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ABSTRACT

To stabilize the existing quantity of plutonium via European Fast Reactor (EFR) type Liquid

Metal Fast Breeder Reactors (LMFBRs) without fertile blankets, 55 % of the installed reactors

would have to be LMFBRs of the EFR type. A first recycling in PWRs can reduce the percentage

of LMFBRs required to 45 %. With reasonable adaptations of the fast reactor core, the figure

above would be 45 % without PWR recycling, 30 % after one PWR recycling and 20 % after two

PWR recyclings.

Simultaneous burning of plutonium and minor actinides (MAs) would not change the

plutonium recycling conditions significantly.

The MAs content of LMFBR fuels is relatively high: 2.5 % for direct recycling of Pu and MAs;

4 % for initial recycling of plutonium alone in PWRs. These high values are due to the large

quantities of Am 241 produced by the radioactive decay of Pu 241 outside the reactor and to the

gradual reduction of the MAs stock accumulated before implementation of the MAs recycling.

Introduction

To restrict the quantity of plutonium (Pu) and minor actinides (MAs) produced by Pressurized

Water Reactors (PWRs) fueled by enriched uranium (UOX), the Pu and MAs produced by the

PWRs must be burned in incinerator reactors.

This document describes a simulated Pu and MAs restriction using EFR type LMFBRs made

capable of incinerating Pu through the elimination of fertile blankets. However, it must be

stressed that EFR has not been optimised to burn the plutonium.
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The degree of incineration of plutonium and minor actinides during a single fuel cycle is far

from complete [1]. Thus, to eliminate all the Pu and MAs, this fuel must be recycled several

times. Equilibrium is achieved (for a given nominal total output) when the consumption of Pu and

MAs by the incinerator reactors is equal to their production by enriched uranium fuel.

The neutronic characteristics of reactors (incineration factor, safety-related reactivity

coefficients) are also dependent on the isotopic quality of the Pu and MAs used within them.

To simulate this isotopic depletion and its consequences as accurately as possible, we have

produced the software known as TIRELIRE [2] to simulate the use of Pu and MAs in PWR,

advanced PWR and LMFBR nuclear installations. TIRELIRE takes into consideration each Pu

isotope (Pu 238. Pu 239, Pu 240, Pu 241, Pu 242) and the following minor actinides: Np 237,

Am 241, Am 242, Cm 244 and Cm 245. TIRELIRE determines the number of reactors brought

into use depending on the plutonium resources and the industrial or strategic constraints specified

by the user.

Definition of the Simulated Scenarios

We now present the results of a study on controlling the quantity of Pu and MAs using an EFR

type Fast Neutron Reactor (without fertile blankets) operating within the French nuclear power

supply system.

To evaluate the extreme long-term effects of the simulated options, the study was followed

through up to the year 2100.

Beyond the year 2010 the total production of electricity by reactors is assumed to be stabilized

at 450 TWh..

The average accumulated discharge burn-up of PWR fuel will increase to 55 500 MW/t for

UOX fuels and 45 000 MWj/t for MOX fuels.

The LMFBRs installed are of EFR type (maximum combustion rate of 20 atoms %) without

fertile blankets.

Until the year 2010 plutonium will be recycled in PWRs of the CPY group authorized to do so.

The new strategies for intensive use of plutonium will begin in 2010 with the replacement of

the reactors started in the 1970s.

Until the year 2010 the quantities of reprocessed plutonium will be in accordance with the

PWR's needs for MOX. After 2010 the recycling capacity of all the fuel will be gradually

increased so that in 2030 there will be no more fuel left to be recycled.

The cooling time before recycling is 3 years. Manufacturing time is 2 years. A strategic stock

of Pu is built up to deal with a failure in one of the factories of the fuel cycle over 2 years.

We simulated 6 scenarios in Fast Neutron Reactors with multiple recycling of the following

cases:

- only Pu,
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- Pu, neptunium (Np) and americium (Am),

- Pu, neptunium (Np), americium (Am) and curium (Cm).

In certain scenarios, recycling of Pu in the LMFBR was preceded by an initial recycling in the

PWRs.

An additional scenario was added (scenario 1) where only UOX-PWRs were included and the

used fuel was not reprocessed. This scenario was used as a reference for measuring the

effectiveness of Pu and MAs weight reduction in the other scenarios.

The main options used in the various scenarios are shown in Table 1.

TABLE 1

Options Describing the Different Scenarios

Scenario

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Scenario 5

Scenario 6

Scenario 7

Reprocessing

of used fuel

no

Y E S

YES

Y E S

Y E S

YES

Y E S

First recycling

of Pu from

UOX-PWRs in

PWRs

no

no

no

no

Y E S

YES

Y E S

Multiple recycling

of Np and Am

in LMFBRs

no

no

YES

Y E S

no

YES

YES

Multiple recycling

of Cm in LMFBRs

no

no

no

Y E S

no

no

YES

Main Results

Effects of Incineration of MAs on Incineration of Pu

Isotopic composition of plutonium

The incineration of Np 237 and Am 241 produces Pu 238 in large quantities. This creates

problems for reprocessing. Currently, the isotopic percentage of Pu 238 should not exceed 5 %.

We have therefore determined what will be the changes in the isotopic quality of the available

plutonium.

