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Abstract:

The FACET group at CIEMAT is studying the properties and potentialities of several lead-cooled ADS
designs for actinide and fission product transmutation. The main characteristics of these systems are the use
of lead as primary coolant and moderator and fuels made by transuranics inside a thorium oxide matrix.

The strategy assumed in this simulation implies that every discharge of the ADS will be reprocessed and
would produce four waste streams: fission and activation products, remaining 232Th, produced 233U and
remaining TRUs. The 233U is separated for other purposes; the remaining TRU are recovered altogether and
mixed with the adequate amount of 232Th and fresh TRUs coming from LWR spent fuel.

The simulations performed in this study have been focused primarily in the evolution of the fuel isotopic
composition during and after each ADS burn-up cycle.

Simulación Neutrónica y de la Evolución Isotópica de un ADS Refrigerado
por Plomo en un Ciclo Cerrado de Combustible de Torio-transuránidos

Garcia-Sanz, J.M.; Embid.M.; Fernández,R.; González, E. M.; Pérez-Parra, A.

34 pp. 15 fig. lOrefs.

Resumen:

El grupo FACET en el CIEMAT estudia las propiedades y potencialidades de los diseños de ADS para
transmutación de Actínidos y productos de fisión. Las principales características de estos sistemas se basan
en el uso de plomo como refrigerante y moderador y combustibles de TRU's en matriz de torio.

La estrategia asumida en este estudio supone el reprocesado de cada descarga del ADS produciendo cuatro
corrientes: productos de fisión y activación, el 232Th remanente, el 233U producido y el resto de TRU's. El
233U será separado para otros propósitos, los TRU recuperados conjuntamente y mezclados con la adecuada
cantidad de torio y TRU's frescos compondrán la siguiente recarga.

Las simulaciones neutrónicas y de evolución combinadas realizadas en este trabajo se centrarán principal-
mente en la evolución de la composición isotópica del combustible durante y en cada ciclo.
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1. Introduction

The long-lived radioactive waste produced in nuclear power plants is one of the main

still unsolved problems that the nuclear industry has to face. Although many countries

plan to deal with these wastes by storage in geological repositories, in recent years

transmutation has raised as a complementary option to be considered for the future [1].

The main advantages expected from transmutation are the reduction in volume of the

high level waste and a significative decrease in the long-term radiotoxicity inventory,

with a probable impact in the final costs and potential risks of the geological repository.

The radioactive waste transmutation has to deal with two main groups of nuclides, each

group with its own elimination methods and different impact in the waste management

strategy:

The transuranics (TRUs) mainly neptunium, plutonium, americium and curium isotopes

coming from the LWR's discharge. They are responsible for the long-term

radiotoxicity and their elimination has to be done by fission since there is no stable

isotopes of this high atomic mass1 neither a fast path to stable isotopes. Any optimized

TRUs transmutation strategy has to reach the highest fission to capture ratios and take

into account the energy production during transmutation process.

The fission products (FP), some of them with a very large radiotoxical potential in the

short and even in the long term. Their elimination means to transform them by neutron

capture and subsequent radioactive decay into stable isotopes, operation that requires

energy supply.

The impact of the transmutation in the waste management policy of each country will

depend on the size of the local nuclear power industry and the characteristics of the

current and foreseen nuclear fuel cycle, among others. An optimal use of nuclear waste

1 The two heaviest stable isotopes are 209Bi and 210Pb. On the other hand the actinides mass range is
between 230 and 255.



transmutation is unavoidable connected to the development of partitioning methods due

to the necessity to separate waste streams: TRUs and FP from the spent fuel uranium

matrix. Currently, nuclear fuel reprocessing is available only in a few countries in the

world. The situation is even more complex as some countries consider plutonium as

nuclear fuel instead of waste, and burn it with the MOX fuel technologies. To them, the

TRUs elimination means neptunium, americium and curium elimination in specially

design systems, with different properties compared to the TRU-with plutonium charged

ADS.

Due to the diverse points of view about transmutation, there is a wide scope of R&D

strategies that has produced a large number of proposed policies and systems for

nuclear waste transmutation that could be available in the near future. However, in the

last decade the Accelerator Driven Systems (ADS) appear among the most promising

transmutation devices.

