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IMPROVED PLUTONIUM CONSUMPTION IN

A PRESSURISED WATER REACTOR

A. Puill, J. Bergeron
Commissariat à l'Energie Atomique

DIRECTION DES REACTEURS NUCLEAIRES
Département de Mécanique et de Technologie

Service d'Etudes de Réacteurs et de Mathématiques Appliquées
Centre d'Etudes de SACLAY - 91191 G if-sur-Yvette Cedex, FRANCE

ABSTRACT

Our goal is to improve plutonium consumption in a dedicated PWR while limiting the
production of minor actinides. For lack of proving the system's reliability, we stay in reasonable
configurations in which power capacity is maintained. Three ways are investigated in
determining the fuel assembly: a) standard geometry with mixed oxide in enriched uranium
base; b) standard geometry with plutonium oxide included in an inert matrix; c) new geometry
with special all-plutonium rods mixed with standard uranium rods. The cores investigated are
made up of a single type of assembly and therefore homogeneous. With 2nd to umpteenth-
generation plutonium, total plutonium consumption varies from 50 kg/TWeh (a) up to
140 kg/TWeh (b) (upper point). The new geometry with special all plutonium rods mixed with
standard uranium rods appears promising with a burning rate of 92 kg/TWeh for a production
of minor actinides of 10 kg/TWeh.

