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'ENEL'S VIEWPOINT ON PU RECYCLE IN WATER REACTORS"

by

A. Ariemma

ENEL has long acknowledged the importance of plutonium recycle

in thermal reactors; as a matter of fact, ENEL was faced with this prob-

lem before the other electric utilities because it operated a graphite-

Magnox station at Latina with a high plutonium production, and two light

water stations, Garigliano and Trino Vercellese, in which plutonium

might be recycled. In 1966 ENEL, in collaboration with EURATOM,

launched an extensive research program, whilst a Demonstration

Program is still under way in the 160-MWe boiling water reactor of the

Garigliano station.

Sixteen plutonium prototype assemblies were loaded in this reac-

tor, with about 900 mixed-oxide rods and a total weight of 3 tonnes of

fuel.

A first group of 12 prototype assemblies was loaded in September

1968; of these, eight are all-plutonium, and have cold-pressed sintered

pellets; the other four assemblies are plutonium-island and consist of

24 plutonium and 40 enriched-uranium rods. The latter group has rods

of different type; a few have vibrocompacted fuel, the others contain

shorter sintered pellets (wafers) or hot-pressed standard-size pellets.

Thus, experience can be acquired also on different fabrication techniques.



During the 1970 shutdown a few prototype assemblies of the first

group were visually examined in the pool by means of an underwater

television set, and they were found to be in excellent condition. Two

of these assemblies were not reloaded in the reactor, but kept for sub-

sequent gamma scans and destructive tests. During the aforesaid shut-

down a second group of four all-plutonium assemblies was loaded, which

differ from the previous eight in that the spacer capturing rod is enriched

uranium instead mixed oxide.

At present the assemblies of the first group, which remained in

the reactor for 2 l/4 operating cycles, have reached an average burnup

of 15, 000 MWd/tonne, whilst the assemblies of the first group, which

remained in the reactor for 1 l/4 operating cycles, have reached an

average burnup of 8, 000 MWd/tonne.

The integrity of all the prototype assemblies was confirmed both

during the 1970 shutdown and during April 1972 by checking their mechan-

ical condition by means of the sipping technique.

Besides the three gamma scans performed by ENEL on the urani-

um cores in the period 1963 through 1967, during the 1968 refueling a

gamma scan was carried out on a critical array which consisted of

four uranium and five plutonium fresh assemblies. Furthermore, in

1970 an assemblywise gamma scan was performed on a number of as-

semblies representative of the whole mixed-oxide core so that a macro-

scopic power map was obtained. Useful information was gathered on

the power sharing between uranium and plutonium assemblies, thus de-

monstrating the very good agreement between the results of the FLARE

code, as revised by ENEL, and the experimental data (standard devia-

tion 2. 5%).

In 1970 a gamma scan was also carried out on the individual rods

of an all-plutonium assembly, which permitted the tracing of the local

power sharing map; on that occasion, a few rods were examined with
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the bore scope in order to further control their surface conditions.

One of these rods (peak burnup 10,000 MWd/tonne) was subjected

to a hot-cell destructive test at Windscale in order to ascertain the met-

allurgical conditions and the isotopic content at various elevations. The

examinations on six sections, representative of three areas at different

void contents, proved that the rod behaved satisfactorily from the met-

allurgical standpoint and that the plutonium distribution in UO remained

very similar to that prior to irradiation. The fissile isotopic concentra-

tion determined experimentally was very close to the expected value

(standard deviation 2-2. 5%).

During the 1972 shutdown a rod-by-rod gamma scan was performed

on a plutoniu-island assembly which had reached a burnup of about 14, 000

MWd/tonne; the local power shape was determined at six different eleva-

tions, with a standard deviation,between BURNY-SQUID calculations and

measurements, of 2. 5% at the elevation corresponding to a 25-% void

content. This assembly will not be reloaded during the next cycle be-

cause, besides the gamma scan on the individual rods, a destructive

test is scheduled on a few of them. Also from a second plutonium-island

assembly (burnup 12, 000 MWd/tonne) two rods will be withdrawn to under-

go a destructive test.

The research and studies carried out within the ENEL-EURATOM

Contract and by ENEL alone provided a host of experimental data which

confirmed the validity of the calculation methods developed for uranium

lattices and adjusted for the plutonium ones, even at very high burnups,

as well as the excellent performance of the prototype assemblies during

operation.