2. Main characteristics of the simulated ADS

Basically the common components of every ADS are:

• A subcritical core (k<l), loaded with the TRUs (and eventually fission

products) to be eliminated.

• A proton accelerator, producing a beam with an intensity of few mA and a

proton energy of several hundreds of MeV. This beam entering the spallation

target produce the external neutrons that the subcritical core need in order to

maintain its operation regime.

The ADS model considered in the present study is inspired in a concept developed at

CERN [2].

This type of ADS is characterized by the use of molten lead (or lead-bismuth alloys) as

coolant as well as spallation target and neutron diffusing medium. Because of the

special neutronics properties of lead, the neutron regime is fast (an energy spectrum

centered on a few hundreds keV). The fast ADS design is, in principle, very adequate

for elimination of those TRUs non-fissile under thermal spectra (see discussion in refs.

[2]). The ADS concept is very flexible permitting:



• A neutron multiplication constant (k«ff) from 0.93 to values as high as 0.98. The

choice of keff value has an important impact on accelerator requirements and

should be imposed by security and economical constraints.

• Both metal and oxide fuel have been proposed, depending the final selection on

the power density limits and the working temperatures. Typically the TRUs

loaded in the core are distributed inside a thorium matrix. The presence of

thorium allows the system to maintain the neutron multiplication: the fissile

TRUs burning can be compensated by the 233U breeding from 232Th.

® A wide range of operating conditions, with different thermal power (a few MW

up to 1500 MW) or (equivalently) proton beam conditions (300 MeV to a few

GeV of energy), depending on the model considered. The operating conditions

will play an important role in the transmutation efficiency.

Additionally for FP incineration, distributing them in the lead diffusive media outside

the core, has been discussed in [2].

After preliminary evaluation presented in [3], the detailed parameters were fixed to the

values displayed on table 1 and table 2. This set of parameters describes one feasible

configuration well suited for the transmutation strategy described later on.

Table 1. The simulated ADS model (1st cycle)

Thermal output (MW)

Proton energy (MeV)

Fuel composition

TRU mixture cooling down time (years)

Fuel oxide mass (kg)

TRUs/Th

(Th+TRUs)/Pb mass fraction (core)

Cladding material

800

1000

(TRUs+Th)O2

40

~ 10 ton

-0.32

-0.20

HT9 steel



Table 2. Common geometry simulated ADS parameters.

ADS core
Configuration

Number of fuel bundles

Fuel bundles
Flat to flat

Number of pins per bundle

Pitch between pins

Total length

Fuel pins external diameter

Proton beam, spallation target
Beam pipe material

Beam window material

Thickness

External diameter

Vessel

Thickness

Material

Lead column height (with regard to the
core center)

Hexagonal

120

210.96 mm

169

15.8 mm

150 cm

8.2 mm

HT9

W

3 mm

20 cm

2.5 cm

HT9

6 m

3. Simulation procedure.

The simulations have been done using a combination of various existing and widely

validated codes. The aim of the code combination is to perform a coupled neutronic and

isotopic time evolution calculation, where the neutronics and fuel depletion simulation

tools shared all the necessary data. The simulation procedure, EVOLCODE developed

at CIEMAT [4], is presented in figure 1. The main codes included in the procedure are:

• NJOY94.61 [5] for nuclear data processing . The database used in this exercise

is the ENDF6R4 for neutron transport calculations and reaction rates

calculation. During the simulations, data of 245 isotopes have been used in the

transport simulation, being 196 fission fragments. These isotopes represent more

than 99% of the total mass inventory. For the burn up calculations the EAF3.1

database (about 650 isotopes) has been used for additional reaction rates



LAHET&MCNP simulation
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Figure 1. Combined neutronic and isotopic combined time evolution calculation

scheme.

calculation whenever the isotopes considered are not available in the ENDF6R4

library. To handle with it, the EAF3.1 library has been previously converted to

ENDF format. In addition EVOLCODE is able to use any other ENDF

formatted cross-section library. In particular JENDL3.2 and JEF2.2 have been

used in other exercises.



