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Summary

Most commercial reactors currently use the once-through fuel cycle. However, because there
is still a significant amount of useful material (and available energy) in the fuel discharged
from these reactors, many fuel cycles are possible in which some fuel components are recy-
cled for further reactor use. In addition, several other fuel cycles are also possible using tho-
rium, which is much more abundant on Earth than the uranium that is the primary source of
commercial nuclear power today. The CANDU reactor is designed to use natural uranium
fuel, which is less expensive and more efficient in the use of uranium than any known alterna-
tive. Some of the features that enable a CANDU reactor to operate on natural uranium also
make it eminently capable of using alternative fuels. In spite of increased fuel cost, the use of
alternative fuel cycles in a CANDU reactor can lead to benefits such as significant extensions
of humanity’s energy resources, reduced capital costs of nuclear power plants, reduced vol-
ume and duration for long-term storage and disposal of nuclear waste, longer life of some
components of nuclear power plants, increased efficiency of the thermal cycle, and reduced
severity of some postulated accidents. Several alternative fuel and fuel cycles are described
in this chapter, including the enriched uranium fuel cycle, the recovered-uranium cycle, the
MOX cycle, the thorium cycle, the DUPIC cycle, the tandem cycle, low void reactivity fuel, and
actinide burning fuel. In addition to increasing fuel cost, alternative cycles impose operating
requirements that are more challenging than those experienced when using natural-uranium,
low-burnup fuel. Incremental technical challenges in the following subject areas are de-
scribed here: internal gas pressure, power ramps, corrosion, deuterides and hydrides, depos-
its, end-temperature peaking, bowing, and high burnup structure in the pellet.
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1 Introduction
The term “fuel cycle” commonly refers to all the steps through which the nuclear fuel goes
from mining, to use in a reactor, to discharge, possible recycle, and eventual disposal. There-
fore, a fuel cycle consists of certain steps in the front end, which involves preparation of the
fuel; other steps in the service period, in which the fuel is used during reactor operation; and
still other steps in the back end which are necessary to manage, contain, and either reproc-
ess or dispose of spent nuclear fuel safely.

1.1 Overview
This chapter focusses primarily on selected aspects of the “front ends” and the “service peri-
ods” of illustrative fuel cycles that use natural uranium, enriched uranium, plutonium, tho-
rium, and their combinations. The discussion covers simplified neutronics, fuel manufactur-
ing, and selected considerations of associated in-reactor fuel performance. The remaining
aspects of fuel cycles are covered elsewhere in this book.

The simplest fuel cycle involves a single pass of the fuel through the reactor; this is called the
once-through cycle. Current CANDU reactors run on the once-through natural uranium fuel
cycle. A significant amount of useful material (and available energy) still exists in the fuel
which is discharged from LWR reactors. Therefore, many fuel cycles are possible in which
some fuel components are recycled for further reactor use, particularly in a CANDU reactor.
In addition, several other fuel cycles are also possible by using thorium, which is much more
abundant on Earth than the uranium that is the primary source of commercial nuclear power
today.

We can derive a number of benefits by these means, including significant extensions of hu-
manity’s energy resources, reduced capital costs of nuclear power plants, reduced volume
and duration for long-term storage and disposal of nuclear waste, longer life of some com-
ponents of nuclear power plants, increased efficiency of the thermal cycle, and reduced se-
verity of some postulated accidents. However, several other important factors such as cost
also need to be considered, as outlined later in Section 6.

1.2 Learning outcomes
The goal of this chapter is for the student to acquire a broad initial overview of some of the
more interesting variants of fissile and fertile materials and the associated fuels and fuel cy-
cles. These include fuel cycles based on the use of natural uranium, enriched uranium, plu-
tonium, thorium, and their combinations. The student will also learn how to evaluate some
aspects of fuel cycles and the performance of alternative fuels.
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generated by enrichment can be used for a variety of purposes such as: (1) using less expen-
sive coolant (i.e., light water) to reduce capital cost; (2) enabling use of thicker pressure
tubes to reduce their creep rate and thus to extend their service life; (3) enabling use of
burnable neutron absorbers which can reduce the magnitude of a power pulse during a pos-
tulated accident; and (4) reducing the volume of spent fuel through extended burnup.

Enriched uranium fuel could also be used in existing CANDU reactors to achieve other bene-
fits such as higher reactor power (through a flatter radial channel power profile).

3.4 Recovered-Uranium Cycle
This is a variant of the enriched uranium fuel cycle. In this cycle, LWR fuel is reprocessed to
recover unused uranium. The recovered uranium is reused to make new uranium-based fuel
(if necessary, with the addition of fresh uranium).

