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Canadians have expressed interest in knowing more about the
possibility of recycling or reusing used nuclear fuel. Reprocessing
and partitioning involves the separation of potentially fissile
materials, such as plutonium, from used nuclear fuel through
the application of chemical and physical processes. It should be
noted that reprocessing by itself does not eliminate any of the
radioactivity created in the used fuel. Instead, it merely separates
and partitions it into several waste streams, including significant
volumes of high-level radioactive waste, intermediate-level
radioactive waste and low-level radioactive waste. A portion of
the recovered fissile material can then be further processed into
new plutonium-uranium mixed oxide (MOX) fuel and recycled into
some current reactor types, including CANDUSs. A few countries,
such as France and the UK, operate commercial reprocessing
facilities. Recycling of used light water reactor fuel as MOX is
currently practiced on a commercial scale in several countries
with reprocessing services provided by the commercial facilities
in France and the UK. Transmutation is a possible next step
and involves the conversion of long-lived radionuclides into
shorter-lived ones through irradiation in an accelerator-driven
system (ADS) and/or fissioning in a fast neutron reactor. This is not
currently practiced, although research to demonstrate its feasibility
is underway in several countries.

This watching brief summarizes recent research and development
in reprocessing, partitioning and transmutation (RP&T).

Executive Summary

There are three basic nuclear fuel cycles: “open” or once through (in which the fuel is irradiated in the
reactor, then considered to be waste when it is removed); partial recycle (in which the used fuel is
reprocessed to recover plutonium, converted to MOX fuel and reused once in current reactor types);
and “closed” (in which the used fuel is reprocessed to recover plutonium and other actinides, then used
to start up advanced fast neutron reactors (FRs). The fast reactor used fuel is then reprocessed and
continuously recycled in the fast neutron reactors to extract additional energy. Depending on the
configuration of the reactor, additional amounts of natural or depleted uranium can be added to
replenish the fuel consumed in the fast reactor). Other variations can include different combinations of
reactors, such as a two-tier (or “double strata”) cycle, including combinations of conventional reactors
(with or without MOX fuel), fast reactors and/or accelerator-driven systems.
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Canada, as well as most other nuclear power generating countries, currently practices the open fuel
cycle. A few countries, such as Belgium, France, Japan and Switzerland, use or have used partial
recycling, with the used MOX fuel either stored as waste or awaiting future recycling into fast reactors.
This recycling is generally done for strategic national energy security reasons, not for economic or waste
management reasons. (Indeed at current uranium prices, recycling used fuel is considerably more costly
than the open cycle and does not eliminate the need for long-term management of residual high-level
wastes, as well as the additional low- and intermediate-level wastes produced during the recycling
process.) There are no countries that currently practice a fully closed fuel cycle on an industrial scale.

Work continued in 2012 in various countries and international collaborative programs to review
and assess the technology and implications of advanced fuel cycles, including RP&T. Findings were
presented at several international conferences, including the annual World Nuclear Fuel Cycle conference
(April 2012, Helsinki, Finland), the Nuclear Fuel Cycle Conference sponsored by the UK Institution of
Chemical Engineers (April 2012, Manchester, UK), the Atalante 2012 Conference (September 2012,
Montpellier, France), and the Nuclear Energy Agency of the Organisation for Economic Co-operation
and Development (OECD/NEA) 12" Information Exchange Meeting on Actinide and Fission Product
Partitioning and Transmutation (September 2012, Prague, Czech Republic). Papers presented at these
conferences showed that some advances are being made in the science and technology underlying
RP&T and advanced fuel cycles. However, all these programs currently focus on recycling enriched
uranium fuels, mostly light water reactor (LWR) fuels, into next-generation fast reactor systems, and
subsequent further continuous recycling of the advanced reactor fuels. Additional research and
development would be required to assess their applicability to used CANDU fuels. While some of the
advanced fuel cycles are theoretically sustainable once they reach equilibrium, there are still many
technical challenges which must be solved (such as development of suitable materials of construction for
the very harsh reactor conditions) before they can be implemented on an industrial scale.

