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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.

http://en.wikipedia.org/wiki/Nuclear_reprocessing
http://en.wikipedia.org/wiki/Nuclear_reprocessing
http://en.wikipedia.org/wiki/Used_nuclear_fuel
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2 Neutronics of Fuel Cycles

2.1 Definitions

Fissile Nuclides: Nuclides that have a significant fission cross section at zero energy.

Fissile nuclides can fission by reacting with a neutron of any kinetic energy, including zero or
near-zero kinetic energy (i.e., a slow/thermal neutron).

Example of fissile nuclides: 235U, 239Pu, 233U, 241Pu.

235U is the only naturally-occurring fissile nuclide. The interaction of 235U with a thermal neu-
tron gives 236U, which may fission in about 10-14 seconds, releasing on average about 2.5 neu-
trons. Therefore, we can write:

n + 235U → Fission Products + 2.5n + γ. 

Fissionable Nuclei: Nuclides that can undergo fission (either by a slow or by a fast neutron)
are called fissionable. Fissile nuclides are therefore a sub-category of fissionable nuclides.
Nuclides which can fission only by reacting with a neutron of high kinetic energy (i.e., a fast
neutron) are fissionable, but not fissile.

Examples of fissionable nuclides that are not fissile: 232Th, 238U.

In the case of some non-fissile but fissionable nuclides, the energy-dependent fission cross
section displays a threshold with incident neutron energy. The cross section is negligible up
to the high energy threshold and has a step increase at the threshold.

Fertile Nuclides: Fertile nuclides are nuclides that can capture a neutron and transmute into
a fissile nucleus following one or more nuclear decays.

Examples of fertile nuclides: 232Th, 238U (these happen to be fissionable as well).

Conversion Ratio C

To yield fissile nuclides, fertile nuclides must be irradiated with neutrons, which are created
as a result of fission. Fission, in turn, consumes fissile nuclei, as does capture. We can look
at the process of converting fertile nuclides into fissile ones as consuming some fissile nu-
clides [Lamarsh, 1966].

The conversion ratio C can be defined as:

)( captureradiativeandfissionbyconsumedarenuclidesfissilewhichatrate

nuclidesfertileofconversionbyreactorentiretheinproducedarenuclidesfissilewhichatrate
C 

;

i.e., C is the average number of fissile nuclides produced by conversion per fissile nuclide
consumed (by fission and radiative capture).

The total number of fissile nuclides produced starting from N initial fissile nuclides can be
calculated as:

C

NC
NCNCNC




1
32 

,

where C < 1.

Including the initial fissile nuclides, the total number of fissile nuclides available for fission is
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therefore:

1 1

NC N
N

C C
 

  .

It can be seen that the total number of nuclides available for fission increases with the con-
version ratio. Because C is a function of the aggregate nuclear properties of fuel which can
change with time, the value of C can also change with time.

If C > 1, more fissile nuclides are created than destroyed. C is then called the breeding ratio.
Breeding can therefore be thought of as conversion with C > 1. When breeding occurs, the
breeding gain can be defined as:

1 CG .

Fuel Burnup

The specific burnup (sometimes called just burnup, ω) equals the fission energy produced per 
unit mass of heavy elements in the fuel:

Fission Energy Generated

Total Initial Mass of Heavy Nuclides in Fuel


.

The usual units for fission energy are either MWh or MWd. Because 235U is by far the most
frequently used fissile material, initial mass is usually expressed either as kg or T (tonnes) of
U. However, if other fissile materials are used, e.g., plutonium or a mixture of uranium and
plutonium, then the initial mass is usually expressed as kg or T of HE (heavy elements).

2.2 Dynamics of Depletion

The reactions by which fertile nuclides produce fissile nuclides are, for example:

232 233 233 233

decay decay
n Th Th Pa U

 


 
     (1)

238 239 239 239

decay decay
n U U Np Pu

 


 
     (2)

and subsequently:

239 240n Pu Pu   (3)

240 241n Pu Pu   . (4)

Figure 1 illustrates a more generalized conversion of fertile nuclides to fissile nuclides.
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Figure

Recall from neutron physics that
(i.e., +n), whereas moving left
arrows and appropriate symbols (i.e.
above.

The general nuclide history can be followed by modelling all processes involved [
1966; Garland, 2005]:

1. loss by decay of the nuclide
2. loss by neutron capture by the nuclide, which transmutes it into another isotope of

the same element;
3. production by decay from a parent nuclide
4. production by capture transmutation
5. imposed fuel loading changes.

