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Abstract. There are many answer to the question "Why us MOX in civil reactors?" The most likely
one is because plutonium is an energy source and MOX is used when it is economic to do so. Other
incentives include the reduction of global separated plutonium stocks and the subsequent potential
reduction of proliferation risk.

1. INTRODUCTION

There are reasons to use MOX- fuel in civil reactors as there are reasons not to use it and the
question of using it can be a question of principle for a specific energy- and nuclear power
system in a particular region of the world or a practical question for a utility operating a
nuclear power plant. Timing of MOX-use can be crucial: At times utilities may have to use
MOX-fuel even if it is apparently more expensive than fuel made from enriched uranium at a
given point in time and there are other times, when the same utility may avoid using MOX-
fuels irrespective of cost considerations.

Most civil reactors are fuelled with fuel assemblies made from natural uranium oxide or
uranium oxide that is slightly enriched in fissile uranium isotope U-235. In mixed oxide fuel
most of the U-235 is replaced with plutonium, resulting in a mixture of uranium and
plutonium oxide, hence "mixed oxide fuel" or MOX-Fuel.

Plutonium is generated during the use of uranium fuel in the reactor and it is partly consumed
as it produces for example about 40 % of the energy generated in a light water reactor (LWR),
the most common type of civil power reactor currently in use. After 3 -6 years a fuel assembly
is replaced in the reactor by a fresh fuel assembly. The spent fuel assemblies from power
reactors are the source of most of the plutonium in existence today, about 1 400 t. OECD and
IAEA have estimated, that about 180 t of this is in the form of separated plutonium oxide,
most of it currently stored at the reprocessing plants in France and the UK. The remaining
1 220 t are stored in the form of spent fuel in many spent fuel storage facilities in more than
30 countries around the world.

Plutonium -in the first place- is an energy resource contributing today 40 to 50 percent of the
energy produced from nuclear power.

Plutonium is also a material used in nuclear weapons. Although for weapons purposes this is
normally produced in purpose-built "production reactors", plutonium from any source is
considered by some countries as "weapons-usable material". In fact, a few years ago, the US
Department of Energy (DOE) announced, that it had built and tested a nuclear weapon made
from plutonium separated from spent commercial nuclear fuel.

Plutonium therefore being a material that can also be used for nuclear weapons is a dual use
material, a resource to be separated from spent power reactor fuel and recycled and/or
weapons material, extracted from production reactor fuel to build nuclear weapons. It is this
duality, which makes the use of plutonium in the civil nuclear fuel cycle a politically
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controversial issue. In civil reactors plutonium is used in the form of MOX-fuel. The question
then is: "Why use MOX in civil reactors"?

2. USE MOX WHEN IT IS ECONOMIC TO DO SO

In power reactors MOX fuel replaces fuel made from natural or slightly enriched uranium.
The relative cost of MOX-fuel -compared to that of uranium fuel is normally assessed by
comparing the cost of procurement of an MOX-fuel assembly with that of an uranium fuel
assembly. This comparison appears straight-forward to make, as the plutonium in a MOX-fuel
assembly simply replaces most of the uranium 235, that is otherwise present in a uranium fuel
assembly. The comparison of the cost of mining or buying uranium, enriching it to the desired
level of uranium 235 (normally 4 to 5 % in weight) and fabricating it into a fuel assembly to
the cost of blending plutonium oxide with depleted or natural uranium oxide and fabricating
the MOX-fuel assembly gives a direct comparison of the relative procurement cost, which
results in MOX-fuel being cheaper or more expensive to procure than uranium fuel.

Historically both situations have occurred: The procurement cost of MOX-fuel has been lower
than that of uranium fuel. Currently this comparison favours uranium-fuel over MOX-fuel, as
prices for natural uranium and enrichment are low due to vast secondary market supply for
uranium (uranium on the market, that has been mined long time ago for military and purposes
and is considered excess to military needs) and enrichment services. On a strict comparison of
procurement cost for uranium- and MOX-fuel, there is no incentive currently to utilities to use
MOX-fuel instead of uranium fuel and this situation is not expected to change any time soon.

The procurement cost however is only a part of the cost considerations that govern the use of
MOX-fuel for a utility.

3. USE MOX BECAUSE PLUTONIUM IS AN ENERGY RESOURCE

About 20 to 30 years ago the basic structure of the fuel cycle in support of the then rapidly
expanding nuclear power industry was established with the view, that uranium resources were
limited and required the rapid introduction of new reactors, that used the limited resources of
uranium many times more efficiently: breeder reactors, which also operate on MOX-fuel,
burning the plutonium separated from spent fuel used in the early generations of LWR's.

Consistent with this view, and for the simple lack of alternatives, many utilities concluded
contracts for the reprocessing of their spent fuel, in anticipation that there would always be a
market for the plutonium and uranium that were to be separated from their spent fuel.
Consistent with this scenario the pools to store spent fuel at the reactor site were designed to
hold a relatively small number of spent fuel assemblies, enough to cool the spent fuel for a
short period of time before it was to be shipped off to the reprocessing plant.

