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Abstract

In the frame work of the AIDAJMOX phase I/// program (1994-1997) between France and Russia,
the disposition of plutonium in reactors was studied.

The LWR (Light Water Reactor), FR (Fast reactors), CANDU (Heavy Water Reactors), HTR (High
Temperature Reactors) options for using excess dismantled weapons plutonium for peaceful commercial
nuclear power generating purposes offer some advantages over the remaining options (storage).

The AIDAJMOX phase 1 program covers different topics, among which are the neutronic aspects of
loading reactors with weapon-grade plutonium.

The conclusions are that the weapon plutonium consumption is similar in the different type of
reactors. Only, the use of inert matrices allows to increase the mass balance for a same denaturing level.

The use of Thorium as a matrix or special isotopes to increase the proliferation resistance prove to be
insufficient.

1. INTRODUCTION

In the frame work of the AIDA/MOXphase /program (1994-1997) between France and Russia, the
disposition of plutonium in reactors was studied.

The LWR (Light Water Reactor), FR (Fast reactors), CANDU (Heavy Water Reactors), HTR (High
Temperature Reactors) options for using excess dismantled weapons plutonium for peaceful commercial
nuclear power generating purposes offer some advantages over the remaining options (storage) :

-fission of a significant fraction of the initial weapons plutonium (at least 30%),
- high radioactivity of the final product,
- isotopic denaturing of the residual plutonium,
- conservation of natural ressources : 50 metric tons of WG-Pu are able to produce 350 TWHe (one

year production for France),
- no additional nuclear wastes.

The AID A/MOX phase /program covers different areas, among which are the neutronic topics of
loading reactors with weapon-grade plutonium.

This paper will present the studies applied to PWR and FR in order to improve the degradation of
plutonium during irradiation and will compare different core concepts in term of denaturing and mass
balances.

The first part (§ 2,3 and 4) will present a summary of sensitivity studies performed for each reactors.

The second part (§ 4) is an approach for an optimisation : how to improve the reprocessing.

The last part (§ 5) is a comparison of different reactors.

2. THEORETICAL BACKGROUND

The plutonium inventory change in a MOX fuel results from a production term, by captures on 238U, and
from a consumption by fissions on (fissile) Pu isotopes and captures on Pu isotopes. The consumption is
improved by reducing the source term (238U) or increasing the reaction rate (flux, and/or cross sections). Due
to large flux levels, fast reactors could be favourable, but due to large cross sections, a thermal neutron
spectrum could be also favourable. Thus, we analyse the plutonium consumption in different kinds of
reactors : standard PWR, CANDU and FR and with different matrices for plutonium.
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Also, we may improve the proliferation resistance by using highemitters of a particles , y or neutrons. For
Xfu

237Np or
example, in the depletion chain of heavy nuclides for a MOX fuel, the 23sPu, 236Pu are a emitters, the 242Pu is

241 Am, or use a support of reprocesseda poison. Then, in order to enhance the resistance, we add
uranium.

The calculations were performed with the code system APOLL02-DARWIN-CRONOS2 for the PWR
cores, ERANOS,-DARWTN for FR reactors and TRIPOLI 4 for the Monte-Carlo route, all based on data
from JEF2 libraries.

3. FR CAPABILITY EVALUATION

Sensitivities studies were performed firstly in order to assess weapon Pu burning rates and isotopic
degradation in fast reactors.

The parameters were (1) the size of the core (from 250 MWe to 1500 MWe), (2) the fertile support
for plutonium (either uranium or thorium), (3) the plutonium content in the fuel (including Pu burner
designs with large Pu contents), (4) and some addition elements to plutonium, intended to enhance the
radiation or heat release of spent fuel plutonium, and thus proliferation resistance, as it is mentioned in the
theoretical background.

Reactivity coefficients, isotopic degradation, and mass balances were also assessed.

3.1. Uranium /weapon Pu fuels

The plutonium burning is assessed for three reactor types: a small one, like the Phenix reactor (250
MWe), a large one, like the Super-Phtnix reactor (1200 MWe), and finally a large plutonium burner (1500
MWe, Pu content increased by reducing the fuel volume fraction in the core, according to CAPRA design
recommendations).

Compared to a loading with reactor-grade plutonium, the plutonium content is reduced because of the
higher plutonium quality. Hence, the plutonium consumption rate is reduced. The sodium void effect is
smaller (smaller content in plutonium even isotopes), and the Doppler constant is stable. Linear pin ratings
are also almost the same.