Note that these advanced fuel cycles are being pursued primarily for energy security purposes,
not for used fuel waste management purposes. While some of the advanced fuel cycles can address
potential waste management issues (such as increasing the waste storage density in some repository
designs), most of them make waste management issues more complex because they result in a
number of chemically very complicated radioactive waste streams that must be suitably processed and
conditioned for placement in a deep geological repository.

Cost is also an important consideration. In order to be successfully deployed on a commercial basis,
the lifecycle cost of producing electricity with them must be lower than for other production methods,
including current nuclear power plants and non-nuclear technologies. The lifecycle costs include
development, construction, operation, maintenance, decommissioning, and waste management related
costs both for the power plant and for the associated fuel cycle facilities and transportation systems.

All the proposed advanced fuel cycle schemes are based on the assumption of ongoing or expanding
nuclear power programs for many decades or even centuries.

Beyond the primary benefit of energy security with these systems, a secondary benefit of the
advanced fuel cycles is that it may reduce the demand for space in a high-level waste repository.
However, this benefit can only be realized if alternate methods of managing the large volumes of
long-lived intermediate-level waste resulting from reprocessing can be found and some of the separated
fission product wastes are stored for several hundred years prior to placement in a repository to allow
the decay heat to dissipate. Otherwise, there is no significant benefit to the size or safety of a deep
geological repository for high-level waste and used fuel.

Similar to previous NWMO watching briefs on RP&T, the basic conclusions of this review remain
unchanged:

Some form of deep geological repository is required regardless of the fuel cycle in order to be able to
deal with long-lived radioactive wastes.

While RP&T has the potential to reduce the volume of used nuclear fuel and high-level waste for
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placement in a deep geological repository (when combined with advanced fuel cycles using fast
reactors), it also significantly increases the quantity of long-lived low- and intermediate-level waste
(which also requires a deep repository for long-term management) and does not significantly reduce
the underground footprint of the repository. (For high-level waste and used fuel, repository size is
based primarily on heat generation rate, not on the volume of the waste. This is a function of the
amount of energy extracted from the fuel, so it remains relatively constant per unit energy produced,
regardless of fuel cycle.)

Advanced fuel cycles are at least many decades away from being ready for commercialization due to
the time required for the technical research, and to develop and demonstrate the reactor technolo-
gies. High cost and broad public acceptance issues that may accompany the “first-of-a-kind”
designs may also inhibit their demonstration and deployment in the near term. Once a decision has
been taken to deploy such fuel cycles, they will take many decades further to fully transition from
current fuel cycles to the new ones.

Based on the current cost of uranium, the lifecycle cost of advanced fuel cycles is higher than
once-through fuel cycles, due to the high costs of developing and constructing the new generation
reactors, reprocessing facilities and fuel fabrication plants. If such fuel cycles could be developed, the
cost and project risks for implementing them on a commercial scale would currently make them very
unattractive and financially risky for utilities to deploy.

Some countries currently engaged in fuel reprocessing, such as the UK, are considering
discontinuing this practice due to the lower cost option of direct placement of used fuel in a deep
geological repository. Other countries that have been developing commercial scale fuel reprocessing
capability, such as Japan, are reconsidering their future fuel cycle options.

These conclusions are consistent with those stated in previous NWMO watching brief reports
[Jackson 2008, 2009, 2010, NWMO 2011].

Discussion

The NWMO has kept a watching brief on RP&T developments over the past few years. Previous detailed
technical reports [Jackson 2008, 2009, 2010] and summary watching brief reports [NWMO 2011] are
available on the NWMO website. This present report focuses on a summary of recent international
activities since the 2011 watching brief was published.

As reported in the previous watching brief NWMO 2011], the US Blue Ribbon Commission on
America’s Nuclear Future (BRC) conducted an extensive review in 2010 and 2011 of available options
and technologies for management of the back end of the nuclear fuel cycle in the US. In its final report
[US BRC 2012a], the BRC stated (among other things):

» The conclusion that disposal is needed and that deep geologic disposal is the scientifically
preﬁzrred approach has been reached by every expert panel that has looked at the issue and

by every other country that is pursuing a nuclear waste management program.