INTRODUCTION

France is one of the major countries with nuclear energy which has chosen to reprocess spent
fuel. This choice allows the back end of the fuel cycle to be better managed by recycling fissile
materials: reprocessed uranium, plutonium and waste treatment; fission products, minor
actinides. Fissile materials will be recycled in a fast or thermal reactor, whereas waste will be
disposed of, in depth or at the surface depending on their activity, further to a possible
incineration/transmutation.
Here, the plutonium cycle is studied. Initially, this fuel was intended for the loading of fast-
neutron reactors using MOX - a mixture of UO2 and PuO2. The penetration of these reactors
has been delayed due to economics, so that the plutonium stock continues to grow; it is
estimated to be around one hundred tons in France at the beginning of the next century. Long-
term storage of plutonium is inconvenient due, firstly to its activity, and secondly to the fact
that its fissile qualities decrease, as a result of plutonium 241 decay to americium 241. To
preserve the advantage of reprocessing, i.e. saving in resources and reduction of potential
radiotoxicity, it is necessary to recycle now this plutonium in existing water reactors.
This operation began in France in 1987 by recycling MOX. A limit was set at 30% of the load,
for reasons of control and safety of the reactor. Currently, there are seven nuclear power units,
and there will be 25 concerned by the year 2000, absorbing 7 tons of plutonium per year. This
will be insufficient to absorb the yearly production, and storage will continue to increase.
Further, the actual consumption of plutonium in MOX assemblies in this operation is low
(16%), yet the fissile material in the resulting plutonium is degraded and will not stand more
than one more recycling in a classical water reactor. On the other hand, the produced
quantities of americium and curium are considerably increased.
The objective is to increase plutonium consumption while minimising the production of minor
actinides in a dedicated PWR.
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More specifically, this study is focused on improving the material balance between the core
loading and unloading. The aim is not to demonstrate the installation's feasibility; in any cases,
it is assumed that the power capacity must be maintained: plutonium is a fuel intended for
energy.
In the various studied scenarii, plutonium resulting from UO2 reprocessing is recycled at first
time in a water reactor, as standard (30% MOX) or modified (100% MOX), the latter's
feasibility being currently proven in France.
In the following recycling operations in dedicated reactors, plutonium of the second or
umpteenth generation is mixed with first-generation plutonium from UO2 fuels. Respective
contents are adjusted in order to maintain the cycle's targeted length (around 280 EFPD per
year), and it may be necessary to add slightly enriched uranium. The economics are not
studied, but the global economy of heavy nuclei in the cycle is the only matter of interest here.
These reactors are reversible :of there is a shortage in plutonium supply, they may be returned
to using uranium.
Three ways were investigated:
1 - Mixed oxide MOX with enriched uranium (PWR 9001
The 2nd (or umpteenth) generation of plutonium is mixed to first-generation plutonium in the
form of oxides. Support in uranium oxide, first depleted (0.25% U235 in first-generation
MOX) is gradually enriched (2% at the 4th recycling) to compensate for the loss in plutonium
fissile nuclei. The total plutonium content is maintained (~7%) and finally the core's physical
parameters are not changed.
Starting with the 5th recycling operation (minimum period of 40 years), the isotopic
composition of plutonium settles down, except Pu242 which increases (+2% content per
recycling).
The total plutonium consumption is higher than 50 kg/TWeh with minor actinide production
being below 15 kg/TWeh.
2. - All-plutonium core, with inert matrix PLUTON fPWR 14501
This is a borderline case with safety problems in connection with the physical parameters
(Doppler, void effect, delayed neutron fraction). However, as well as the energy advantage,
this reactor shows a high potential for plutonium incineration: 140 kg/TWeh (70% of the total
loaded plutonium), with a relatively small production of lower actinides: 12 kg/TWeh, i.e. less
than 9% of the heavy nuclei mass consumption. Lack of conversion leads to a sharp slope in
reactivity and requires a high plutonium content in fuel, of the order of 12%, hence a high
initial reactivity, forcing a substantial use of burnable poison.
Control problems have been approached (use of new materials for absorbers, with soluble
boron enriched with Boron 10, introduction of a solid moderator favouring the moderating
factor and voidage,...)
3. - Advanced Plutonium Assembly : APA fPWR 900)
A new concept of assembly is determined, compatible with the standard PWR's, by acting on
geometry and compositions. Modifications concern the local moderation ratio by introducing
special plutonium rods. In such a uranium-free rod, plutonium consumption is increased and
the high burnup fraction is made possible by the relatively low fuel temperature (good
conductivity). The locally increased moderation ratio (> 3) enhances the moderator coefficient
and limits the formation of minor actinides.
The rest of the assembly comprises standard depleted or slightly enriched uranium rods,
depending on the quality of plutonium loaded in the specific rods. These improve the core
physical parameters. With a heavy-nuclei mass twice smaller than the standard uranium
assembly, the same energy is produced.
In a 900 MW PWR loaded only with APA, quarter-core fuel management, in yearly cycles, the
overall consumption of total 2nd-generation plutonium is 92 kg/TWeh for a minor actinide
production of 10 kg/TWeh.
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All the calculation is based on the use of APOLLO2 Code (1) which includes the latest
developments in reactor physics and computer science. It includes in particular a sophisticated
model to treat self-shielding of resonances of heavy nuclei, taking into account mutual
interaction, at time zero and during evolution, in resolved and unresolved ranges.
The basic data, CEA93 with 99 or 172 energy groups are generated from the JEF-2.2
evaluation .
As an example, it can be shown that balance can be reached between plutonium production and
demand by introducing dedicated PWR APAs representing 18% installed capacity associated

with 30% MOX recycling.

MOX IN ENRICHED URANIUM. STANDARD FUEL ROD

The data given here are related to a such designed 900 MW PWR, managed in a four batch
pattern, filled to 100% capacity with MOX, and with annual cycles of 286 EFPDs. The
assembly calculations (conventional 17x17 array) are carried out by the APOLLO2 program
using the CEA-93 library, taken from JEF 2.2, eight heavy nuclei are self-shielded. The mean
core burn-up at the end of the cycle is 27,500 MWd/t (11,000 MWd/t cycles). In all core
management patterns, an attempt will be made to reach the same infinite multiplication factor
at this irradiation (= 1.035 with zero boron to take neutron leaks into account).
In each cycle, the same amount of total plutonium is loaded per assembly (31.2 kg),
corresponding to a content of 6.7%. Each MOX assembly is irradiated for 4 cycles of 286
EFPDs.
MOX 1 is taken to designate the fuel formed from depleted UO2 and first generation PuO2.
The MOX'2 is a mixture of MOX 2 (MOX 1 irradiated for 4 cycles and cooled for 5 years) and
of MOX 1 (added to bring the total plutonium assay to 6.7%). The content of 235U is adjusted
to obtain the same infinite multiplication factor at 27,500 MWd/t. MOX'3 is a mixture of spent
MOX'2 and MOX 1, and so on.
The burning of plutonium and the production of minor actinides is shown in the table below.