In order to obtain a 24OPu/Pu content around 20% at the end of the fuel residence time, the burn-up
required ranges between 11 and 14% (see table 1).

Table 1: 2wPu/Pu content vs burnup and irradiation time in (U,Pu)O2fast reactors
2 4 OPu/Pu I

15%

20%

mall size
(250

MWe)
7.6 at% or
570 efpd
12.3 at%
or 950
efpd

-arge size
(1200
MWe)

6.7 at% or
750 efpd
10.8 at%
or 1250

efpd

Large Pu
Burner (1500

MWe)
9.6 at% or
560 efbd

14.2 at% or
800 efpd

239-
The shorter residence times being for the higher Pu contents in the fuel (less conversion from U to

Pu).

The overall plutonium consumption is also directly linked to the initial plutonium content, as shown
in table 2 (for a weapon-grade Pu loading). A yearly weapon-grade plutonium consumption of =400 kg/year
(load factor = 0.8) is achievable in a large Pu burner.

3.2. Thorium /weapon Pu fuels.

This study has been performed on a small core design (250 MWe, like the Phenix reactor), by
changing the (U,Pu)O2 fuel to (Th,Pu)C>2 with weapon-grade plutonium.
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Table 2 : Plutonium balance (EOL-BOL) vs core size and desig, fast reactors

Initial Pu
content
(w%)
Fuel
residence
time (efpd)
Pu balance
(kg/year)

Small size

17

540

-27

Large size

14

900

-10

Large Pu
Burner

28

855

-400

The average Pu/(Th+Pu) content in the core is 21 w%. With respect to the reference core, the sodium
void reactivity is greatly reduced, to less than 1$, for a voiding of the fuel zones. This is due to the
favourable neutronic characteristics of Th (less fissile at high energies than U) and " U (smaller
increase of neutron production for high energies than " Pu). The Doppler constant is almost the same, as
well as the delayed neutron fraction

The overall plutonium consumption is 82 kg/TWhe (i.e. 140 kg/year), far from the maximum of =110
kg/TWhe because a significant part of the 233U produced contributes to the fissions.

The degradation of the plutonium isotopic composition remains low, despite the absence of internal
:39Pu breeding: a 12% content in 24OPu/Pu is reached at end of life conditions (540 efpd), corresponding to a
burnupof 5.9 at%.

Furthermore, the amount of uranium produced is 45 kg/TWhe (i.e. 80 kg/year), this uranium being
itself a good weapon material («96% 233U/U). However, it includes small amounts of proliferation resistant
232

U (hard gamma emitters).

3.3. Other elements mixed to Plutonium.

The basic idea is to make the spent fuel plutonium more resistant to proliferation by increasing its
specific decay heat and neutron source.

238The most active plutonium isotope is Pu, with a large decay heat and neutron source (see table 3).

Table 3: Specific decay heat and neutron source of plutonium isotopes

Specific decay heat
(W/kg, a + P)
Neutron source (n/g/s,
sp. fission)

238r

u
567

2.6
10s

239p

u
2

3

24Op

u

7

8.7
104

241p

u
3

—

242p

u
0.1

1.8
10s

241 ,
Three solutions have been investigated: addition of " Np or Am to the fuel, or utilisation of

reprocessed uranium as a fertile support to plutonium (with 23*U, which yields 237Np by capture).

The use of reprocessed uranium is the less efficient solution, due to the low 236U content (236U/U =
0.5%), and to the indirect chain connecting 236U to 238Pu (two successive neutron captures are required).

Similarly, the addition of ^'Np is more efficient than the addition of 24lAm to the fuel. However,
addition of an absorbing element such as 237Np or 241Am to the fuel leads to an increase of the sodium void
reactivity and to decrease the Doppler constant.
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3.4. Summary and conclusions for fut reactors.

A single irradiation of weapon-grade plutonium in a fast reactor does not denature much the isotopic
composition of the plutonium. Nevertheless, large-size plutonium burners can burn significant quantities of
plutonium.

The use of thorium as a fertile support to plutonium does not increase significantly the degradation oj
weapon-grade plutonium, but oniy its consumption.

The use of special elements to improve the proliferation resistance at reprocessing is not efficient
enough.

4 PWR CAPABILITY EVALUATION

The parameters investigated were the moderation ratio, the fuel type (with or without U, use of Np,
Am, U), the irradiation time, the reactivity coefficients, the degradation kinetics of plutonium, and the mass
balances.