The assumptions underlying this scenario proved wrong. The growth of the nuclear power
generating industry was overestimated as were the availability of cheap uranium and the
difficulties of introducing a cost competitive fast breeder reactor system underestimated. As a
result, few breeder reactors were operated, using the plutonium separated from spent LWR-
fuel. In this situation stocks of separated plutonium grew to levels which are of concern to
some countries. It was felt, that such stockpiles of separated plutonium were more difficult to
protect against theft and misuse than the plutonium that is mixed with high active fission
products in the spent fuel. This is a concern typically expressed by governments. The utilities
had a different concern:
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Plutonium is radiotoxic and - if fabricated into MOX-fuel - requires elaborate protection
measures that guarantee, that no plutonium is inhaled or digested by workers in the plutonium
fabrication facility. Plutonium from power reactors -contrary to plutonium from production
reactors- also contains an important fraction of the isotope plutonium 241 that decays into

americium, a strong y-emitter. As a consequence, ageing plutonium originating from power

reactors -hi excess of 5 years in many cases- is the source of a strong y-radiation, which
requires remote handling during fabrication for worker protection or must undergo americium
separation prior to processing. LWR-plutonium, that is not used within a few years after
separation therefore becomes either unusable or very expensive to use.

Therefore most utilities, that have separated plutonium from earlier reprocessing of their spent
fuel, have chosen to recycle the plutonium in their own reactor rather than storing it for future
use beyond the point in time, when americium purification becomes necessary. After that time
limit separated plutonium turn out to be a liability to the utility rather than a resource.

As a consequence, the economics for using MOX-fuel compared to uranium fuel for that
utility that has separated plutonium is different: The procurement cost of a uranium assembly
are added to the storage cost of unused separated plutonium and eventually the cost of
separating the americium compared to the procurement of MOX-fuel. A utility that has
separated plutonium therefore will almost always choose to recycle the separated plutonium
as MOX-fuel even if this occurs at a procurement cost disadvantage for MOX-fuel.

Fortunately, there is additional value in going this route.

Managing spent fuel storage capacity

Reprocessing spent fuel and recycling the contained uranium and plutonium reduces the
uranium requirement by about 35 % compared with the so called once through cycle and
reduces the required space for intermediate storage of spent fuel to about 25 to 30 % of the
space required to store the equivalent amount of spent fuel without reprocessing. This is a
pressing issue in particular in some Asian countries, where the development of nuclear power
appears constrained by their ability to store the resulting spent fuel for the long term. For this
reason these countries have an ongoing interest in the reprocessing of at least some of their
spent fuel.

- Designing cores with MOX-fuel

On average over the entire residence time in the reactor, MOX-fuel is generally designed to
produce the same amount of energy as uranium fuel, loaded into the reactor at the same time.
Compared to uranium fuel, MOX-fuel is less reactive when first loaded in the reactor and
more reactive later in life. This difference provides the core designer with added flexibility to
design core loadings that are optimized for power distribution, economic fuel use and low
neutron flux in the reactor vessel, which can limit the useful life of a nuclear power plant.

Whilst the last of these advantages is insufficient on its own today to justify the use of MOX-
fuel in lieu of cheaper uranium fuel, these are advantages that can be exploited once the use of
MOX-fuel is decided for other reasons.

Up to now we have explored the situation of a utility, that has separated plutonium for
whatever reason. There are many utilities, that do not have separated plutonium. Is there a
case for going to MOX-fuel for these utilities as well?
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4. USE MOX FUEL TO REDUCE WORLD INVENTORIES OF WEAPONS PLUTONIUM

With the reduction of nuclear warheads stipulated by the Strategic Arms Reduction Treaties,
START I and START II significant amounts of weapons material have become surplus to
defense needs of the parties to the treaties, Russia and the USA. This concerns both high
enriched uranium (HEU) and plutonium. HEU has already found its way to the civil market
for nuclear fuel for power reactors foe example through an agreement by the US to purchase
500 t of Heu after dilution to low enriched uranium, suitable for power reactor use. Other
stockpiles of uranium are reduced at the same time resulting in about half of current civil
reactor uranium requirements coming from other than conventional sources e.g. mining
uranium. This uranium is readily usable in the civil fuel cycle and has a well established
commercial value benefiting the former owners of the weapons material.

The situation is more complex for weapons plutonium. Both the US and Russia have each
declared 50 t of weapons plutonium surplus to their defence needs a few years ago. hi the US,
the National Academy of Science has concluded, that a combination of use as MOX-fuel in
reactors for 38 of the 50 t and glassification together with fission products for the remaining
12 t would be the most effective way to convert the weapons plutonium into a form that
presents no greater proliferation risk, than spent fuel from civil reactors (spent fuel standard).
Russia has always considered its plutonium, which was produced at great cost to the society,
an energy resource, which would therefore be put to use as MOX-fuel in Russian reactors.