On the basis of the encouraging results obtained so far from the

Plutonium Demonstration Program on the Garigliano reactor, ENEL

issued an enquiry for the supply of plutonium assemblies for the Gari-

gliano BWR and placed an order for two reloads with an option for an



additional three batches. These reloads will be supplied by General

Electric-Fabbricazioni Nucleari, with Belgonucléaire supplying the plu-

tonium rods under a subcontract.

The first plutonium reload will be placed in the reactor in 1974.

Although the economic terms of this contract are interesting, it was

deemed preferable not to make long-term commitments in technological

areas that are subject to rapid evolution.

ENEL also purchased the right of option to introduce plutonium as-

semblies in the 257-MWe PWR at Trino Ver ce Ile se, and the supplier

has performed a study to establish how plutonium could be used in this

reactor starting from the 1975 reload. Also in this reactor, it is likely

that about one-third of the plutonium assemblies will be introduced for

each reload.

2. It should be pointed out that in an area such as the commercial

utilization of plutonium the utility operator must play a much more active

role than is called for with normal uranium fuel, since a great host of

experimental information on the latter is available directly or indirectly

from the great number of reactors in operation. Instead, when it comes

to plutonium, the operator must intensify his experimental follow-up

programs and determine which of his reactors is most suited for this

new type of fissile and which is the best way to use it. In fact, each

supplier may be in a position to study the use of plutonium and to offer

fuel for a given reactor, but in the long run the assessment of the eco-

nomic advantage of using plutonium in one reactor rather than in another

will have to be done by the operator, who must therefore be capable of

orienting the manufacturers' studies towards the definition of the tech-

nical and economic parameters that will allow the best solutions to be

selected.



3. The operators' interest in plutonium utilization in thermal power

reactors lies in the fact that high quantities of this material are produced

from the reactors now operating and that these quantities will increase

in the future, and, if not utilized, they will require a high monetary

locking-up due to storage charges. Though plutonium may be utilized

better in fast reactors, at present the latter have not developed to the

point of consuming heavy quantities of plutonium in the short term. From

a survey carried out by ENEL with system analysis methods it emerged

that even in the assumption of the advent of fast reactors in 1985-1990,

the plutonium would have a lower present-worth value if used in these

reactors than it has if used immediately in thermal reactors.

Moreover, it should be borne in mind that only a portion of the re-

cycled plutonium is actually burnt, whilst the remainder, recovered from

fuel reprocessing, could be used in fast reactors later.

From the studies carried out and from the experimental data gath-

ered so far by irradiating the prototype assemblies in the Garigliano

reactor, no substantial technical difficulties emerged in connection with

plutonium utilization in ENEL water reactors.

The validity of the recycle is closely dependent on economic con-

ditions, among which the fabrication overprice applied by the manufac-

turers and the particular financial criteria adopted by the operator in

evaluating the fuel cycles.

For instance, the current cost of enriched uranium may vary

greatly from one reactor to another, according to the type of contract

stipulated for the source material, and the value of plutonium is closely

dependent on the cost of the enriched uranium it will replace.

These economic criteria may be of vital importance also for the

definition of the nuclear design of the fuel assemblies. When no alter-

native method of using plutonium immediately is available, the operator

should not take into account in his fuel cycle optimization calculations



the interest charges bearing on the plutonium, which is contrary to the

normal practice based on the indifference method. It is clear that in

this case, it is to the operator's interest to go as far as possible towards

designs that call for the highest inventory of plutonium in the fuel assem-

blies.

While a uranium fuel is optimized on the basis of a compromise

between the fabrication cost, the reactivity lifetime (and thus initial en-

richment) and the consumption of fissile required to reach a certain

burnup, with a plutonium fuel the increase in initial enrichment may not

be an economic burden and therefore the cycle cost component that be-

comes most important after fabrication is the fissile consumption.

The foregoing illustrates the importance of gathering experimental

data on the actual consumption of plutonium at high burnups as soon as

possible.

Another important matter in the economic estimates is the correct

definition of "consumption". In fact, part of the Pu-239 that may be re-

garded as "consumed" has indeed transformed to Pu-240, an isotope

whose value is not nil because as irradiation continues it transforms to

Pu-241 that is fissile. As is done for fast reactors, it may be more

appropriate to refer to the consumption of "equivalent fissile plutonium"

by assigning each isotope a certain equivalence factor. Thus, the pluto-

nium consumption in a thermal reactor should be calculated on the basis

of a weighted balance of the isotopes 239, 240 and 241.