4A.q/,Pu)0? fuels

First, we compare reactor grade and weapon grade plutonium irradiated in the form of standard MOX fuel in
a PWR for a same fuel management. Table 5 gives a comparison of the main reactivity coefficients.

Table 4 : Reactivity coefficients, (U,Pu)O2fuels in standard P WRs

Initial Pu content (w%)
Boron efficiency (0
MWd/tHM) (1 0"Vppm)
Boron efficiency (45
MWd/tHM) (1 0"5/ppm)
Global void defect (%)
Doppler coefficient (1O'V°C)

WG
7.4
-3.3

-3.6

-33
-3.2

RG
4

-4.8

-5.5

-53
-3.1

The main impact is on the initial plutonium content and on the initial fissile plutonium content.

At the end of the fuel life, the weapon grade plutonium consumption is about 35% of the initial plutonium,
compared to 26% for a civil grade. The mass balances are given in table 6.

Table 5 : mass balances, (U,Pu)C>2fuels in standard P WRs

Mass balance Pu (Kg)
Mass balance
(Kg/TWhe)

civil
grade
-2100

-51

weapon
grade
-1540
-38

The plutonium consumption is directly linked to the initial plutonium content . The plutonium degradation
vs irradiation tune is shown in figure 1 for a standard PWR. A burn-up of -15 GWd/tHM is needed to reach
-20% of 240Pu in the plutonium.

In order to enhance the plutonium degradation and proliferation resistance, neptunium was added to
the fuel, and also americium, or uranium provided by the reprocessing of irradiated uranium. The heat
emission is strongly increased, by a factor 5 to 10 depending on the initial Neptunium content. The neutron
emission, partly to 218Pu, is increased by 25%.
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Figure I :

The impact of an addition of americium instead of neptunium is lower than for neptunium insertion in
standard MOX fuel.

4.2. Fuels without uranium

Another way to improve the plutonium consumption and degradation is to use an inert matrix support
or a thorium support. This cuts the production term by 238U.

The evaluation of reactivity coefficients is summarised in table 9.

Table 6 : Pu without Ufitels in PWRs '. reactivity coefficients

Initial Pu content
(g/cm3)
Boron efficiency (0
efpd)(10'5/ppm)
Boron efficiency (1200
efpd)(10-5/ppm)
Global void defect (95
%) (%)
Doppler coefficient (0
efpd)(10-5/°C)
Doppler coefficient
(1200efpd)(10-5/°C)

Inert
matrix

0.5

-4.1

-13

-3

-1.2

-0.6

Thoriu
m

matrix
0.6

-3.5

-5.1

-30

-3.3

-3.0

Using thorium allows to improve these reactivity coefficients, the weak points of such fuels without
uranium being the void.

The plutonium degradation is important. Table 10 shows the plutonium degradation during
irradiation.

Table 7 : Pu without Ujuels in PWRs : Pu degradation

Time efpd
239Pu/Pu (%)
24(>Pu/Pu (%)
241Pu/Pu (%)
2WFWPu (%)

100
84
12
3
1

300
65
23
11
i

Inert matrix

600
33
39
21
7

100
90
8
2
0

thorium matrix
300
82
14
4
n

600
67
24
8
l
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In 300 efpd, the 24OPu fraction reaches more than 20%. This is an efficient way to enhance the
degradation in short irradiation time but not the resistance to reprocessing, due to the small * Pu content.

The overall plutonium composition is very important, reaching some 110 kg/TWhe in the inert matrix

case.

4.3. Summary and conclusions for thermal reactors.

The plutonium degradation (4 Pu = 20%) is reached after 20 GWd/tHMfor a consumption of about
1.8 metric tons.

The reactivity coefficients for a MOX fuel using weapon plutonium are in the usual range for the
standard UOX and MOX fuels.

The Pu w/o Ufuel allows to improve the consumption but they need R&D.
The use of added elements to improve reprocessing resistance is not efficient enough.

4. CANDU CAPABILITY EVALUATION

CANDU reactors presents a heterogeneous structure : the coolant and the moderator are different zones.
Thus, the neutron spectrum (Figure 2) is thermal, heterogeneous allowing a large fission microscopic cross-
section of 239Pu (Table 8).