Burning of Pu (%)

(kg/TWeh)

Production of Mas
(% of Pu burned)

(kg/TWeh)

M0X1

27.4

55.2

17.6

9.7

MOX'2

26.6

47.7

22.3

10.6

MOX'3

25.2

44.9

25.7

11.5

MOX'4

24.7

44.0

27.7

12.2

Table I. Burning of plutonium per year and associated production of minor actinides (MAs)

A complete cycle lasts a minimum of 9 years (4 years for irradiation, 3 for cooling, 1 for
reprocessing and 1 for fabrication).
Figure 1 shows the change in isotopic composition at loading - cooled for five years - during
the different cycles. There is a clear trend towards equilibrium, except for plutonium-242
which continues to increase: it has a content of about 15% after 40 years of operation, when
the task should be taken over by fast reactors which do not bring about a build-up in even
nuclei.
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Figure 1. Change in the
isotopic composition during
multiple recycling with a
mixture of oxides.
The total plutonium content
remains constant.

The use of MOX, even degraded MOX, represents a considerable saving in nuclei of uranium-
235 and of separative work units. The disadvantage of this technique is the increasing
quantities of minor actinides (fivefold) and of long-lived fission products produced (+ 26%).
However, in view of the relatively large net burning of Pu (25%), the overall radiotoxicity
balance in the medium- and long-term remains favourable, plus energy has been generated.

CORE CONTAINING ONLY PLUTONIUM IN AN INERT MATRIX

The introduction of a fuel containing only plutonium mixed within an inert matrix (neither
fissile nor fertile and with good resistance to hot water) into a water reactor has the advantage
of burning a large proportion of this isotope without generating additional amounts of it, but of
course producing minor actinides and fission products.
The potential advantages of this type of fuel have been underlined elsewhere (2), (3). The
safety and operational mode of a reactor using uranium-free fuel have still to be determined.
Our goal here is to examine an extreme case with the best potential for using plutonium in a
light water reactor, while at the same time attempting.to limit deterioration in the physical
parameters of the core. In view of the interest of increasing the moderating ratio in a plutonium
assembly, it was decided to replace 36 fuel rods with ZrHn rods (1.7 < n < 2), with zircaloy
cladding; this is the metal hydride used in some research reactors, such as General Atomic's
TRIGA. Furthermore, in the event of blowdown, this material will act as a fixed moderator for
a certain period of time, lengthening the response time available. The absence of uranium-238
and the relatively high plutonium content in fuel (0.48 g/cm3 i.e. 12.5% PuO2), chosen for its
ability to withstand the chosen cycle, led to a high initial reactivity and a very fast depletion
owing to the absence of breeding. A burnable poison is needed for reactor control; gadolinium
was chosen because of the speed with which it disappears. 40 rods are loaded, containing, by
mass: 12.5% PuO2, 3% Gd2O3, 84.5% A12O3. Figure 2 shows the design of the PLUTON fuel
assembly.
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Figure 2. Design of the PWTON

fuel assembly (all plutonium, no
uranium)

The power capacity of 1450 MWe remains unchanged; opting for an EPR (European
Pressurised Water Reactor) type core with 241 fuel assemblies has did not induce an increasing
linear power. 97 rods ensure reactor control; these are made of enriched boron with hafhium
cladding in the case of the shutdown rods, and of hafnium alone in the case of the control rods.
It is planned to use soluble boron, enriched with boron-10, for the safety injection function,
and to incorporate a heavy baffle plate to limit damage to the pressure vessel. It was decided to
opt for a three batch core pattern here. The plutonium loaded contains 60% fissile nuclei
(mixture of the 1st and 2nd generations).

