant) of the ADS are a source of
spallation and activation products. An example of calculation of radioactivities of the spallation and
activation products for an 800 MWt ADS is shown in Table 2[5]. Polonium-210 (138 d; 8x1017 Bq) is
one of the main radioactivity-dominating radionuclides that will be present at the end of 50-year
operation of the ADS. A long-lived spallation product of 202Pb/202Tl and an activation product of
210mBi/206Ti will contribute 50 TBq of radioactivity at 10,000 years after the 50-year operation. This
radioactively contaminated Pb-Bi metal is discharged in decommissioning the ADS facility. This is a
decade-long generating waste: waste that will be generated once in decades of years. This
radioactively contaminated Pb-Bi waste does not exist in the current fuel cycle, but will be generated
from the partitioning-transmutation system. The chemical toxicity of these metals may dominate the
risk of groundwater contamination when the waste is disposed of into the underground.
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Table 2. Radioactivity generated in the Pb-Bi target and coolant for 50 years of operation
of the 800 MWt ADS

Nuclides Half-life 0(a) 1 yr 5yr 10yr 100 yr 1000 yr 10,000
yr

TOTAL 8.7E+17(b) 1.1E+17 8.6E+16 7.5E+16 1.2E+16 3.7E+14 4.5E+13
201Pb+201Tl 3.038 d 5.3E+16(c) 0 0 0 0 0 0
206Bi 6.243 d 4.5E+16 1.7E+03 0 0 0 0 0
203Pb 2.16 d 4.2E+16 0 0 0 0 0 0
207Bi+207mPb 31.55 yr 8.1E+16 8.0E+16 7.3E+16 6.5E+16 9.1E+15 2.3E+07 0
205Bi+205,205mPb 1.53E+7 yr 3.6E+16 1.6E+11 1.6E+11 1.6E+11 1.6E+11 1.6E+11 1.6E+11
195Au 186.1 d 1.2E+16 3.1E+15 1.3E+13 1.5E+10 0 0 0
172Hf+172,172mL
u

1.87 yr 5.2E+15 3.5E+15 7.9E+14 1.2E+14 4.0E-01 0 0

193Pt 50 yr 4.5E+15 4.4E+15 4.2E+15 3.9E+15 1.1E+15 4.3E+09 0
204Tl 3.78 yr 4.2E+15 3.5E+15 1.7E+15 6.8E+14 4.6E+07 0.0E+00 0
194Hg+194Au 520 yr 2.5E+15 1.2E+15 1.2E+15 1.2E+15 1.0E+15 3.1E+14 1.9E+09
202Pb+202Tl 5.25E+4 yr 4.3E+15 4.3E+13 4.3E+13 4.3E+13 4.3E+13 4.2E+13 3.7E+13
209Po 102 yr 4.5E+14 4.4E+14 4.3E+14 4.2E+14 2.3E+14 5.0E+11 0
163Ho 4,570 yr 1.2E+13 1.2E+13 1.2E+13 1.2E+13 1.1E+13 1.0E+13 2.6E+12
208Bi 3.68E+5 yr 3.1E+12 3.1E+12 3.1E+12 3.1E+12 3.1E+12 3.1E+12 3.0E+12
137La 6E+4 yr 7.1E+11 7.1E+11 7.1E+11 7.1E+11 7.1E+11 7.0E+11 6.4E+11

Sp
al

la
ti

on

154Dy+150Gd 3E+6 yr 2.8E+10 2.8E+10 2.8E+10 2.8E+10 2.8E+10 2.8E+10 2.8E+10

TOTAL 1.6E+18 1.3E+17 1.1E+14 2.3E+13 2.3E+13 2.3E+13 2.3E+13
210Po 138.376 d 7.6E+17 1.3E+17 8.4E+13 3.5E+10 2.6E+10 2.6E+10 2.6E+10
208Bi 3.68E+5 yr 9.6E+12 9.6E+12 9.6E+12 9.6E+12 9.6E+12 9.6E+12 9.4E+12

N
eu

tr
on

C
ap

tu
re

210mBi+206Tl 3.04E+6 yr 3.4E+13 1.3E+13 1.3E+13 1.3E+13 1.3E+13 1.3E+13 1.3E+13

(a) At the end of 50-year operation
(b) Read as 8.7x1017

(c) The underlined radionuclide dominates the total radioactivity at the time

3.3 Fuel fabrication

JAERI’s partitioning-transmutation system needs two different fuel fabrication processes as
schematically shown in Figure 3. One is a wet process: Actinides extracted in the partitioning process
are fed into sol-gel process followed by conversion into nitride fuel through carbo-thermic synthesis.
The other fabrication is a dry reprocessing of spent fuel. Spent nitride fuel is first subject to
pyrochemical treatment using molten KCL-LiCl salt to separate actinides. The obtained actinide
metal/alloys are converted into nitride fuel though nitridation with 15N.
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Figure 3: Fabrication process for the actinide nitride fuel in the JAERI’s P & T cycle
(modified from ref. [2].)

Because the design of these fuel fabrication processes has not progressed as far as the
designs of the partitioning and transmutation processes, engineering data are not yet available to
quantify the material flow in the process. Data on the material losses therefore are much limited.

Typical wastes produced from the fuel reprocessing are hulls and fission product metals, and
radioactively contaminated KCl-LiCl salt mixture. A semi-quantitative, preliminary evaluation with
limited data indicates that the contaminated KCl-LiCl salt waste could amount to about 102 tons per
year. The results of evaluation depend on the process performance: The amount of waste, 102 tons per
year, was obtained under the assumptions that 1) the process losses for the above two fabrication
processes are 0.05 wt% for each, and 2) Y, the fuel diluent is reprocessed with the decontamination
factor of 3.0.

The assumed loss of 0.05 wt% was, for the wet process, based on the UK’s pilot-scale
experience to produce (U, Pu)O2 microspheres for fast reactor fuel through the gel precipitation
process[6]. The yield of >99.9% is reported. No loss data are currently available for nitride fuel
reprocessing. The same number, 0.05wt% loss, was applied also for the reprocessing only as an input
parameter without any technological feasibility.
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4. DISCUSSIONS AND CONCLUSION

Introduction of the partitioning-transmutation system into the current nuclear fuel cycle
decreases both short- and long-term radioactivity of HLW, but it also produces various additional
forms of lower-level radioactive wastes. Long-lived radionuclides such as 14C and 59Ni and spallation
products of Pb-Bi metal are added to the existing inventory of these wastes that are generated in the
current fuel cycle. In addition, wastes such as spent salts of KCl-LiCl, which are not generated from
the current fuel cycle, will be introduced by a partitioning-transmutation system.

Chlorine, Pb and N may be sources of groundwater contamination if disposed underground.
The chemical toxicities may be of more concern than the radiological toxicity. These wastes should be
treated and disposed of as safely as “radioactive wastes”. In this sense, the production of the additional
lower-level radioactive wastes, as well as the reduction in radioactivity of HLW, are important
performance indicators that should be quantitatively evaluated in assessing the viability of a
partitioning-transmutation system.
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