The first four processes in this
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Figure 1 Transformation of specific isotopes

Recall from neutron physics that moving to the right in Figure 1 involves adding a neutron
moving left and up involves beta decay (i.e., β-). For clarity, Figure 1

arrows and appropriate symbols (i.e., +n, β-, etc.) mainly for the key reactions discussed

The general nuclide history can be followed by modelling all processes involved [

loss by decay of the nuclide;
neutron capture by the nuclide, which transmutes it into another isotope of

production by decay from a parent nuclide;
production by capture transmutation;
imposed fuel loading changes.

in this list are illustrated in Figure 2.
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moving to the right in Figure 1 involves adding a neutron
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The general nuclide history can be followed by modelling all processes involved [Lamarsh,

neutron capture by the nuclide, which transmutes it into another isotope of
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Figure 2 Generalized isotope transformation processes

The governing rate equation is:

A
A A a A B B C

(1)decay

dN
N N N N F(t)

dt
          


where NA, NB, NC are the number of nuclei (#/cm
the associated decay constant (sec

microscopic cross sections (cm
safely assume that the flux is constant over the integration time
equation numerically. In general, there are many
simultaneously, thereby track
that the two production processes (3 and 4 above
tion, called conversion or breeding

The above process yields information on whether or not a given combination and arrang
ment of materials will achieve criticality and sustain the chain re
can be so produced. The detailed
general principles that are outlined in earlier chapters on physics and are usually
plished mainly by changing the

3 Overview of Some Possible

This section outlines some possible fuel
the enriched uranium cycle, the
low void reactivity fuel.

In addition, this section also outlines some interesting and clever fuel cycles that involve e
tracting significant additional energy from
mally be considered as “spent
having delivered all the energy that is
additional energy in this manner are:
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Generalized isotope transformation processes

The governing rate equation is:

 
A C

A A a A B B C

fuel loading(3)parent decay
(2)neutron capture (4)capture transmutation

N N N N F(t)                  

the number of nuclei (#/cm3) for isotopes A, B and C respectively
the associated decay constant (sec-1),  is the neutron flux (#/cm2-sec) and

(cm2) for neutron absorption and capture respectively
safely assume that the flux is constant over the integration time step and can
equation numerically. In general, there are many nuclides to track, so they are all
simultaneously, thereby tracking the depletion and growth of the various fuel
that the two production processes (3 and 4 above) mean that there is potential for fuel cre

breeding as explained earlier.

The above process yields information on whether or not a given combination and arrang
ment of materials will achieve criticality and sustain the chain reaction and how much energy
can be so produced. The detailed “physics” evaluations of specific fuel cycles
general principles that are outlined in earlier chapters on physics and are usually

the inputs of appropriate “generic” physics codes.

Some Possible Fuels and Fuel Cycles

This section outlines some possible fuels and fuel cycles such as the natural uranium cycle,
the thorium cycle, the breeding cycle, actinide burning fuel, and

In addition, this section also outlines some interesting and clever fuel cycles that involve e
additional energy from Light Water Reactor (LWR) fuel that would no

spent”—that is, fuel that has been discharged from the reactor after
energy that is reasonably expected from it. Some cycles that extract

additional energy in this manner are: the recovered uranium cycle, the

The Essential CANDU

Fuel Cycles – March 2015

fuel loading
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for neutron absorption and capture respectively. We can
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they are all solved for
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fuel that would nor-
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DUPIC cycle, and the Tandem cycle. They are also outlined in this section.

3.1 Reprocessing

Before we delve into various fuel cycles, we first outline reprocessing of LWR fuel as it per-
tains to this chapter.

Considerable quantities of fission products gradually accumulate inside the fuel element dur-
ing irradiation. Some fission products are parasitic in that they absorb neutrons without
creating proportionate heat. This leaves fewer neutrons to continue the chain reaction, and
at some stage, further irradiation of that material risks shutting down the chain reaction.
Therefore that fuel is removed from the reactor and is frequently labelled as “spent” or
“waste” or “discharged”.

Uranium fuel used in LWRs has an initial 235U concentration (enrichment) of between 3% and
5%. After many months (sometimes even a few years) of generating energy in the reactor,
most but not all of the original 235U in typical enriched fuels in LWRs is largely used up (e.g.,
by fission and by radiative capture). Likewise, some fertile nuclides in the fuel, as well as
some fissionable nuclides produced by fertile nuclides, are also used up. However, fission-
able nuclides are not at zero concentration when the fuel is discharged from the reactor.
Spent fuel retains some of the original enriched uranium, and it also contains some fissile
plutonium that is produced by the chain reaction (see equations and discussion in Section 2
and in earlier chapters on physics).