The US have proposed a "spent fuel standard" concept whereby a part of the US surplus
weapons plutonium is planned to be converted into spent MOX- fuel. "Weapons grade
plutonium" (plutonium separated from production reactor fuel and produced for the purpose
of making nuclear weapons) is almost pure plutonium 239. Once converted into spent MOX-
fuel, the isotopic composition of the plutonium is similar to that of spent uranium fuel from
power reactors, making it less attractive for weapons-purposes. In addition, plutonium
contained in spent fuel is protected against misuse by a very intense radiation field from the
fission products, that are also present in the spent fuel.

These are the basis of the Spent Fuel Standard: By using plutonium as MOX-fuel in a power
reactor the proliferation risk of weapons grade plutonium becomes similar to that of spent
power reactor fuel, for the two reasons mentioned.

Neither the US nor Russia however has the industrial facilities to produce MOX-fuels on a
industrial scale and significant investment and many years will be needed before any surplus
weapon plutonium can be converted into a product that meets the spent fuel standard. The
situation is complicated by the fact, that the relative economics do not favour MOX-fuel (see
chapter 1) on a straight procurement cost comparison. An incentive would therefore have to be
created to induce utilities to use MOX-fuel in lieu of the cheaper uranium fuel. This is
particularly true as there are few other intrinsic benefits in burning MOX when it is a third
parties' plutonium, such as conserving expensive spent fuel storage capacity.

In addition there are various unresolved policy issues between the two countries that slow
down progress:

a need for symmetry in rate of converting conversion weapons plutonium between the
US and Russia, and
the potential conflict with the US's-non reprocessing policy.
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Whilst numerous hurdles have yet to be overcome before ex-weapons plutonium will be used
as MOX-fuel in civil reactors, this is a very effective way to improve the proliferation
resistance for weapons plutonium in the short term.

5. USE MOX-FUEL TO TRADE A SHORT-TERM PROLIFERATION RISK FOR LONG-
TERM PROLIFERATION SECURITY

Most fission products have a short half lives (time needed for half of the fission products to
decay) in comparison to the plutonium. The radiation field disappears in the course of 100 to
300 years as the fission products in the spent fuel decay into stable elements. This feature of
spent fuel effectively limits the value of the storage of plutonium in the form of spent fuel for
reasons of proliferation resistance to about 100 to 300 years after discharge.

There is yet another effect that limits the value of this disposal route. Some of the shorter
lived plutonium isotopes (Plutonium 238 and 240, which are not fissionable) decay faster than
the most important fissionable plutonium isotope 239. Over long time periods the quality of
plutonium changes towards increased percentage of fissionable plutonium 239, making it
more attractive for weapons purposes and diversion at a time, when the protection from the
radiation field of fission products contained in the spent fuel has long disappeared.

Several technical concepts are being proposed to address this situation. One option is to
separate the plutonium from the spent uranium fuel through reprocessing and burning it as
conventional MOX- fuel. This is a simple, technically proven process to effectively reduce the
fraction of fissionable plutonium isotopes in the plutonium in half, making it less attractive
for weapons purposes.

Reprocessing facilities and MOX-fabrication facilities operate under stringent non-
proliferation protection measures and security arrangements have proven effective in the past,
as no diversion of any plutonium has knowingly occurred from the large industrial facilities.
By taking this well defined and controlled short term proliferation risk associated with the
operation of reprocessing and MOX-fabrication plants the long term proliferation risk of
unreprocessed spent uranium fuel in more than 30 countries can certainly be meliorated.

If the proliferation risk associated with spent MOX-fuel with its low percentage of fissile
isotopes in the plutonium is considered too great a risk to take in the long term, there are more
advanced technologies under research and development, such as using the plutonium as
MOX-fuel in a inert matrixes. This concept promises virtually complete combustion of all
plutonium isotopes without generation of new plutonium from the uranium 238 matrix in
conventional MOX-.fuel. Another possibility is the partitioning of plutonium and other
Transuranium elements from the spent fuel and the transmutation into other elements in
purpose built facilities. Several years will be needed to demonstrate the compatibility of such
fuel concepts with the existing power reactors. A substantial effort will be required to convert
the existing organisation of the fuel cycle to more proliferation resistant advanced fuel cycles.
Industry will only commit to this effort, if supported by a broad international consensus on the
desired reasonable degree of proliferation resistance.

On balance it seems inconsistent to ban plutonium and MOX-use from the civil nuclear fuel
cycle for reasons of proliferation risk posed by the operation of reprocessing and MOX-
fabrication plants and to leave plutonium in very large quantities in the spent power reactor
fuel for an indefinite period of time in a large number of counties. The options to reduce the
long term proliferation risk are limited:

145



either separate the plutonium from the spent fuel and recycle it in some form of MOX
fuel
or store the spent fuel permanently in a few internationally controlled storage facilities.

If none of these option meets the necessary broad international support, different routes will
be followed by individual countries to deal with the proliferation risks of the nuclear material
under their control. What matters for the management of spent reactor fuel is the potential
diversion of spent reactor fuel for weapons purposes by a group of people with moderate
resources and not the capabilities of states with advanced nuclear weapons capabilities. The
realistically assessed proliferation risks associated with various types of spent commercial
fuel should therefore be the basis for a convention on the management of the short- and long-
term management of proliferation risks, a Non Proliferation Convention, which should meet
broad international consensus.
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