Thanks to superior neutron efficiency, the CANDU reactor can use RU fuel from LWRs as-is,
without additional enrichment, to achieve the benefits mentioned above for enriched ura-
nium fuel.

A number of publications have described the salient attributes of RU fuel, for example Boczar
et al. [1993 and 2010]. Briefly, the 235U content of RU depends mainly on initial enrichment
and discharge burnup of LWR fuel. Conventional reprocessing yields very pure RU with very
few contaminants from fission products.

In principle, residual fissile material is also available in used CANDU fuel. However, used
natural-uranium (NU) fuel’s residual fissile content is much lower than that of used enriched
fuels from LWRs. Hence, recovery of residual fissile material for re-use would be significantly
more expensive from used NU fuel than from used enriched fuel [Boczar et al., 2010].

Significant amounts of high-grade highly enriched uranium (HEU) can also be obtained from
dismantled nuclear warheads for use in power reactors.

3.5 MOX Cycle
In this cycle, plutonium recovered through reprocessing LWR fuel is mixed with either fresh
or depleted uranium (from enrichment tails) to make mixed uranium- and plutonium-oxide
fuel (MOX). The plutonium concentration is adjusted to give the required enrichment and
burnup.

Significant amounts of high-grade plutonium can also be obtained from dismantled nuclear
warheads for use in power reactors.

3.6 Thorium Cycle
232Th is fertile and can be used to produce 233U, which is fissile and is used in situ as it is pro-
duced. In the CANDU reactor, a once-through thorium cycle is economically viable, which
enables energy to be derived from 233U without reprocessing and recycling. Full benefit from
the thorium cycle would require reprocessing of the used fuel to recover and recycle the 233U
at an appropriate concentration as new reactor fuel.

Thorium cycles are important because thorium is much more abundant on Earth than ura-
nium. Some countries or regions have thorium resources, but lack plentiful uranium. They
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can extend the energy from natural uranium (which is the source of the only natural fissile
material) by using the thorium cycle. In addition, thorium cycles provide other benefits, such
as in fuel performance and fuel safety, as explained in a later section devoted specifically to
thorium.

3.7 DUPIC Cycle
This is one of the cycles that can use discharged LWR fuel in CANDU reactors after partial
reprocessing. In the DUPIC cycle, the LWR fuel is reprocessed using dry thermal or mechani-
cal methods to remove gaseous fission products [Boczar et al., 1996]. This yields a fuel that
neutron-efficient CANDU reactors can use.

Uranium and plutonium are not separated during this operation, and therefore this fuel is
attractive from the perspective of nuclear non-proliferation. Irradiation tests have confirmed
satisfactory performance of DUPIC fuel [Karam et al., 2010(a)].

3.8 Tandem Cycle
This is another cycle based on the use of discharged LWR fuel in CANDU reactors after partial
reprocessing. In this cycle, the plutonium and uranium in LWR fuel are separated from all the
fission products, but are not separated from each other, as is done in conventional LWR fuel
reprocessing operations [Hastings et al., 1991]. Therefore, the extraction of fissile materials
is more attractive from the non-proliferation perspective than the full reprocessing opera-
tion, but less attractive than DUPIC, as explained at the beginning of this section.

3.9 Low Void Reactivity Fuel
One important aspect of CANDU reactor safety is its coolant void reactivity (CVR). If a signifi-
cant volume of the coolant were to be lost in an accident, a complex change in the neutron
spectrum would initially rapidly increase the reactivity in the affected reactor core. This
would automatically trigger corrective action(s) by the reactor’s shutdown system(s), which
would quickly decrease the reactivity again. Therefore, the affected core's reactivity would
peak for a very short duration. The initial increase in reactivity is called “positive coolant
void reactivity”. In CANDU reactors, the magnitude of the CVR during postulated loss of
coolant accidents sets several requirements for the shutdown system, such as speed, redun-
dancy, and depth. A smaller value of CVR (including a negative value) could loosen these
performance requirements and/or increase the safety and/or licensability of the reactor.

One option to reduce such reactivity is the appropriate use of a very small amount of burn-
able neutron absorber (BNA) in the fuel bundle. The low void reactivity fuel (LVRF) bundle
uses a burnable neutron absorber (BNA) such as dysprosium and locates it strategically in the
centre element. Enriched uranium is used in the outer elements to compensate for neutrons
absorbed by the BNA. The amount of neutron absorber and the level of enrichment can be
varied to give the desired values of coolant void reactivity and burnup, although the de-
crease in void reactivity is at the expense of uranium utilization [Boczar et al., 2004]. Such a
fuel design has been developed and successfully tested in the reactor [Boczar et al., 2004].
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Moreover, additional 238U is available underground. Therefore, in principle, fast breeder re-
actors can provide energy for millennia to come, as shown in Table 2.