The residual fissile content in spent LWR fuel depends on the starting enrichment and the
discharge burnup; nevertheless, for illustration purposes, let us say that it is typically in the
range of about 1.5% (235U + 239Pu + 241Pu). From the perspective of a CANDU reactor, this is a
much higher fissile concentration than even the usual fresh (non-enriched) CANDU fuel
(0.7%). Even though LWRs cannot continue to “burn” that fuel, CANDU reactors can, due to
the latter’s superior neutron efficiency. This creates an opportunity to generate additional
energy from spent LWR fuel in a variety of ways, as described later in this section.

However, to make effective use of available thermal neutrons, we first need to remove suffi-
cient parasitic neutron absorbers—such as fission products—from spent LWR fuel. This is
done through “reprocessing”.

Very simplistically, let us think of fuel as having the following initial and final states before
and after its irradiation in an LWR:

235U (3-5%) + 238U    →  {235U + Pu} (about 1.5%) + 238U + fission products (FPs)

(fresh LWR fuel) (spent LWR fuel)

Let us next focus only on the right-hand side of this expression. Discussions later in this sec-
tion use the terms explained below:

 For purposes of this chapter, “conventional reprocessing” or “full reprocessing” means
extracting, separating, and purifying uranium (mostly 235U and 238U) and plutonium
(mostly 239Pu and 241Pu) in spent fuel. This, however, leads to some concerns that col-
lected plutonium can potentially be diverted towards nuclear proliferation. Full repro-
cessing generally consists of the following main steps: (Step #1) Irradiated fuel is dis-
solved; (Step #2) Plutonium and uranium are separated from fission product and then
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(Step #3) from each other; and (Step #4) purified for enrichment (in the case of REU) or
(Step #5) recycling as MOX.

 In one variant involving partial reprocessing, all fission products are removed from spent
fuel, but plutonium is neither separated from uranium nor extracted separately, and
therefore concerns about proliferation are reduced compared to “full reprocessing”.
This product is used in the “Tandem cycle” (discussed later).

 In another variant involving partial reprocessing, no dissolution of spent fuel takes place.
The gaseous fission products are removed by crushing and heating the spent fuel; the
solid fission products are retained in the fuel. The high residual radio-toxicity of this
product significantly reduces its attractiveness for potential diversion, which further di-
minishes concerns about nuclear proliferation. This product is used in the “DUPIC cycle”,
as described later in this chapter.

 Plutonium recovered from full reprocessing is used to generate electricity in the “MOX
cycle”.

 Uranium that is collected from full reprocessing is called “recovered uranium” (RU). Its
235U fraction in spent LWR fuel is higher than in natural (as-mined) uranium. RU is used
to generate electricity in the “recovered uranium” cycle.

In summary, a variety of fissile and fertile materials are available from different sources in
multiple forms such as natural uranium, enriched uranium, thorium, various products of full
or partial reprocessing, and others (e.g., dismantled nuclear weapons). This presents oppor-
tunities to design a variety of fuels and fuel cycles in neutron-efficient CANDU reactors, some
of which are outlined in the following sections.

3.2 Natural Uranium Fuel Cycle

In this cycle, the initial fissile nuclide is 235U as found in mined (natural) uranium. This yields
an inexpensive fuel which is the staple of the current generation of CANDU nuclear power
plants.

Fission of initial 235U is subsequently augmented by plutonium, produced by neutrons cap-
tured in 238U. By the time the fuel is discharged from the reactor, almost half the fissions
come from plutonium.

3.3 Enriched Uranium Fuel Cycle

This cycle uses 235U as the initial fissile nuclide that has been enriched, typically to less than
5%.

Enriched uranium fuels are the staples of a variety of reactor types, such as pressurized wa-
ter reactors (PWRs), boiling water reactors (BWRs), and Russia’s VVER/RBMK reactors. In
these reactors, enrichment is used to provide an abundance of fissile atoms, which (1) in-
creases the probability of neutron fission and decreases the importance of moderator effi-
ciency, and (2) prolongs the period before fissile atoms must be replenished in the reactor.