» Technologies exist today or are under development that would allow spent fuel to be at
least partly re-used; systems have also been proposed that could — in theory and at some
point in the future — possibly allow for the continuous recycle of reactor fuel, thereby
Sully “closing” the fuel cycle. Substantial uncertainties exist, however, about the cost and
commercial viability of the more advanced of these technologies; in addition, significant
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concerns have been raised about their impacts on weapons proliferation risks and other
aspects of the fuel cycle (e.g., the production of LLW) even if they could be successfully
deployed.

» ...no currently available or reasonably foreseeable reactor and fuel cycle technology
developments — including advances in reprocessing and recycling technologies — have the
potential to fundamentally alter the waste management challenge this nation confronts
over at least the next several decades, if not longer.

» In any event, we believe permanent disposal will very likely also be needed to safely
manage at least some portion of the commercial spent fuel inventory even if a closed fuel
cycle were adopted.

Additional detailed reports were also issued by each of the three BRC subcommittees (Reactor & Fuel
Cycle Technology, Transportation & Storage, and Disposal) [US BRC 2012b, ¢, d]. The US government is
still considering how it will respond to the BRC recommendations.

Research on RP&T and advanced fuel cycles is ongoing in the US and other parts of the world.
Findings were presented at several international conferences, including the annual World Nuclear Fuel
Cycle conference (April 2012, Helsinki, Finland), the Nuclear Fuel Cycle Conference sponsored by
the UK Institution of Chemical Engineers (April 2012, Manchester, UK), the Atalante 2012 Conference
(September 2012, Montpellier, France), and the OECD/NEA 12" Information Exchange Meeting on
Actinide and Fission Product Partitioning and Transmutation (September 2012, Prague, Czech Repubilic).
Papers presented at these conferences showed that advances are being made in the science and
technology underlying RP&T and advanced fuel cycles. Some of the potential advanced fuel cycle
concepts and options are discussed below.

All the commercial nuclear power reactors in operation around the world today are based on thermal
neutrons. In this type of reactor, a moderator is used to slow down (or thermalize) the high energy
neutrons produced by the fission reaction so that they can induce further fission in the U-235 and/or
Pu-239 isotopes in the nuclear fuel. Moderating materials include normal or light water (used in most
non-CANDU reactors around the world), heavy water (used in CANDU reactors) and graphite (mainly
used in gas cooled reactors). The moderating materials have different properties for interacting with
the neutrons. For example, heavy water moderated reactors can sustain a nuclear chain reaction in
natural (un-enriched) uranium, which contains about 0.7% of U-235 with the rest being U-238. On the
other hand, light water (used in many other places in the world in boiling water reactors (BWRs) and
pressurized water reactors (PWRs)) requires a higher concentration of U-235 (generally 3% to 5%)
to work. Producing this higher concentration is known as enrichment. A byproduct of this process
is depleted uranium (DU), which has a reduced U-235 content of around 0.3% and is now generally
considered to be a waste by countries that operate enrichment facilities. Operation of current reactor
types requires a continuous supply of fresh uranium as a source of the fissile U-235. As noted below, the
depleted uranium from the enrichment process is a potential fuel source for some advanced reactor fuel
cycles.

There are two main technical reasons why a RP&T program or advanced fuel cycle could be
implemented:

to improve national energy security (i.e., to recover additional energy from the used nuclear fuel and
reduce reliance on the need for fresh uranium); and/or

to reduce burdens on a deep geological repository (i.e., to allow the waste from more nuclear energy
to be placed in a repository of a given size).
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The first reason is based on the premise that uranium is too scarce or costly to use in a once-through
fuel cycle, or that indigenous supplies are limited and that access to foreign supplies is unreliable. The
second reason is based on the premise that used fuel from existing reactors can be recycled into fast
reactors, that there will be an ongoing nuclear power program for many decades (or even centuries)
and that suitable repository space to manage the resulting wastes will be scarce. Both reasons also
assume that other energy alternatives are more costly and nuclear energy is the most economic choice
for a given country. In any event, fully implementing RP&T requires the commercial scale deployment of
advanced systems, such as fast reactors as shown in Figure 1, or accelerator-driven systems.