Table 2 shows the isotopic composition of plutonium which will be loaded in LMFBRs in

2010 for scenarios 2 to 7.
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TABLE 2

Isotopic Composition of the Plutonium (in %) which will be Recycled in LMFBRs in 2010

Scenario
Pu 238
Pu 239
Pu 240
Pu241
Pu242

2
1,4

50.4
36,6

5
6,7

3
3,6

49,2
35,6
4,7
6,9

4
3,5

49,4
35,7
4,7
6,7

5
2

46,9
36,4
5,7
9

6
5,3

45.4
35,1
4,9
9,3

7
5

46,4
34,9

5
8,6

Plutonium content

The plutonium content of LMFBR fuel loaded in 2100 for scenarios 2 to 7 is presented in

Table 3.

TABLE 3

Plutonium Content (in %) for Plutonium Recycled in LMFBRs in 2100

Scenario
Pu content

2
22,4

3
22,3

4
21,6

5
23,1

6
23,1

7 1
21,8 |

LMFBR installed power and PWR power produced by MOX.

The proportion of LMFBRs installed and of PWRs fueled by MOX in 2100, for scenarios 2 to

7, is presented in Table 4.

TABLE4

Proportion of LMFBRs Installed and PWRs Fuelled by MOX in 2100 (in % ) .

Scenario
FBR

PWR MOX

2
55
0

3
56
0

4
58
0

5
44
5

6
46
5

7
50
5

These results show that the combined incineration of plutonium and minor actinides in EFR

type LMFBRs does not produce any appreciable effect on the plutonium recycling conditions:

- the change in isotopic quality of the plutonium is small and the increase in Pu 238 formec

during incineration of Np 237 and Am 241 remains modest,

- the Pu content is little changed (of the order of 22%) and even reduced,

- the weight of Pu at equilibrium is increased only slightly as is the number of LMFBR:

required (in the order of 45% for scenarios 5,6 and 7 and 55% for scenarios 2,3 and 4).
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LMFBR MAs Content

Figure 1 describes the development of MAs content of LMFBRs for scenarios 3,4, 6 and 7.

FIGURE 1

Development of MAs Content of LMFBRs (in %) for Scenarios 3,4,6 and 7.

"scenario 3

-scenario 4

-scenario 6

•scenario 7

e n c n o
* - * - C M

Year

Note however, that the MAs content is high (between 2.5% and 4%) as the result of:

- the Am 241 formed by the decrease in Pu 241 which occurs during Pu storage periods,

- the weight of MAs accumulated between 1977 and 2010, the date on which recycling of MAs

is included in the scenarios.

The analysis of the MAs incineration dynamics demonstrates that the MAs content would be

greatly increased by:

-an initial recycling of Pu in PWRs (contents in the order of 4%),

-a reduction in the number of LMFBRs installed, following an increase in the Pu incinerating

capacity of LMFBRs,

- an increase in the Pu storage times.

In view of the levels of MAs contents obtained, it appears necessary to assess the effect of the

presence of such amounts of MAs on the safety-related reactivity coefficients of LMFBRs.

Effectivenesss Of Pu and MAs Incineration Strategies

The existing weights of plutonium, the weight of actinides loaded in LMFBRs and the weight

of actinides stored and existing in 2100 are indicated in Table 5.
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TABLE 5

The Weights of Plutonium Existing, of Actinides Loaded in LMFBR and Actinides Stored and

Existing in 2100 (in metric tons).

Scenario
Existing Pu

Loaded M.A.
by year

Stored M.A.
Existing M.A.

1
1350

0

300
300

2
533
0

205
205

3
535

3

16,5
55

4
537
4

0
50

5
515
0

250
250

6
510
5

22
90

7
510
6

0
78

The scenarios for multiple Pu and MAs recycling allow restricting the existing weights of these

substances as follows:

- for Pu, to approximately 5401 compared with 13501 by 2100 with no Pu recycling,

- for MAs, from 50 (scenarios 3 and 4) to 901 (scenarios 6 and 7) compared with 200 to 3001

for strategies with no MAs recycling (scenarios 1, 2 and 5).

If Cm is not incinerated, the cumulative amount of Cm will be in the order of 20 to 25 t by

2100, comparable to the amount of Pu present in production and reprocessing waste, taking into

consideration the current performance of the plant used in the cycle ("losses" in the order of a few

per thousand) and the weight of Pu handled (in the order of 50 t per annum for the multiple

recycling scenarios).

The weight of MAs present in production and reprocessing waste will thus depend on the

performance of the plant used to process these substances. Given the amounts of MAs handled

each year (in the order of 4 to 71), the "losses" from such plants should be reduced.

Conclusion

In the context of a plutonium incineration strategy, the required LMFBR installed capacity

could be reduced by increasing the incinerating capability of these reactors. This then raises the

question of determining how far one can go without deteriorating LMFBR design feasibility and

safety.

As far as plutonium is concerned, it is clear that the EFR which has been taken into

account in this study has not been optimized to burn the plutonium. It can be reasonably

envisioned to use the Fast Neutron Reactor more efficiently to burn the plutonium.

102



If the number of LMFBR's is reduced, the LMFBR minor actinide content would have to be

increased. Optimization of plants in this respect has yet to be performed, covering the different

technical, safety, economic and strategic aspects involved.

With the hypothesis of this study (Annual production of 450 TWh after 2010), the cumulated

•• lounts of natural uranium which would have to be purchased in 2100, would vary between

630 000 t (scenarios with LMFBR recycling) and 1 000 000 t (scenario without reprocessing),

which would obviously raise procurement problems. This would affect natural uranium prices,

thereby reviving interest in the fast breeders. An LMFBR equally suitable both for plutonium

incineration and plutonium production could reduce to about thirty years the time required for

transition from a plutonium incineration strategy to an all-LMFBR installed capacity.
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