® LAHET [6] for the simulation by Montecarlo of the proton beam interaction

with lead. The code also transport the neutrons from their production energy

down to 20 MeV2

• MCNP4B [7] for the complete neutron simulation of the spallation source

produced by LAHET, including all the neutron progeny via any multiplication

reaction (fission or (n, xn). It calculates the neutron multiplication, the energy

release by fission, that permits to know the beam intensity needed to work under

a nominal power output, the neutron flux and specific power core distributions

and the neutron flux energy spectra at every core position.

• ORIGEN2.1 [8] for any burnup calculation. In fact only the program and the

revised decay library are used. The one group cross sections are computed from

the MCNP simulations results.

The procedure that couples all the codes, known as EVOLCODE is as follows:

1. A mesh division of the ADS core is performed. Each core division will have its own

neutron flux intensity, energy release by fission and neutron flux energy spectrum

estimators [9]. In the present exercise one mesh element correspond to 1/10 axial

division of the fuel element.

2. Using LAHET and MCNP4B a complete simulation of the neutronics in steady state

at considered conditions is done, obtaining the values for the estimators described in

point 1 for each mesh element.

3. The following step is a set of burnup calculations, performing one for each mesh

element of the core with the previously obtained neutron fluxes. Special ad-hoc

one-group integrated cross sections libraries are written in ORIGEN2.1 format and

used for every burnup calculation. The one-group cross sections are obtained as an

average of the cross sections weighted by the neutron energy spectrum obtained by

MCNP4B for each core mesh zone.

4. When all ORIGEN2.1 calculations have finished, the ORIGEN2.1 material

descriptions are translated to MCNP4B formats, creating a new MCNP input data

file with an update of material composition for each core division.

5. A new time step is performed beginning a new neutron transport simulation.

The neutrons with energies below 20 MeV are considered as the external spallation neutron source.



Figure 2 shows a scheme of the procedure. The time step used for the simulation is 500

days, which was chosen as a compromise between computation time and precision of

the obtained data. Nevertheless the first step has also been calculated with a smaller

time step, 200 days.

The multiplication constant evolution obtained with these two time steps are shown in

figure 2.

It can be seen that the points for the 500 days time step fit exactly with the points of the

more detailed simulation. The differences in the masses of the relevant isotopes are at

the end of the cycle allways smaller than 1.5%, corresponding to 231Pa the largest

difference of 1.4%.

0.98

0.97 ..

.2 0.96

0.9S

0.94

0.93

- ks (200 days time step)
ks (500 days time step)

200 400 600 800

time (days)

1000 1600

Figure 2. Multiplication constant time evolution in the first reload with two

different time steps.



4. Strategy for TRU transmutation.

Two options could be considered to deal with the fuel cycle closing: the once-through

irradiation step in which the TRUs loaded fuel is burned up only once and the discharge

will be directly stored in the secular repository; and the closed cycle where every spent

fuel discharge is reprocessed and the remianing TRUs are reloaded in the transmutation

system. In the second case only part of fission fragments produced in each cycle, and

the reprocessing losses willbe directly stored in the secular repository. This strategy

allows increasing the final transmutation efficiency.

Basically the simulated ADS is designed to work in a TRUs transmutation closed cycle.

This strategy implies that every ADS discharge will be reprocessed, producing four

conceptual waste streams, figure 3, [10]: fission and activation products, remaining
232Th, produced 233U and remaining TRUs. The 233U is separated for other purposes. The

remaining TRU are recovered altogether and after 1 year of cooling down time, mixed

with the adequate amount of 232Th and fresh TRUs coming from LWR spent fuel. This

LWR spent fuel was composed initially by an uranium dioxide, enriched to 3.3 % on
23DU, and burn-up till 33 GWd/T. After this bum up a cooling down period of 40 years

is assumed. The resulting mass fraction of the different isotopes in this LWR spent fuel

is presented in table 3. The fission and activation products stream will be processed for

proper storage or eventually some LLFF can be also eliminated in appropriated devices

(e.g. the ADS core periphery [2]).