During the late 1900s and early 2000s, CANDU reactor designers seriously considered using
enriched fuels in designs such as the Advanced CANDU Reactor (ACR) [Reid et al., 2008] and
in low void reactivity fuels [Boczar et al., 2004]. In CANDU reactors, the additional neutrons
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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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3.10 Actinide Burning Fuel

The back end of the fuel cycle continues to attract considerable public scrutiny. A potential
amelioration involves reducing the duration for which used fuel remains a radioactive hazard.
This could potentially be achieved by fissioning some of the long-lived actinides from used
LWR fuels in fast reactors. In a variant of this concept, actinides can first be removed from
used LWR fuel (through an enhanced reprocessing route) and blended with a fuel matrix
such as uranium, thorium, or a neutronically inert material such as zirconia and used as fuel
in a CANDU reactor. The resulting waste would have significantly lower decay heat and ra-
diotoxicity. These actinide-burning CANDU reactors could be used on their own to dispose of
spent fuel or in conjunction with fast burner reactors. Use of the CANDU burner reactor
would significantly reduce the number of fast reactors that would need to be built for ulti-
mate destruction of LWR actinide waste [Hyland et al., 2010; Bhatti et al., 2013].

As a by-product, this process would also create many rare earths, which are economically
very valuable.

3.11 Breeding Cycles

In fast reactors, breeding cycles are possible: more fissile fuel is produced from fertile nu-
clides than the amount of fissile fuel destroyed. This cycle in fast breeder reactors can then
be used multiple times to increase the use of nuclear-fuel resources. For example, 238U is
one of the possible fertile fuels for breeder cycles. This nuclide makes up most of mined
uranium—over 99%—compared to 0.7% of 235U. Although current thermal reactors do also
convert a tiny fraction of the original 238U into energy, designs of thermal reactors are tai-
lored primarily towards extracting energy from the relatively miniscule fraction of 235U that
exists in mined uranium. Through breeder cycles, we can produce energy from a far greater
fraction of the much more abundant 238U, thus increasing humankind’s nuclear-fuel re-
sources by factors of 50–100 compared with their use in thermal reactors.

4 Key Drivers for Advanced Fuel Cycles

This section provides a broad overview of some of the more significant advantages of alter-
native fuel cycles.

4.1 Increase the Sustainability of the Nuclear Fuel Cycle

Energy resources can be expanded, sometimes dramatically, through the following methods
individually or in combination:

 By using thorium, which is much more abundant than uranium. Thorium fuel has other
advantages as well in safety, in-reactor performance, and long-term waste reduction, as
discussed in Section 9.3;

 By using plutonium, which can be obtained from a variety of sources such as dismantled
warheads or by reprocessing used fuel, as discussed in Section 9.4;

 By using enriched uranium, which can be obtained from a variety of sources such as
dismantled warheads or by reprocessing used LWR fuel, as discussed in Section 9.2;

 By using used LWR fuel, which has been reconfigured (but not reprocessed), in a CANDU
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reactor;

 By using a breeder reactor to extract energy from 238U, which constitutes over 99% of
natural uranium, as discussed in Section 9.5.

Section 5 gives a more detailed discussion of resource extension.

4.2 Improve Fuel Cycle Economics

The natural uranium (NU) fuel cycle, which is currently used in CANDU power reactors, pro-
vides low-cost fuel and the highest uranium utilization (energy derived from mined uranium)
of any current commercial reactor. The fuel bundles for this cycle are also relatively easy to
manufacture. Nevertheless, the economics of the CANDU reactor can be further improved
by using enriched uranium. Enriched fuel can be used to:

 Reduce the initial capital cost of a CANDU reactor by enabling the use of lower-cost light
water coolant.

 Safely uprate reactor power: Enriched uranium fuel can also be used to uprate reactor
power (if allowed by the rest of the plant) by flattening the radial channel power distri-
bution across the core. This means that the channels produce close to the same amount
of power and that about 15% more power can be extracted from the same number of
fuel channels in a given size of reactor.

 Safely increase bundle power: Different amounts of power are produced in different
rings of fuel elements. By adding different degrees of enrichment to the fuel elements
that produce low power in different rings, their heat output can be raised without ex-
ceeding the safe limits of local power (including considerations of heat removal).

 Increase the lifetime of plant components by measures such as thickening the pressure
tubes, thus reducing their creep rate and increasing their service life. The enriched fuel
compensates for the increase in parasitic material in the core. Longer service life means
that mid-term replacement of pressure tubes can be delayed, thus extending the total
life of the plant.