Irradiation

Nuclei

Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

Total Pu
Fissile Pu
Am-241
Am-242
Am-243

Total Am
Cm-242
Cm-243
Cm-244
Cm-245

Total Cm
Tc-99
1-129

Cs-135

0 EFPDs

Masses (kg)

44.70
952.50
568.89
260.28
184.24

2010.61
• 1212.78

0

0
0
0
0

Isotopic
composition

2.2
47.4
28.3
12.9
9.2

60.3

840 EFPDs

Masses (kg)

41.93
25.78
236.53
104.97
273.92
683.14
130.75
15.44
0.20

62.71
78.35
6.64
0.22
27.58
1.73

37.90
26.26
7.10

26.77

Isotopic
composition

6.1
3.8
34.6
15.4
40.1

19.2

Annual balance (shutdown)
Consumption/Production

kg

-2.77
- 926.72
-332.36
-155.31
+ 89.68

- 1327.47
- 1082,03

78.35

37.90
26.26
7.10

26.77

%

-6.2
-97.3
-58.4
-59.7
+ 48.7
-66.0
-89.2

Table II. Flux of materials at shutdown per yearly cycle in a 100% plutonium reactor, of the
EPR type (batches of 80 assemblies).
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Table 2 shows the flux of material per cycle of materials per cycle of 280 EFPDs, with the
reactor shut down. These values cover the loading/unloading of 80 assemblies per year.
After a five year decay, some of the isotopes have changed. The masses have
become: Cm242 = 0, Pu-238 = 46.93 kg, Pu240 = 241.38 kg, Pu-241 = 82.51 kg, Am-241 =
37.90 kg, Cm244 = 22.73 kg. The total amount of plutonium burned has risen up to 140.6
kg/TWeh with a quantity of 12.9 kg/TWeh of minor actinides produced, i.e. 9.1% of the
consumed plutonium.

ADVANCED PLUTONIUM ASSEMBLY : APA (1450 MW PWR)

The excellent potential of using plutonium in an uranium-free fuel has been noticed.
However, the total absence of uranium is to the detriment of some physical parameters
(effective B, the void coefficient, Doppler coefficient etc.). We are also aware of the benefits
from increasing the moderating ratio in terms of limiting the production of minor actinides
and improving operating parameters (moderator coefficient, ppm of boron etc.).
These various considerations together with a CEA advanced fuel project led to the thick rod
proposal (taking up the space of four standard cells); this thick rod consisted of a PuO2 -
zircaloy annular "cermet" (fine particles of ceramic in a metal matrix), metallurgical^
bonded to the cladding, thereby improving the thermal conductivity of the fuel and cladding
combined. With an improved fuel thermal conductivity (by using metal matrix), lower
temperatures than with standard fuel are obtained, meanng greater reliability (pellet-clad
interaction, release of fission products etc.) and high burn-ups can be achieved.
The assembly (Figure 3) with a standard PWR lattice pitch, consists of 36 thick annular rods
and 120 conventional rods (UO2 with Zy4 cladding), with either enriched or depleted uranium,
depending on the quality of plutonium in the annular rods. These rods have a low initial power,
but are useful for improving the physical parameters of the core (effective 13, void coefficient,
Doppler coefficient etc.) . In addition, they build up a first barrier between the plutonium rods
and thereby reduce the dose rate for the assembly, which is helpful for handling operations.
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X?

H

H
H

LX

LXJ

IX

4

r<

IX
H

H

LX •>* LL

H

3
®
o
o

Thick annular rod
(PuO2 + Zy cermet)

Instrumentation tube

UO2 standard fuel rod

Guide tube

36

1

120

24

Figure 3. Design of the Advanced
Plutonium Assembly (APA)

235The enrichment in 235U can also be regulated to control the power released in the plutonium
rods.
The same irradiation conditions are adopted as in the first solution: 900 MW PWR,
management by means of a four batch core pattern, annual cycles of 286 EFPDs, same quantity
of total plutonium per assembly (31.2 kg). The first APA cycle uses degraded PuO2 (60.4%
fissile Pu), identical to MOX'2 in the first example.
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Table 3 sets out the flux of materials between the start and end of irradiation of an assembly.
There is a clear net increase in plutonium burning: 54.4% in the APA rod, as opposed to
26.6% in the uniform case (Table 1). Even if we take into account the amount of plutonium
produced in the UO2 rods, we still expect a net overall balance of- 45.4%, which corresponds
to 92 kg/TWeh when minor actinide production is less than 11% of the plutonium burned
(22.3% in the uniform case).