A simulation of this strategy applied to the ADS model (800 MWth) has been

performed under the considered hypothesis for eleven burnup cycles. The first cycle

was of 1400 days while the following ten cycles was simulated for a burnup period of

1500 days. The initial fuel mass and composition for each new cycle (fraction of TRU)

has been adjusted in order to achieve and maintain and acceptable neutron

multiplication during the new burn up cycle.

The transuranic waste intended for the final storage would be only composed by the

reprocessing losses. The remaining transuranic waste from the last discharge, with a

significant mass fraction of minor actinides, would be burn up in a different ADS type,

with, at least, a different fuel composition, still under study.



Table 3. Fresh TRU mixture mass fractions considered in the simulation, (a cooling

time of 40 years has been assumed).

Nuclide
2 3 7Np
23 S p u

2 3 sPu
2 M Pu
240pu

2 4 1Pu
242Pu

241 A m

Mass Fraction
5.7769E-02
9.5039E-12
1.3543E-02
5.1673E-01
2.1486E-01
1.9789E-02
4.9877E-02
1.1655E-01

Nuclide
242mAm

243 A m
2 4 2 Cm
2 4 3 Cm
2 4 4 Cm
2 4 5 Cm
2 4 6 Cm

Mass Fraction
8.4720E-05
9.8413E-03
2.2097E-07
1.8812E-05
6.5089E-04
1.2240E-04
1.3833E-05

PWR

F.F.

TRU s

Fresh Th

Fresh" TRU's TRU s

TRU's

Recovered
Uranium

F.F.

1 year
cooling

TRU's
Reprocessing losts
(Neglected for this exercise)

F.F.

Figure 3. Basic strategy scheme of the performed simulation.



5. Isotopic composition analysis of the sequence of discharges

Two options could be considered to deal with the fuel cycle closing: the once-through

irradiation step in which the TRUs loaded fuel is burned up only once and the discharge

will be directly stored in the secular repository; and the closed cycle where every spent

fuel discharge is reprocessed and the remaining TRUs are reloaded in the transmutation

system. Only part of fission fragments produced in each cycle, and the reprocessing

losses will be directly stored in the secular repository. This strategy allows increasing

the final transmutation efficiency. We have performed the simulation of eleven reloads

in a thorium-TRU lead cooled ADS, figure 3 shows a simplified scheme, following the

proper closed cycle [10].

The time evolution of the most significant isotopes along the eleven reloads is

represented in figures 4, 5 and 6. It should be noticed that the time scale includes only

the fuel irradiation periods in the ADS. The discontinuities that appear in the plots

correspond to the different cycles, and the jump indicates the amount of mass added in

the corresponding reload. It also should be noticed that the fuel cools down for one year

between reloads, so the short life isotopes represented in the plots, as 242Cm and 233Pa

decay almost to zero in this period of time.

Most of isotopes reach equilibrium around the 4th or 5th reload. This means that nearly

all the TRU introduced in the system after the 4th or 5* cycle are fully eliminated. It also

should be noticed that the concentrations of curium isotopes are about two orders of

magnitude smaller than the corresponding to plutonium isotopes.

Five types of evolution could be distinguished in the TRU graphs:

a) the isotopes that are eliminated from the first cycle, namely 239Pu, 237Np, and 241Am

and in the following reloads everything that is loaded is consumed in the cycle.

b) the isotopes that increase its concentration in the first 2-4 cycles, 238Pu, 240Pu and
241Pu, but that, every addition in consecutive cycles is completely eliminated.

c) 242Pu only reach equilibrium between load and transmutation after the 11 cycles of

the sequence.

d) Isotopes like 242mAm, 243Cm and 231Pa, that in the very first cycles grow in mass to an

equilibrium level, and in the following cycles, even where more amount are still

produced, it is also eliminated with a complete cancellation.
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ĴK 1 ^L 1 ^h 1 H I ^ ^

Pu242

500

0
5000 10000 15000

time(days)

5000 10000 15000

time(days)

Figure 4. Time evolution of the main plutonium and neptunium isotopes.
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e) 243Am, 244Cm and 245Cm follow the evolution of their common origin, 242Pu, and only

start to reach equilibrium at the last cycles. It should also be noted that their equilibrium

concentrations are progressively smaller.

f) Finally there are few isotopes like 246Cm, and 247Cm that are continuously produced

in the system. It should be noticed, however, that their mass is very small compared

with the total loaded amount of TRU's.