 Increase the efficiency of the steam cycle. Thicker pressure tubes also permit operation
at higher coolant pressure and hence at higher outlet temperature. At the higher tem-
perature, steam converts a higher fraction of its thermal energy into electricity. This in
turn increases the overall efficiency of the steam cycle.

 Reduce the frequency of on-power fuelling. Higher burnup means a longer residence
period of the fuel in the channel. This, in some cases, translates into less frequent chan-
nel fuelling and hence a decreased number of duty cycles on the fuelling machines. This
in turn may potentially also increase the time available for maintenance of these ma-
chines.

 Reduce the volume of spent fuel by extending the burnup. The cost of storage, however,
may not be reduced proportionally due to other considerations.

 Reduce the cost of the long-term disposal of spent fuel through the transmutation of
hazardous fuel components such as long-lived actinides.
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4.3 Improve the Health and Environmental Impacts of the Fuel Cycle

The health and environmental impacts of nuclear power can be improved by using enriched
uranium in CANDU reactors and by transmuting hazardous components of the fuel, such as
long-lived actinides, in a reactor. This reduces the mass of these materials that requires long-
term disposal. This in turn reduces the size of the repositories that will be required and re-
duces potential impacts on human health and the environment.

4.4 Improve Safety Characteristics

Additional neutrons produced by enriched fuel can be used to offset the reactivity reduction
when burnable neutron absorbers are used to reduce coolant void reactivity, as discussed in
the section on low void reactivity fuel.

4.5 Improve the Proliferation Resistance of Fuel Cycles

The proliferation resistance of used nuclear fuel can be improved by irradiating derivatives in
CANDU reactors, as follows:

 Burn both weapons plutonium and plutonium from used reactor fuel, thereby reducing
the inventory of material for potential use in a nuclear explosive device.

 Use new fuel types (such as thorium denatured with 238U) which create spent fuel that is
unattractive for use in nuclear explosives.

5 Resource Extension: A Major Incentive

This section expands on one benefit of alternative fuel cycles noted in the section above:
extension of world-wide resources for fission energy. Although the subject has been consid-
ered by many analysts, the discussion below is based largely on Meneley’s analysis [2006] of
the world energy situation over the next 100 years, focussing largely on oil and nuclear.

As the world’s population and living standards continue to rise, demand for energy is also
likely to increase, despite conservation. Oil supply analysts agree that world oil production
must decline at some time during the 21st Century; some say that we can expect to see the
peak of world oil production very soon. Therefore, there could be a substantial long-term
gap (demand minus supply) in availability of primary energy. If nuclear energy is used to fill a
significant fraction of the expected energy gap, would it also soon run into resource limita-
tions?

Table 1 summarizes the energy requirements of various fuel cycles in thermal reactors. For a
given amount of mined uranium, the fuel cycle that is neutronically the most efficient—1.2%
enriched uranium in a CANDU reactor—produces about 90% more energy than the cycle that
is neutronically the least efficient.
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Table 1 Energy output per megagram of mined uranium

MWy(e)/Mg

Enriched U in PWR, BWR 4.61

Pu Recycle in PWR, BWR 5.41

DUPIC (PWR → CANDU reactor) 6.37 

Natural U in CANDU reactor 6.37

1.2% Enriched U in CANDU reactor 8.77

[Source: D. Meneley, 2006]

Based largely on the projections of the International Energy Agency (IEA) supplemented as
required by assumptions, Meneley deduced that to fill the projected world-wide gap in pri-
mary energy, we would need some 6,000 nuclear reactors, each with a capacity of 1 GWe.
This is significantly more than the currently installed nuclear capacity world-wide.

Table 2 summarizes Meneley’s results for years of uranium availability for the above scenario,
i.e., a nuclear capacity of 6 TWe. It suggests that if enriched 235U were used to fuel pressur-
ized water reactors (PWRs) or boiling water reactors (BWRs), the planet’s identified uranium
resources would last about 30 years. If the same 235U were instead used in natural-uranium
CANDU reactors, the uranium resources could be extended to last about 42 years. If 1.2%
enriched uranium were used in CANDU reactors, these uranium reserves would last about 58
years. The extension from about 30 years in LWRs to about 58 years in CANDU reactors is
largely due to the superior neutron efficiency of the latter.

If plutonium is recovered from used fuels and reused in LWRs, reactors can be run for 36
years. Alternatively, if used LWR fuel is reused in CANDU reactors in a DUPIC cycle along with
top-up enriched uranium, reactors can be run for 42 years—even without the expensive in-
termediate step of extracting plutonium.