Fast reactors do not use a moderator. They can be used to extract the energy from the U-238, as
well as other actinides that are created in a reactor (such as various isotopes of plutonium, americium,
neptunium, etc.). In the case of U-238, this is done by first converting the U-238 to Pu-239 via neutron
capture and subsequent radioactive decay, and then inducing fission in the Pu-239 by another neutron.
As the U-238 is consumed, make-up uranium can be added, either from reprocessed thermal reactor
fuel or from the depleted uranium from enrichment processes. The use of depleted uranium is generally
considered to be the better option, since it is widely available, has very low specific radioactivity and can
be more easily handled, whereas the reprocessed uranium tends to be very radioactive as a result of

the buildup of more radioactive isotopes (e.g., gamma emitting daughter products of the U-232 decay
chain).

Partially Closed Fuel Cycl
Closed Fuel Cycles{ ATy oseaueiyee

Fully Closed Fuel Cycle

Uranium Ore

Uranium
Mine

Refining/Conversion/

Uranium Fuel
Enrichment/Fabrication

Power Station Power Station
(LWR)

Makeup
Uranium
MOX FR
2 Fuel Fuel \\j(oe\
Q& Fabrication Fabrication @)
;,)on% /?/@/O—f Plant Plant ~
@
<
[}
=
£
o
Interim <@
Storage of S, <.
Spent Fuel ’?,S/ "7‘%"0/[0’)
K
%
%}"6' %
HE Reprocessing
Plant for FR
Reprocessing T ' \\\e\‘e\ ant for FRs
Plant '9h, ot
e
Iste \N

High-level Radioactive
Waste Disposal

FIGURE 1: lllustration of an advanced nuclear fuel cycle [EPRI 2010a]
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Current fast reactor concepts operate at very high temperatures (typically 400°C or more) and use liquid
metals (e.g., sodium or lead), molten salts (e.g., sodium fluoride mixtures) or gases (e.g., helium) as
coolants rather than water or heavy water. The high temperatures and neutron fluxes combined with the
very corrosive liquid metal coolants create very harsh conditions for any reactor materials. Investigation
of materials that can withstand these conditions for several decades of reactor operation is one of the
ongoing areas of research.

Depending on the details of the design, the fast reactor systems can operate in three modes:

burner, where the reactor consumes more fissile material (i.e., actinides) than it produces. Note that
this is the only mode that will eliminate the actinides from current inventories of used nuclear fuel;

self-sustaining or break-even, where the reactor is in equilibrium and consumes all the fissile material
that it produces; and

breeder, where the reactor produces more fissile material than it consumes (this supplies more fuel
for an ever-expanding nuclear program).

All three modes of operation require an initial core loading of highly enriched U-235 or Pu-239 to start up
the reactor. The U-235 would be obtained from enrichment of fresh uranium to much higher levels than
is currently practiced for commercial nuclear power reactors (i.e., greater than 20% U-235 vs. 3% to 5%
for light water reactors). The Pu-239 would be obtained from the reprocessing and partitioning of current
light water reactor used fuel. Once started, the reactor can create its own fissile material in situ from
U-238 and other actinides in the fuel.

The transition from thermal reactors to fast reactors is the subject of several recent technical and
policy studies. Assuming that a country has access to large scale reprocessing facilities for thermal
reactor fuel, the cost of obtaining enough plutonium for an initial core loading is in the $1-billion range
[MIT, 2011]. In addition to being a significant cost, the rate at which the plutonium can be supplied limits
the speed at which the fast reactors can be deployed. Most scenarios studied (e.g., in France and
Japan) require 50 to 100 years or more to transition from thermal reactors to fast reactors and a further
100 to 200 years to effectively consume the used fuel from current light water reactors. (See for example,
[MIT, 2011], [OECD/NEA, 2009] and Warin and Boullis in [OECD/NEA, 2012].) This long transition time
imposes a commitment on future generations to operate and maintain a nuclear power program, but it
also gives them access to significant quantities of low-carbon energy, should they choose to exploit this
source of energy.