One of the main conclusions from these plots is that any isotope is efficiently

transmuted as soon as it reaches or exceeds its equilibrium concentrations. The same

would eventually happen even to the curium if it were enough amount of material to

reach their equilibrium. The equilibrium concentrations of the different isotopes depend

on the type of fuel considered and the neutron spectrum in which the fuel is being

irradiated.

The cumulative elimination ratio of TRU isotopes defined by:

_ , . „,. . . „ . Loaded Isotope (up to cycle N)-Residual Isotope (after cycle N)
Cumulative Elimination Ratio = - — — — —

Loaded Isotope (up to cycle N)

is presented in figure 7 for the most relevant isotopes during the 11 cycles. Substantial

cumulative elimination of 239Pu, 241Am, 243Am, 240Pu, 237Np and 242Pu which grow

monotonically with the number of cycles have been found.

The 239Pu elimination is about 57 % in the first cycle, reaching an accumulated

elimination percentage of 94 % at the end of the eleven cycles. Special behaviors appear

in the 238Pu and the 241Pu evolutions: both begin with two production cycles and start to

disappear only at the end of cycle number three. The 238Pu is the main product of 237Np

conversion by neutron irradiation and the 241Pu is produced by neutron capture in 240Pu.

These results indicate that both actinides have reached equilibrium ratios with their

parents after the end of cycle three. At the end of cycle five the accumulated

elimination for 241Pu reaches 8 %, being the integrated 241Pu elimination for the eleven

cycles of about 49 %.
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Figure 7. TRU accumulated elimination

Figure 8 shows the single cycle elimination ratio, defined as the eliminated amount of

one TRU isotope divided by the amount of this isotope loaded in this particular cycle.

The figure presents this parameter for the main isotopes and for the 11 cycles.

The global TRUs single cycle elimination ratio is only 30% in the first cycle but it rises

to 92.2% in the second cycle and continues growing to reach 99.3% in the eleven

cycle. There are isotopes that the amount consumed in the cycle (from the 2nd to the 7th

cycles) is even higher than the quantity loaded in the cycle: 239Pu, 237Np, 241Am: in the

2nd and in the 3rd cycles up to 120% stabilizing after the 7th close to 100 %.

The single cycle elimination rates can be assumed as stabilized after the 8th cycle in all

the isotopes presented in the plots (except for 242Pu) and that, in consequence,

everything that is added is consumed in the cycle. The average elimination rate for the

TRU per year of irradiation in the system is about 225 kg/year (averaged over the

eleven cycles) for a thermal power of 800 MW.
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The isotopic composition of the TRU mixture mass fractions is represented in figure 9

in function of the number of discharge. The composition of the zero discharge

corresponds to the TRU mass fractions in table 3, which is the composition of the waste

coming from the discharge from a LWR after 40 years of cooling time.

It can be seen that the isotopic composition of the waste is remarkably reduced in 239Pu

from the first cycle, being the major component other isotope of plutonium, 240Pu, that

comes from neutron capture in 239Pu. The quality of the TRU waste, assuming that

quality refers to the quantity of fissile isotopes in the TRU waste, is reduced as the

number of reload increases. The same information is presented for the first and last

cycles in table 5 and in figures 10 and 11. The mass fraction of 239Pu in the LWR

discharge (after 40 years of cooling down) is about 52 %, while in the first discharge it

is reduced to 34 % and at the end of the 11 cycles it is only the 17%.
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Table 5. Mass Fraction of the TRU at different discharges.