At this time, these are only theoretical possibilities. Many technical, economic, and practical
concerns remain about fast breeder reactors, such as the very large fissile inventory needed
to start a fast reactor and the very daunting concerns about proliferation.

6 Other Considerations
In addition to the drivers described above, various other technical and non-technical factors
should be considered in deciding on the most appropriate fuel cycle for a specific power
plant, utility, or country. Although a detailed discussion of this subject is beyond the scope of
this book, five major aspects are summarized below: energy independence, resource utiliza-
tion, resistance to nuclear proliferation, fuel performance, and cost.

Energy Independence

Plants that enrich large quantities of uranium are very expensive and are operational in only
a few nations. Fuel cycles based on natural uranium do not require a nation to build a plant
to enrich uranium, nor do they require a nation to rely on a few other nations for continual
supply of enriched uranium over a very long period. Therefore, natural uranium cycles pro-
mote national energy independence.

Resource Utilization

To produce a given amount of energy, some fuel cycles require less mined uranium than oth-
ers. For example, the combination of heavy water and natural uranium used in current
CANDU reactors requires some 40% less mined uranium per unit energy than fuel cycles that
use light water and enriched uranium. This can be a consideration in countries that do not
have much uranium and would like to stretch their domestic uranium to the extent practical.

Resistance to Nuclear Proliferation

There is concern in some quarters that during reprocessing, potent fissile material can poten-
tially become accessible and hence available for diversion to uses other than electricity gen-
eration. Some fuel cycles such as DUPIC are comparatively more resistant to nuclear prolif-
eration.

Fuel Performance

Overall, current fuels perform very well in current fuel cycles, as noted in Chapter 17. In fuel
cycles that differ significantly from current cycles, satisfactory fuel performance must be de-
signed and demonstrated. Depending on the specific cycle, new R&D may potentially also be
required.

Cost

Generally, enriching and reprocessing fuel is expensive, and the radioactivity and radiotoxic-
ity of spent enriched fuel tends to be higher than that of natural uranium. At the same time,
enriched fuel generally yields higher burnup, which tends to reduce fuelling cost (within a
range) and also reduces the volume of spent fuel to be stored. Therefore, this is a complex
topic, and its impact also changes with local conditions and with time.
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tributyl phosphate solvent-extraction process. First, the yellowcake is dissolved in nitric acid
to prepare a feed solution. Uranium is then selectively extracted from this acid feed by tri-
butyl phosphate diluted with kerosene or some other suitable hydrocarbon mixture. Finally,
uranium is stripped from the tributyl phosphate extract into acidified water to yield highly
purified uranyl nitrate, UO2(NO3)2. Uranyl nitrate is the starting material for conversion to
uranium dioxide (UO2) powder or to uranium hexafluoride (UF6). Both these conversion
routes conventionally begin with calcining the nitrate to UO3.

A large percentage of the UO3 produced in Canada is converted to uranium hexafluoride
(UF6) destined for enrichment plants for use in LWRs, and the remainder is converted to
natural uranium dioxide (UO2) ceramic-grade powder for use in CANDU reactors. The proc-
esses involved in producing natural uranium (NU) UO2 powder for CANDU fuel pellets are
described in more detail below. The UO3 is dissolved in nitric acid, and the resulting solution
is diluted and reacted with ammonium to precipitate ammonium diuranate (ADU). The liq-
uid is decanted, and the ammonium diuranate slurry is dried to remove the water. The re-
sulting ammonium diuranate powder is dried in a rotating kiln in hydrogen gas to produce
UO2 powder. The powder may then be subjected to further physical “conditioning” to im-
prove its mechanical “reactivity” during pellet sintering. Small batches of each powder lot
may be subjected to sintering trials as part of the final QA acceptance test before it is sent to
manufacturers of CANDU fuel bundles.

At each production stage mentioned above, the uranium compound is subjected to stringent
quality control surveillance to ensure that the final product meets industry technical specifi-
cations with respect to the content of specified impurities as well as certain physical charac-
teristics related to subsequent manufacturability. In-reactor behaviour of CANDU fuel bun-
dles has demonstrated that some aspects of fuel performance (e.g., fission product
behaviour) are related not only to powder characteristics, but also to the process parameters
used in producing the powder.