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

Total Pu

U-235

U-238

Am

Cm

Np-237

120 UO2 (depleted)

initia)

kg

0

-

-

-

-

0.531

212.003

0

-

-

final

kg

0.017

1.541

0.676

0.404

0.157

2.795

0.117

204.263

0.047

0.018

0.028

% isot.

0.61

55.13

24.19

14.45

5.62

36 APA

initial

kg

0.700

14.847

8.831

4.023

2.836

31.237

0

-

-

-

% isot.

2.24

47.53

28.27

12.88

9.08

final

kg

0.513

1.599

5.690

2.790

3.658

14.250

0.003

0

0.923

0.534

0

% isot.

3.61

10.91

40.07

19.65

25.76

(- 54.4)

Final combined

kfi

0.530

3.140

6.366

3.194

3.815

17.045

0.120

204.263

0.970

0.552

0.028

% isot.

3.1

18.4

37.3

18.7

22.4

Bur/Pro

%

-24.3

• -78.8

-27.9

-20.6

+ 34.5

-45.4

Table HI. Flux of materials per assembly between loading and unloading
(period of irradiation: 4 x 286 EFPDs)

The following cycle uses the plutonium from the previous one, diluted with first (and if
necessary second) generation plutonium to make up the total load. To offset the deterioration
of the fissile material and in order to avoid the shortening of the cycle, the uranium is enriched
(eU-235 = 1.7%) in the second run.
An evaluation of the maximum temperature reached in the middle of the cermet and half-way
up a channel was carried out using some realistic hypotheses regarding the velocity of the fluid,
the conductivity at fuel-cladding interfaces etc. A temperature of 650°C is reached in normal
operation, at the start of the fuel's life, i.e. the temperature is far lower than that for a standard
fuel (1400°C at the centre for a linear power of 290 W/cm). A few physical parameters were
calculated at the beginning of the life of an APA assembly. These parameters are given in the
table below with the values obtained for the conventional PWR UO2 assembly under the same
conditions:

Boron efficiency (pcmVppm)

CB = 550 ppm, BOL
Moderator temperature coefficient (pcm/°C)

296°C, 500 ppm, BOL

Doppler coefficient (pcm/°C)

Tc = 650°C to 286°C, BOL

Overall void (pem)
water at 500 ppm/without water, BOL

Effective li (pem) BOL

EOL

UO2 - PWR (3.7%)

-8.9

-15.4

-2.6

- 75,000

595
522

APA
-6.0

- 11.3

-2.0

- 20.900

333
399

* 1 pcm = 10* A/c/k

Table IV. Comparison of physical parameters.
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Although slightly penalized by presence of degraded plutonium, the physical parameters of the
APA assembly remain acceptable. The lowest value of effective B is compensated for by the
reduced efficiency of the clusters (ejection); additional studies however will have to be
performed for accidents.

CONCLUSIONS

A considerable improvement in the use of plutonium in PWRs could be made without
fundamental modifications to the reactor itself, if we are ready to modify the geometry and
composition of the fuel assembly. The concept of an uniform core has therefore been chosen
adopted, consisting only of MOX fuel (or plutonium, with no uranium); this eliminates zoning
which is costly and detrimental to safety. The core now becomes a burner, and multire*cycling
becomes possible in case of addition of a small quantity of 235U (or weapons-grade plutonium),
This new method, based on increasing the local moderating ratio, is promising in view of the
relatively small quantity of minor actinides produced and the acceptable level of the safety
parameters. The introduction of a certain number of dedicated but reversible reactors into
France's population of reactors, representing between 15 and 20% of installed capacity,
together with standard one-recycle fuel (30% MOX) should ensure in theory a possible balance
between burning and producton of plutonium. The technological feasibility of the APA has still
to be proven.
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