Nuclide

Np237
Pu238
Pu239
Pu240
Pu241
Pu242
Am241
Am242m
Am243
Cm242
Cm243
Cm244
Cm245
Cm246
Cm247

Mass fraction in
the LWR discharge

5.78E-02
1.35E-02
5.17E-01
2.15E-01
1.99E-02
4.99E-02
1.17E-01
8.56E-05
9.84E-03
2.07E-07
1.84E-05
6.52E-04
1.22E-04
1.22E-05
0.00E+00

Mass fraction in
the 1 st discharge

4.32E-02
7.11E-02
3.38E-01
3.09E-01
4.10E-02
7.24E-02
8.98E-02
6.73E-03
1.81E-02
1.46E-03
5.62E-04
7.48E-03
1.17E-03
8.98E-05
3.25E-06

Mass fraction in
the 11th discharge

2.23E-02
7.79E-02
1.70E-01
3.74E-01
5.98E-02
1.30E-01
6.12E-02
5.40E-03
4.23E-02
9.95E-04
5.61 E-04
3.73E-02
1.19E-02
5.69E-03
5.31 E-04
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Figure 10. Isotopic composition of TRU waste from a LWR after 40 years of cooling down
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Figure 11. Isotopic composition of TRU waste after the eleven modeled ADS cycles.



On the other hand, 240Pu, that in the LWR discharge was the 21.5 %, in the first

discharge is the 31 % and at the end of the simulated cycles it represents the 34.5 % of

the mass. Other representative changes in the TRU mass composition could be 243Am,

that in the LWR discharge is present at about 1%, in the first discharge it represents

1.8% of the mass fraction, and in the eleventh discharge it reaches the 4% of the total

mass. Furthermore for 244Cm, whose presence in the LWR discharge is rather

negligible, reaches the 0.7 % of the total mass in the first discharge, and it represents

the 3.7% in mass fraction in the eleventh.

6. Isotopic composition analysis of the sequence of reloads

The global parameters defining each cycle, including the accumulated incinerated

material, as well as the accumulated TRU loaded, the mass of the previous reloads and

the accumulated recovered uranium in the subsequent reprocessing are presented in

figure 12.

1.40E+07

1.20E+07 i

1.00E+07 -j

3 8.00E+06 -j
w !
en i
to \
E 6.00E+06 -j

I

4.00E+06 J
¡

s

2.00E+06 -i

O.OOE+00 - i -
1

TRU_addsd

Th_added

TRU_sliminaI6d

U_recovered

" Prevjoad(tot)

Total Actinide ioad

Total TRU load

5 6 7

Reload number

9 10 11
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As can be seen the TRU elimination, the TRU and thorium addition, and the uranium

recovered are almost linearly dependent with the number of the cycle, but with different

slopes. The amount of TRU coming from previous reloads remain almost constant with

the number of cycle, which means that as more cycles are performed a better efficiency

in TRU transmutation is obtained. The relation between whole uranium recovered and

the total amount of TRU incinerated is about 48 %. The total amount of actinides

loaded (including thorium) at the beginning of each cycle is also plotted, as well as the

total amount of TRU.

Regarding to the analysis of the beginning of cycles, the fractional composition of the

"fresh" amount of TRU, the previous TRU load, the fresh thorium, and the remaining

thorium from the previous charge is presented in figure 13. The amount of TRU loaded

in the first cycle is higher than the quantity loaded in the rest of cycles, due to the

excess of reactivity that the TRU from previous loads is enough to maintain the initial

multiplication factor in the subsequent loads.
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7. Summary of the transmutation along the cycles

The total TRU loaded mass along the eleven cycles is about 11.9 Tons, while at the end

of the last discharge the total remaining TRU mass is about 2.0 Tons. These figures

mean that the TRU elimination in this system reaches an 83 % of the whole TRU mass.

The contributions to this TRU transmutations are summarized in table 6. The main

elements are:

® 93 % of the loaded neptunium, 237Np, is eliminated in the system.

• 83 % of the loaded plutonium is eliminated, namely 94 % of 239Pu, 70 % of
240Pu, 49 % of 241Pu and 56 % of 242Pu, while 238Pu is neither eliminated nor

produced.