The concept of "equivalent plutorium" could be adopted effectually

when the recovered plutonium is immediately used again, for instance,

in the case that plutonium banks should become available to ensure a fit

between generation and utilization. In this manner the penalty for Am

buildup is avoided, and credit can be taken for all the higher isotopes.

The economic assessment techniques deserve a separate discus-

sion. So far, the well-known "indifference method" referred to the ura-



nium and plutonium cycles determined the "value of plutonium" in a

certain reactor; from this, one would derive the specific value, that is,

dollars per gram of fissile material. For the operator, however, it is

also essential to know the amount of plutonium recycled in a reactor; be-

tween two alternatives, the one giving a slightly lower plutonium value

but a more substantial recycle may be preferable.

So, an operator should aim at evaluating the fuel cycle in its en-

tirety for various reactors or, even better, he should carry out the eval-

uation with system analysis if he really intends to put his plutonium to

the most rational use.

4. The question of defining the manner of utilizing plutonium in ENEL's

water reactors has different facets for the different plants.

For the Garigliano BWR, where different enrichments are used also

in the uranium assemblies, there is a greater incentive to introduce plu-

tonium only in the central rods where the enrichment is highest and to

keep peripheral uranium rods with the lowest enrichment possible com-

patibly with the tolerable peak factor values. In this manner, plutonium

replaces only the high-enrichment uranium and this permits a higher

"value" to be obtained. In the all-plutonium assemblies, the value in

the peripheral rods alone may be considerably lower and, at the limit,

negative.

If the overprice for fabrication of the mixed-oxide rods should in-

crease considerably as their number decreases, there maybe cases in

which it is more advantageous to use all-plutonium assemblies in boiling

water reactors.

When it comes to reprocessing, the Pu-island assemblies entail

blending the irradiated uranium of the peripheral rods with the uranium

of the mixed-oxide rods that have a low U-235 content, and this may

constitute a loss in the value of recovered uranium. In the design for



the Garigliano reloads, however, the peripheral enrichment at discharge

is in itself much lower than the natural value, and the penalty is practi-

cally negligible because the value of peripheral uranium at discharge is

considered to be nearly zero.

Another consideration concerns the type of uranium--natural or

depleted--that will be used for the mixed-oxide rods. The depleted ura-

nium available to ENEL is recovered from the reprocessing of the Magnox

reactor fuel which has a U-235 content of 0. 5%, that is, very near the

natural concentration.

The cost of this uranium is substantially due to the processing re-

quired to bring it up to "reactor grade"; in addition, of the approximately

3 g/kg of plutonium required to render it "natural", only one half is burnt,

whereas the rest is simply "stored" in the fuel. Therefore, it is the cost

of the chemical conversion plus the consumption of about 1. 5 g of pluto-

nium that is to be compared with the cost of ceramic-grade natural ura-

nium. An interesting aspect is that the incentive to use depleted uranium

increases as the value that can be assigned to the plutonium decreases

and as the fabrication overprice increases. In other words, there is a

partial self-compensation.

For the Trino Vercellese PWR the study of the manner to recycle

plutonium is now oriented toward the use of reloads with enriched urani-

um assemblies clad in Zircaloy-4 and all-plutonium assemblies clad in

stainless steel (approximately one-third of the reloads).

At present, the fuel at Trino Vercellese is clad in stainless steel;

the possibility afforded by the use of Zircaloy cladding of reducing the

enrichment of uranium leads to savings that more than compensate the

higher cost of this new type of cladding. Hence it is likely that Zircaloy

cladding will be used in the future for the uranium fuel assemblies.

These very considerations, in addition to the excellent performance

of the stainless steel cladding so far, might lead to conflicting conclusions
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when applied to plutonium assemblies and ultimately tip the balance in

favor of the SS cladding, especially if the plutonium inventory charges

are neglected,

5, Conclusions

ENEL shares the opinion of several other utilities about the ad-

visability to recycle during this decade in thermal reactors the plutoni-

um quantities exceeding the requirements for research and demonstra-

tion fast reactors.

Recycling in thermal reactors shall ''timely" be interrupted when,

owing to the approaching of the commercial advent of fast reactors, the

plutonium shall be stored for more rational utilizations.

In the present commercial phase of plutonium recycle in thermal

reactors, the economic conditions for recycling seem to encourage the

utilities, thus justifying intensive plutonium utilizations in those thermal

reactors in which the technical-economic analyses indicate the higher

value of this fissile material.