8.2 Fuel Bundle Manufacturing
A simplified CANDU fuel bundle manufacturing flow sheet is shown in Figure 3.

Manufacturing of bundles starts in two separate production streams: production of UO2 pel-
lets (left-hand side (LHS) of Figure 3), and production of sheath sub-assemblies and other
Zircaloy components (right-hand side (RHS) of Figure 3). These two production streams re-
quire such diverse processes and expertise that they are not only carried out in separate
production lines, but also may be carried out at different geographical locations.
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Figure 3 CANDU fuel manufacture:

The UO2 pellet production stream starts with receipt of UO
As received, the powder consists of very fine particles that tend to agglomerate and impede
rapid and consistent filling of the pellet pressing dies.
it is subjected to two physical processes: compaction and granulation (Step 2).
step, a lubricant is also added to aid pellet pressing (Step 3), which is followed by pellet si
tering (Step 4). Sintering is one of the most
precise control of temperature, time, and
Pellet density and density distribution as well as physical integrity (no cracks or “chips”) are
critically dependent on proper control of this process step.

As sintered, the pellets are hourglass
phenomenon). The sintered pellets are ground (Step 5) in a “cent
move the hourglass shape an
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CANDU fuel manufacture: assembly flow chart

pellet production stream starts with receipt of UO2 powder (Step 1, LHS of Figure 3).
As received, the powder consists of very fine particles that tend to agglomerate and impede
rapid and consistent filling of the pellet pressing dies. To improve the “flow” of the pow
it is subjected to two physical processes: compaction and granulation (Step 2).

a lubricant is also added to aid pellet pressing (Step 3), which is followed by pellet si
Sintering is one of the most critical steps in pellet production and requires

precise control of temperature, time, and the atmosphere used during the sintering cycle.
Pellet density and density distribution as well as physical integrity (no cracks or “chips”) are

t on proper control of this process step.

As sintered, the pellets are hourglass-shaped (see Chapter 17 for additional discussion of this
The sintered pellets are ground (Step 5) in a “centreless” grinder to (1) r

move the hourglass shape and produce a straight cylindrical pellet shape, (2) size the pellet
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powder (Step 1, LHS of Figure 3).
As received, the powder consists of very fine particles that tend to agglomerate and impede
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it is subjected to two physical processes: compaction and granulation (Step 2). During this

a lubricant is also added to aid pellet pressing (Step 3), which is followed by pellet sin-
production and requires

atmosphere used during the sintering cycle.
Pellet density and density distribution as well as physical integrity (no cracks or “chips”) are
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less” grinder to (1) re-
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to the desired diameter, and (3) impart a fine finish to the cylindrical pellet surface.

The ground pellets are sorted by diameter and placed into stacks (Step 6) ready for insertion
into sheath sub-assemblies, which come from the second stream. Pellet stack length is con-
trolled to tight tolerances because it is the principal means for ensuring adherence to the
required axial clearance within the fuel element. Pellet stacks and sheath sub-assemblies are
sorted by diameter and matched to satisfy the diametric clearance requirements. In addi-
tion, to prevent interference with the sheath, the pellets at both ends of the stack may be
tapered, or their diameter may be reduced. Additional discussion on this topic is provided
below.

Some of the greatest challenges in CANDU fuel production occur in the UO2 pellet production
stream. These challenges derive from the pellet technical specifications, some of which are
unique to CANDU fuel. A few of the major challenges are high pellet density; precise dimen-
sional control, especially of pellet diameter; small size of permissible visible surface flaws,
referred to as “chips”; and high quality of surface finish, especially the pellet cylindrical sur-
face (see Chapter 17 for additional discussion on pellet/sheath interaction). These chal-
lenges have been successfully met by manufacturers of CANDU fuel. This is substantiated by
the almost complete absence of defects ascribed to pellet manufacturing deficiencies, the
only notable exception being failures observed in “overstuffed” fuel elements, which were
intentionally manufactured to challenge the extreme limits of the relevant parameters:
maximum pellet density, minimum diameter clearance, and minimum axial clearance. Once
defects were witnessed in “overstuffed” elements, the practice was subsequently discontin-
ued.

The second manufacturing stream, the production of sheath sub-assemblies, starts with re-
ceipt of tubes finished to the required diameter and cut to length (Step 1, RHS of Figure 3).
Some manufacturers (including both Canadian manufacturers) have “vertically integrated”
Zircaloy tubing production into this stream, so that the stream actually starts with receipt of
zirconium tube hollow (TREX), which undergoes several stages of reduction and associated
processing (not shown in Figure 3), culminating in cut-to-length tubes.