Tableo. TRU elimination

Nuclide

Np237
Pu238
Pu239
Pu240
Pu241
Pu242
Am241

Am242m
Am243
Cm242
Cm243
Cm244
Cm245
Cm246
Cm247

Np
Pu

Am
Cm

total tru

Total loaded
mass (Kg)

687.35
161.09

6148.01
2556.2
235.8
593.44
1388.08

1.01
117.08

0
0.22
7.75
1.46
0.03

0
687.35

9694.55
1506.17

9.46
11897.69

MassatH01

Discharge (Kg)
45.12
157.28
342.63
755.62
120.69
261.97
123.63

10.9
85.49
2.01
1.13

75.33
23.97
11.49
1.07

45.12
1638.6
220.02
114.99

2018.82

Eliminated
mass (Kg)

642.23
3.81

5805.38
1800.59
115.12
331.48
1264.45
-9.89
31.59
-2.01

0.91
-67.58
-22.51
-11.46
-1.07
642.23

8055.95
1286.15

105.54
9878.87

% eliminated
(Mi-Me)/Mi

93.44
2.37
94.43
70.44
48.82
55.86
91.09

26.98
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The fuel isotopic composition at the beginning of each cycle is presented in figure 14.

Most of the nuclides in each load are in equilibrium from the 4th or 5th reload, except

for certain isotopes, i.e. 243Am, 244Cm y 243Cm, 246Cm and 242Pu.
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Figure 14. Isotopic compositions in each reload.



The americium isotopes decrease its concentration in 85 % of the total

loaded mass. While 241Am and 243Am are reduced by 91% and 27%

respectively, 242mAm is being produced instead of eliminated.

There is a curium production in the system. The total loaded mass is about

10 kg, while at the end of the last discharge there is about 110 kg, basically
244Cm (75 kg), 245Cm (24 kg) and 246Cm (10 kg). Nevertheless, the produced

masses are not comparable in scale with the transmutation rates of 239Pu,
241Am, 240Pu and 237Np.

The global elimination efficiency is about 30% in the first cycle, being the 83 % in the

eleventh.

8. Predictions of the achievable transmutation rates as a function of the number of

cycles

An additional exercise has been performed to estimate the effect of extend the number

of cycles. It has been assumed thet the behavior of the system is the same in all the

reloads from and after the 11th. The aim of evaluation is to estimate the transmutation

limits that could be achieved (theoretically) with this type of closed cycle.

The reprocessing losses that were neglected so far, have also been included in this

exercise. There are two types of reprocessing; first the fuel recovery from the PWR fuel

and second the reprocessing from the ADS fuel itself. Corresponding by there are two

different levels of TRU losses. Decontamination factors of 0.01 in all the elements in

the reprocessing of the PWR fuel and of 0.01 in all elements in the reprocessing of the

ADS fuel, have been assumed in this exercise

Taking into account these hypothesis, figure 15 shows the evolution of the percentage

of different kind of TRU waste coming from reprocessing and the remnant waste that is

left in the system out of the total amount of TRU introduced in the system.

The main component of the total waste for the first 70 cycles is the amount of the

unburned TRU in the system. That represents 60 % in the first cycle, reaching 18 % at

the end of the 11th cycle and just 3.2 % in the 70th cycle in which the sum of the



reprocessing losses, PWR and ADS recycling reaches this quantity under the assumed

hypothesis. The asymptotic elimination limit of this type of closed cycle is about 4 % of

the total loaded transuranics.
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Figure 15. Asymptotic limit of TRU incineration in this type of closed cycle



9. Conclusions

In the last decade the Accelerator Driven Systems (ADS) appear among the most

promising transmutation systems. In this paper the transmutation efficiency of TRU

thorium fuel based in a multiple recycling strategy in a lead cooled ADS has been

analyzed. Substantial cumulative elimination of 239Pu, 241Am, 240Pu, 237Np, 241Pu and
242Pu, which grow almost linearly with the number of cycles are found in the

simulations. On the other hand the curium isotopes are being produced in the system

along the reloads, but they represent less than 7% of the TRU waste in the last

discharge. The asymptotic limit of TRU burning in a thorium-TRU ADS closed cycle

is about 4 % considering decontamination factors of 1 % in the reprocessing.

The evolution of the TRU composition of the discharge means devaluating the quality

of the TRU waste, reducing the quantity of fissile isotopes. Multiple recycling allows

burning large amount of TRU and changing the composition of the final TRU waste

from a 239Pu enriched one, to a minor actinides enriched TRU waste.
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