0.0E+00
8.19 1.11 2,48 4.64 2.50 3,38 1,51 9,30 3,15 5,90
E+O E+O E-02 E-04 E-05 E-06 E-06 E-07 E-07 E-08
0 0

Energy (MeV)

- A UOX CENTRAL --

•O — MOX 3 ROW

•Average

--UOX2 ROW

MOX EXT.

Figure 2 : Neutron spectrum in CANDU

Table 8 : Pu fission cross-sections

Fast Reactor
Weapon
Grade
1.1 bam

Reactor
Grade
1.8 barn

Flux: 1015

PWR
Weapon
Grade
38 barn

Reactor
Grade
42 bam

Flux: 10"

CANDU
Weapon
Grade
80 barn
1014

The large fission plutonium cross section allows a strong denaturing within a short irradiation tune.
In fact, for a standard fuel management length (300 efpd), the output isotopic plutonium vector is the
following (239Pu : 57%, 24OPu: 35%, 241Pu : 7%, 2 4 2 Pu : 1%), The degradation of the plutonium vector is fast.
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In the CANDU, the initial fissile inventroy is small. For a~CANDU with MOX fuel and WG Pu, the
inventory of Plutonium disposed is small (» 1 metric Tons). The initial inventory is smaller compared to
other reactors but it correspond at one year of operation.

The reactivity coefficients were not evaluated.

The CANDU reactor has a good potential in term of plutonium disposition and mass disposal capacity. The
reactivity coefficients were not evaluated by ourself.

5. IMPROVEMENT OF REPROCESSING RESISTANCE

In the previous chapters, we have presented some results in term of reprocessing resistance, especially
by introducing neptunium, americium or by using reprocessed uranium as a support for the MOX fuel. The
table 9 gives the increase of decay heat in case of 237Np, 24lAm adding.

Table 9 : Impact of adding materials to improve the reprocessing resistance : Decay Heat (w/kg), Neutron
emission (n/s. kg)

Decay Heat

neutron

emission

PWR

std

8

3.8 107

l%Am

38 (x5)

4.2 10'

l%Np

56 (x7)

5.1 10'

The impact on the cycle is strong (factor 10). The tendencies are very similar in FR. Nevertheless, the
increase is not significant enough to improve the reprocessing resistance.

The same conclusions can be drawn for the doses when thorium or neptunium is added, compared to a
standard MOX fuel.
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The impact on the cycle operation is not strong enough when we add Np or Am in order to improve
the reprocessing resistance.

7. COMPARISON OF DIFFERENT REACTORS.

Finally, we compare the plutonium disposition in different reactors, based on the following
parameters :

Mass consumption per day
Inventory in the core per electricity unit
Irradiation time for a minimum plutonium degradation (20% ru/Pu total)
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Initial inventor
(Kg/MWth)

Pu Consumption
(Kg/efpd)

Denaturing*

PWR
MOX

es 1.3

1.8-1.5**
(0.6 for

30% MOX)
600

Core conce
FRMOX
CAPRA

1.6

1.6

950

-ts
'CANDU

0.5

1.2

100

Fuel concept
PWR inert

matrice
1.5

4

300
: Time of irradiation (e&d) to obtain 20% 24OPu/Pu total
'* Depending on fuel management

For a HTR, the Initial inventories and the Pu Consumption are respectively :I.3Kg/MWth and 0.6 Kg/efpd.

The WG plutonium loaded mass per year are presented following per reactors :
EPR 100%MOX (425 0 MWth): 1600 Kg
EPR 20% MOX . 325 Kg
WER-1000 30 %MOX' : 270 Kg
VVER- 1000 43 %MOX2 -. 460 Kg
BN- 600 18%MOX3 240 kg
BN- 600 20%MOX" 300 kg
BN-600 100%MOX 1300 Kg
BN-800 100%MOX 1600 Kg
CANDU (2160 MWth) 1000 Kg
HTR (600 MWth) 250 Kg

'." 3 years cycle for MOX fuel
': 2 years cycle for MOX fuel
s: 67 MOXsubassemblies in BN 600
4: 84 MOXsubassemblies in BN 600

These values are given for indications only. They are subject to change various the fuel management.

This panorama of solutions, some of them being feasible with small effort, shows that the plutonium
disposition is efficient and allows a fast reduction of WG plutonium.

5. CONCLUSIONS

The weapon grade plutonium disposition is efficient when using standard reactors. Anyway, due to
their larger velocity of consumption, FR may be used. Special designs can improve the Pu consumption, by
increasing the Pu content or removing the uranium support. Using neptunium improves also the reprocessing
resistance.
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