In parallel with receipt of tubes, Zircaloy sheet/strip, bar/rod, wire, graphite slurry, and beryl-
lium are also received. The sheet (or wire) is used to manufacture spacers and bearing pads
(appendages). When manufactured from sheet, the appendages are punched and “coined”
into their final shape from the sheet after it is coated with beryllium. When manufactured
from wire, the appendages are cut to length, coined, and subsequently coated with beryl-
lium. The appendages are “tacked” to the tubes with spot welds (Step 2) and heated until
the beryllium coating and the Zircaloy metal in the appendage and tube form an alloy, i.e.,
“braze” (Step 3). Appendage dimensions, the shape of the coined surfaces, the thickness of
the brazing metal, and the location and tacking of the appendages on the tube must be con-
trolled to tight tolerances to enable the manufacturer to achieve the required dimensional
tolerances for the assembled bundle. The manufacturers have successfully met the chal-
lenges of this part of the manufacturing process, as evidenced by the absence of any fuel
failures caused by detached appendages or appendages causing bundle incompatibility
within the fuel channel.

Graphite slurry is diluted with water or an industrial alcohol, applied to the inside of the tube
sub-assemblies, and dried to form a coating of precisely controlled thickness and hydrogen
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content referred to as “CANLUB” (Step 4). The effect of CANLUB on in-reactor performance
of fuel elements is discussed in Chapter 17. The ends of the sheath sub-assemblies are ma-
chined (Step 5) to (1) achieve the required final length, and (2) produce the profile required
for end-cap welding. In addition, CANLUB and any debris are removed from the end of the
sub-assembly lest they interfere with the subsequent welding process.

The two process streams (LHS and RHS in Figure 3) come together at the element assembly
step, i.e., the insertion of pellet stacks into the sheath sub-assemblies and the welding of
element end closures (endcaps). Endcaps are machined from bar or rod to match the sheath
sub-assembly weld preparation and to include other features (internal and external) which
are crucial to the final configuration of the element assembly. They are then welded to the
sheath using resistance welding, which is a thermo-electric process.

During resistance welding, the sheath is held by a collet. Heating during resistance welding
softens the sheath locally. The combination of the heating and cooling cycle that occurs dur-
ing the welding cycle and the restraint provided by the collet causes the sheath diameter to
shrink immediately adjacent to the weld. To maintain the minimum required diametric
clearance in this region of the element, the pellets at both ends of the stack have a reduced
diameter (usually tapered to mimic the sheath diameter profile).

After insertion of the pellet stack into the sheath sub-assembly, and before welding of the
end caps, the air trapped inside the sheath sub-assembly is purged with helium (or a mixture
of helium and argon). The end cap is then welded while the weld region is blanketed by inert
gas.

Similarly to the pellet production stream, the Zircaloy component stream has its own unique
CANDU-related challenges, the most unique and critical being the dimensional and process
parameters related to welding of endcaps to sheath sub-assemblies. To appreciate the im-
portance of this operation more fully, it is useful to remember that the largest CANDU reac-
tors have close to one-half million of these welds in the active part of the core and that one
defective weld is cause for concern, requiring urgent action to remove it from the core. In
comparison, LWR reactors have no discontinuities or joints of any type in fuel cladding within
the active part of the core. To make sure that the contribution of endcap welding to defect
statistics in CANDU reactors remains insignificant, defects due to endcap welding must be
maintained at or below the part-per-million (ppm) level, which is extremely challenging.
Careful examination of the fuel manufacturing flow chart, including the relevant component
design and process parameters, reveals more than 15 design and process parameters which
must be maintained within control limits and must come together at the precise moment the
weld is made. It is not surprising that of the very few defects in operating CANDU fuel which
have been ascribed to manufacturing causes, more than 90% are related to endcap welding.
Fuel integrity statistics for CANDU reactors and LWRs are discussed in Chapter 17; notwith-
standing the contribution from endcap welding to defects in CANDU fuel, defects in CANDU
fuel from all causes are significantly fewer than defects in LWR fuel (see Chapter 17).

Following endcap welding, the fuel elements are inserted into an assembly jig and the ele-
ment ends resistance-welded to endplates to form the final fuel assemblies, i.e., the fuel
bundles. End plates are stamped out of an incoming strip. Although this final process in it-
self is not as challenging as some of the processes described above, it is important to note
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that some of the dimensional requirements on the bundle assembly are equivalent in preci-
sion to those which are normally associated with machined components. To achieve this,
manufacturers must have stringent control, not only of the final assembly process, but also
of the processes used to produce the component parts, particularly element sub-assemblies
and endplates.