Another area of research is in used fuel reprocessing and partitioning. Current reprocessing
technology is based on wet chemistry. The used fuel is dissolved in concentrated acids, then subject
to a series of chemical steps to separate out the various constituents. Since the used nuclear fuel and
the resulting products are highly radioactive, all this needs to be done using remotely operated, heavily
shielded systems. Even routine maintenance needs to be done remotely due to residual contamination
in the equipment. The process also results in large volumes of chemically complex wastes. Some of
the material can be recycled back into the process, but it eventually ends up as waste that must be
stabilized for storage, then eventually placed in a repository [MIT, 2011].

Most fast reactor scenarios rely on different fuel types than those that are currently used, such as
metallic fuels or silicon carbide/graphite coated fuel particles. These fuel types are not compatible with
the current wet chemical processing technology used for light water reactor uranium oxide based fuels.
A new non-agueous technology (“pyro-processing”) is being developed for these fuels. However, this
has not yet advanced to the commercial stage. (See for example, lizuka et al. in [OECD/NEA 2012].) In
addition, fast reactors require very complex reprocessing facilities to remove the buildup of undesirable
nuclides in the fuel resulting from multiple recycling. Remote handling is also required for recycled fuel
fabrication due to the buildup of nuclides, which emit high-energy gammas.
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Several countries that operate both CANDU type reactors with natural uranium fuel and light water
reactors with enriched uranium fuel (such as China, South Korea and India) are also researching or
developing synergistic fuel cycles for managing their used light water reactor fuels, such as DUPIC
(“Direct Use of PWR fuel In CANDU”) and NUE (“Natural Uranium Equivalent”). After mechanical, thermal
and/or chemical processing to resize the fuel pellets and remove volatile fission products, their used light
water reactor fuel is reconfigured as CANDU fuel bundles and introduced into their CANDU reactors to
extract additional energy. Note that these technologies are designed for managing light water reactor
fuels and are not applicable in Canada, since Canadian utilities do not currently operate light water
reactors and the technologies are not applicable to recycling of used CANDU fuel in other CANDU
reactors.

Although current research programs show the wide variety of work that is being carried out on very
specific topics in a number of countries, they also demonstrate that the technology is still far away from
practical implementation since none of the work has progressed beyond the laboratory environment.
There are many basic technical challenges facing these advanced technologies, such as development
of suitable materials to withstand the very high temperatures, pressures and/or corrosive nature of the
process fluids while operating in the high-energy and high-flux neutron fields required in the core for
these reactors, as well as the development of suitable fuel matrices. Some of these challenges related
to materials and fuels would be “showstopper” issues for the advanced reactors if they cannot be
resolved. However, the potential benefits of advanced fuel cycles have resulted in the establishment of
various international consortia (e.g., the Generation IV International Forum (GIF)) and commercial entities
pursuing various designs and fuel cycle options.

Conclusions

A number of comprehensive technical and strategic reviews of RP&T programs and issues were carried
out in recent years. These studies all reached very similar conclusions, which are consistent with
previous NWMO watching brief reports.

Some form of deep geological repository is required regardless of the fuel cycle in order to be able to
deal with long-lived radioactive wastes.

The use of advanced fuel cycles does not significantly reduce the underground footprint of the reposi-
tory.

Advanced fuel cycles are at least many decades away from being ready for commercialization

due to the time required for the technical research, and to develop and demonstrate the reactor
technologies. In addition, many more decades are required to fully transition from current reactors to
advanced fuel cycles.

Broad public acceptance issues related to siting and construction of large scale “first-of-a-kind”
nuclear facilities are also likely to delay the demonstration and deployment of advanced fuel cycles in
the near term in many countries

The lifecycle cost of advanced fuel cycles is higher than once-through fuel cycles, due to the high
costs of developing and constructing the new generation reactors, reprocessing facilities and fuel
fabrication plants.
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