Manufacturing is the final step in the realization of a product, converting the intent specified
in the design drawings and technical specifications into functioning hardware. For one unit
of energy produced, current CANDU reactors use five to six times the mass of fuel used in
LWRs. Despite this relative disadvantage, fuelling cost per unit energy has always been much
lower for CANDU than for LWR. This can be attributed mainly to three factors: (a) CANDU
reactors avoid the high cost of enrichment, (b) CANDU reactors use 40% less mined uranium
per unit of energy produced than LWRs, and (c) CANDU fuel manufacturers have managed to
keep their fabrication costs very low while keeping fuel reliability very high. In addition, Ca-
nadian fuel manufacturers have also been very successful in transferring access to their
technology to all non-Canadian manufacturers of CANDU fuel.

9 Details of Selected Alternative Fuels and Fuel Cycles
From the ten possible alternative fuel cycles summarized in Section 3, selected five alterna-
tive cycles are described in greater detail in the sections below.

9.1 Natural Uranium Equivalent (NUE) Fuel
In all respects other than the sourcing of the fissile material (235U) and the starting amount of
fissile material (%235U in total U), this “cycle” is essentially the same as the natural uranium
(NU) cycle. The starting feedstock (UO2 ceramic-grade powder) for this cycle is a blend of
recycled enriched uranium (REU) and depleted uranium (DU) from enrichment plant tails.
The proportion of each component is determined by the respective content of 235U in each.
For instance, if the 235U content of REU is 0.9% 235U in total U and that of DU is 0.2% 235U in
total U, then the proportion of the two components per unit weight of the blend, with an
enrichment of 0.71% 235U in total U, can be calculated as follows:

If x is the fraction of REU in the blend, then the fraction of DU is (1 – x). If the enrichment of
the final mixture is 0.71%, then:

x*0.9 + (1 - x)*0.2 = 0.71. (7)

By solving Equation (7) for x, one can conclude that the blend needs to consist of 73% REU
and 27% DU. Similar calculations can also be performed for other combinations of starting
235U contents of the constituent components. It is likely that the blended 235U fissile content
for this cycle will have to be very slightly higher than for NU to compensate for impurities in
the REU and DU, which are expected to be higher than the respective impurities in NU. The
exact 235U content in the blend would be determined for each batch of fuel procured, based
on the measured amount of impurities in each component.

Once the NUE powder has been obtained, the fuel bundle is manufactured using the same
processes that are used to produce NU fuel bundles, as described earlier.

Satisfactory performance of NUE fuel has been confirmed in “demonstration” irradiations in
a commercial power plant in China [Jioa et al., 2009].
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9.2 Extended Burnup Fuel
As noted in Section 3, enriched uranium can be used for several purposes in a CANDU reac-
tor. One of them is to increase significantly the discharge burnup of CANDU fuel. This means
that a given amount of energy can be produced by fewer fuel bundles, reducing the amount
of spent fuel (i.e., high-level waste) that needs to be stored and disposed of.

To balance the above, one must consider (a) the increased cost of fuel, because enrichment
is expensive, (b) technical considerations in several key areas of fuel performance, such as
internal gas pressure, power ramps, corrosion, hydriding, deposits, end-temperature peak-
ing, bowing, high burnup structure, and (c) other effects related to plant operation, such as
the effect of enriched uranium on coolant void reactivity (CVR) and on refuelling operations.

Explanations of how fuel integrity is affected by some of these mechanisms have already
been discussed in Chapter 17 from the perspective of normal CANDU burnup. High burnup
exacerbates some of these, especially those discussed below. The sub-sections that follow
provide additional science that can aid in developing successful fuel designs for extended
burnup, which is a common feature of many of the alternative fuel cycles described in Sec-
tion 3.

From the perspective of maximum utilization of mined uranium, the optimal enrichment
(and hence burnup) for a CANDU reactor is around 1.2%, which is much lower than the typi-
cal enrichments in LWRs. Therefore, many of the performance challenges discussed below
for extended burnup fuel are significantly lower in CANDU fuel than in high-burnup LWR fu-
els.

However, in CANDU fuel, the high burnup occurs in conjunction with high element power,
which frequently exacerbates the challenge to fuel integrity. On the other hand, in CANDU
reactors, on-line fuelling provides a measure of flexibility in shaping the axial and radial
power profiles throughout the core. This can be used to help keep peak element ratings
within limits and reduce the size of power ramps resulting from refuelling.

9.2.1 Internal Gas Pressure

Extended burnup has the potential to increase, among other things, the internal gas pressure
within a fuel element (see Chapter 17). If excessive, the higher gas pressure can potentially
overstress and crack the fuel sheath. Some CANDU fuel elements indeed failed in the Bruce
reactor when they stayed in the reactor for unusually long periods and their internal pressure
inadvertently exceeded failure limits. Likewise, excessive internal pressure has also failed a
few fuel elements in experimental fuels as well [Floyd, 2001].

Three techniques are available to avoid such failures. First, fission gas release can be re-
duced, e.g., by reducing element ratings. Second, the void space in the element can be in-
creased, e.g., by using bigger chamfers, gaps, or plena [Floyd, 2001]. Third, stress concentra-
tions at critical locations can be reduced by using a larger notch radius at the sheath/endcap
junction [Tayal et al., 1993], see Figure 4.
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Figure 4 Illustrative

9.2.2 Zircaloy ductility and power ramp

As noted in Chapter 17, a power ramp causes thermal expansion of
pushes the sheath. The sheath can crack if its strain exceeds its ductility in the corros
vironment of fission products.

Irradiation reduces the ductility of Zircaloy significantly
1995]. For example, Figure 5 suggests that irradiation to 200 MWh/kg reduces the ductility
of Zircaloy by a factor of three to four

Figure 5 Illustrative effect of irradiation on ductility of Zircaloy

Decreased ductility leads to lower tolerance to power ramps at
ter 17 (Section 8.2), the power ramp defect threshold of the sheath
row burnup range of 140 ± 20 MWh/kgU. Fuel can be operated to much higher burnups,
especially LWR fuel and extended burnup CANDU fuel. T
for such fuel, we need to know the power ramp defect thresholds at the higher burnups. To
obtain an illustrative idea, let us use Figure 5 of this chapter to extend the defect threshold
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[Source: Page, 1976]

Illustrative notch at the sheath/endcap junction

9.2.2 Zircaloy ductility and power ramp

power ramp causes thermal expansion of a pellet
pushes the sheath. The sheath can crack if its strain exceeds its ductility in the corros
vironment of fission products.

Irradiation reduces the ductility of Zircaloy significantly, as illustrated in Figure 5 [Tayal
1995]. For example, Figure 5 suggests that irradiation to 200 MWh/kg reduces the ductility

three to four compared to its initial as-fabricated value.

[Source: Tayal et al., 1995]

Illustrative effect of irradiation on ductility of Zircaloy

Decreased ductility leads to lower tolerance to power ramps at extended burnups. In Cha
the power ramp defect threshold of the sheath was considered

row burnup range of 140 ± 20 MWh/kgU. Fuel can be operated to much higher burnups,
especially LWR fuel and extended burnup CANDU fuel. To design safe operating conditions
for such fuel, we need to know the power ramp defect thresholds at the higher burnups. To
obtain an illustrative idea, let us use Figure 5 of this chapter to extend the defect threshold
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pellet, which in turn
pushes the sheath. The sheath can crack if its strain exceeds its ductility in the corrosive en-

Figure 5 [Tayal et al.,
1995]. For example, Figure 5 suggests that irradiation to 200 MWh/kg reduces the ductility

fabricated value.

Illustrative effect of irradiation on ductility of Zircaloy

extended burnups. In Chap-
was considered in a nar-

row burnup range of 140 ± 20 MWh/kgU. Fuel can be operated to much higher burnups,
o design safe operating conditions

for such fuel, we need to know the power ramp defect thresholds at the higher burnups. To
obtain an illustrative idea, let us use Figure 5 of this chapter to extend the defect threshold
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curve of Figure 24 in Chapter 17 t
burnups can decrease resistance to power ramps in non
tially rapid, but slows down after burnup of about 100 MWh/kgU. Similar trends are e
pected in CANLUB fuel as well.

Figure 6 Illustrative effect of burnup on power ramp defect threshold

Exercise: As an illustrative example, assume that a power ramp of 10 kW/m is being consi
ered in non-CANLUB fuel at a
ing at 20 kW/m. (a) Will the fuel survive this ramp? (b) Will the fuel survive the same ramp
if its pre-ramp power is 30 kW/m?

Figure 6 shows that the first ramp is below the defect threshold,
survive it. The second ramp, however, is above the defect threshold
have a non-zero probability of

If the fuel’s expected ramps are significantly higher than the defect threshold, appropriate
steps must be taken to increase the sheath
for example, optimizing the shape of
coating of CANLUB to reduce the concentration of aggressive species of fission prod
the sheath surface; or even an

The decreased ductility of Zircaloy at extended burnup also affects several other areas of fuel
performance, for example the mechanical strength of the endplate during discharge. The
factors must all be considered carefully during the design process.

9.2.3 Corrosion

Higher burnup is usually associated with longer residence period
increase sheath corrosion. This
the sheath, which is in contact with water.
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Chapter 17 to other burnups. The result, Figure 6, illustrates how higher
burnups can decrease resistance to power ramps in non-CANLUB fuel. The decrease is in

but slows down after burnup of about 100 MWh/kgU. Similar trends are e
l as well.

Illustrative effect of burnup on power ramp defect threshold

As an illustrative example, assume that a power ramp of 10 kW/m is being consi
a burnup of 300 MWh/kgU. Before the ramp, the fuel is opera

ing at 20 kW/m. (a) Will the fuel survive this ramp? (b) Will the fuel survive the same ramp
ramp power is 30 kW/m?

that the first ramp is below the defect threshold, and therefore the fuel wil
survive it. The second ramp, however, is above the defect threshold; therefore

zero probability of developing defects.

s expected ramps are significantly higher than the defect threshold, appropriate
taken to increase the sheath’s tolerance to power ramps. These could include,

shape of the pellet to decrease its thermal expansion;
coating of CANLUB to reduce the concentration of aggressive species of fission prod

an entirely new CANLUB formulation.

The decreased ductility of Zircaloy at extended burnup also affects several other areas of fuel
performance, for example the mechanical strength of the endplate during discharge. The

must all be considered carefully during the design process.

Higher burnup is usually associated with longer residence periods. The latter can potentially
This tends to be much more pronounced at the outer surface of

which is in contact with water.
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o other burnups. The result, Figure 6, illustrates how higher
fuel. The decrease is ini-

but slows down after burnup of about 100 MWh/kgU. Similar trends are ex-

Illustrative effect of burnup on power ramp defect threshold

As an illustrative example, assume that a power ramp of 10 kW/m is being consid-
the ramp, the fuel is operat-

ing at 20 kW/m. (a) Will the fuel survive this ramp? (b) Will the fuel survive the same ramp

therefore the fuel will
therefore, the fuel will

s expected ramps are significantly higher than the defect threshold, appropriate
s tolerance to power ramps. These could include,

pellet to decrease its thermal expansion; a thicker
coating of CANLUB to reduce the concentration of aggressive species of fission products at

The decreased ductility of Zircaloy at extended burnup also affects several other areas of fuel
performance, for example the mechanical strength of the endplate during discharge. These

. The latter can potentially
tends to be much more pronounced at the outer surface of
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When part of the sheath corrodes, its ability to carry mechanical load decreases. Strength
assessments must account for this loss, and therefore we need to quantify sheath corrosion.
Furthermore, very thick layers of oxide tend to flake, causing a potential for debris and de-
posits in the heat transport system. In addition, flaking often leaves behind non-uniform
patches of oxides. These cause significant axial and circumferential variations in sheath tem-
perature, which in turn cause hydrogen and deuterium to diffuse and concentrate at local
peaks. The shape of the resulting hydrogen- (and deuterium)-rich areas often resembles a
lens, and therefore the product is often called a “hydrogen lens”. If local peaks of hydrogen,
hydrides, deuterium, and deuterides become pronounced, they can embrittle the sheath,
which in turn can significantly challenge its mechanical integrity. For all the above reasons,
the extent of corrosion must be kept within acceptable limits.

In CANDU reactors, lithium hydroxide (LiOH) is added to maintain coolant pH in the 10.5
range, which is intended to minimize deposition of iron-based system corrosion products
(“crud”) on both fuel surfaces and steam generator tubes [Barber et al., 1982]. From out-of-
reactor autoclave tests, several investigators have determined that oxidation of zirconium
alloys is not affected by the LiOH concentrations that are required to maintain coolant pH
near 10.5. Similarly, in-reactor, no acceleration of zirconium-alloy oxidation has been ob-
served in the pre-transition oxidation period, with additions of lithium hydroxide to control
pH in the 10.5 range. However, under very long exposures and high burnups which develop
relatively thick post-transition oxide films, some acceleration of oxidation has been observed
on fuel elements in light water reactors [Garzarolli et al., 1982; Cox, 1985]. The latter has
been attributed to possible concentration of the lithium hydroxide within the thick oxide
films due to temperature rise during heat transfer [Courtesy COG].

Waterside corrosion has indeed been identified in LWRs as a process that warrants the use of
more corrosion-resistant materials in the sheaths of very high burnup fuels. In CANDU reac-
tors, however, the burnup, and therefore the residence period, is far less, and therefore cur-
rent CANDU reactors are still quite far from requiring such an expensive change. Even in en-
riched CANDU fuel with burnup of about 30 MWd/kg, corrosion is not expected to be a
problem.

In summary, there are many detailed nuances in sheath corrosion. Nevertheless, for pur-
poses of this initial introduction, Figure 7 shows an illustrative progression of sheath corro-
sion with burnup. Note the large scatter in the data, which is typical. Also note that the
overall trends are similar in CANDU and PWR sheaths.