Note, however, that when uranium eventually becomes scarce, prices will likely increase,
exploration will be spurred, and additional reserves can be expected to be discovered.
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Table 2 Years of uranium availability

Megawatt-Years
per Tonne

Years of Uranium
Availability for 6000
1000-MWe Units

Enriched U in PWR, BWR 4.61 30

Pu Recycle in PWR, BWR 5.41 36

DUPIC (PWR → CANDU Reactor) 6.37 42

Natural U in CANDU Reactor 6.37 42

1.2% Enriched U in CANDU Reactor 8.77 58

Fast Reactor 1,000 6700

Fast Reactor using Seawater* 1,000 >100,000

* Seawater contains about 0.003 ppm of uranium, for a total of over 4 billion tons of ura-
nium.

[Courtesy D. Meneley; Extracted from a presentation to Canadian Nuclear Society by D. Me-
neley, 2006]

A more dramatic way to extend our energy resources is to breed fissile materials from fertile
materials. This can usually be done in two ways: one, fertile 232Th can be converted into fis-
sile 233U; and two, fertile 238U can be converted into fissile 239Pu, as summarized below.

“The absorption cross-section for thermal neutrons of 232Th (7.4 barns) is nearly three times
that of 238U (2.7 barns). Hence, a higher conversion (to 233U) is possible with 232Th than with
238U (to 239Pu). Therefore, 232Th is a better ‘fertile’ material than 238U in thermal reactors, but
232Th is inferior to 238U as a ‘fertile’ material in fast reactors. For the ‘fissile’ 233U nuclide, the
number of neutrons liberated per neutron absorbed is greater than 2.0 over a wide range of
the thermal neutron spectrum, unlike 235U and 239Pu. Therefore, contrary to the 238U-to-239Pu
cycle in which breeding can be obtained only with fast neutron spectra, the 232Th-to-233U fuel
cycle can operate with fast, epithermal, or thermal spectra” [IAEA, 2005].

Thorium resources have not yet been explored as extensively as uranium; nevertheless, ex-
perts estimate that thorium in the Earth’s crust is some three to four times as abundant as
uranium [IAEA, 2005]. Boczar et al. [2010] have estimated that “if all the plutonium from
used natural uranium fuel from existing CANDU reactors operating over their lifetime were to
be used in a mixed thorium/plutonium cycle, two to three times the existing nuclear capacity
in Canada (currently about 15 GWe) could be sustained indefinitely” in a self-sufficient tho-
rium cycle in a CANDU reactor, e.g., a near-breeder. With a breeder, an expanding nuclear
system could be fueled essentially indefinitely (depending on the breeding ratio).

Other experts have estimated that 238U in “waste” CANDU fuel alone that has already been
accumulated in Canada can, after reprocessing and recycling in fast breeder reactors, pro-
duce some 4,000 years of electricity at today’s consumption rates [Ottensmeyer, 2012].
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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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In summary, the choice of a specific fuel cycle must consider not only the drivers discussed
earlier, but also other techno-commercial and geo-political aspects, some of which are noted
above.

7 Pertinent Features of the CANDU Reactor

A number of features of a CANDU reactor enable it to use alternative fuel cycles more effec-
tively than other reactor types, mainly through higher neutron efficiency and also through
easier processing and fabrication of recycled fuel. These features are explained below.

Higher Neutron Efficiency

Natural uranium has low fissile content. To enable fission in a sustained chain reaction,
CANDU reactors are, of necessity, designed with high neutron efficiency. This in turn makes
CANDU reactors attractive for using other low-fissile materials in alternative fuel cycles.

The following main features contribute to the high neutron efficiency of CANDU reactors
[Boczar, 2012]:

 CANDU reactors use heavy water (D2O) as both moderator and coolant. This reduces
parasitic absorption of neutrons compared to light water.

 The moderator, which is separate from the coolant, is at low temperature. This pro-
motes neutron efficiency.

 In CANDU reactors, a small cluster of fuel elements (i.e., a fuel bundle) is surrounded by
a large amount of low-temperature moderator. This thermalizes a higher fraction of
neutrons.

 The principal structural components inside the core, e.g., the calandria tubes, pressure
tubes, and fuel bundle, are made from zirconium alloys. This reduces parasitic absorp-
tion of neutrons, for example in comparison to components made of stainless steel.

 CANDU reactors use relatively thinner structural materials. For example, as a proportion
of fuel element diameter, sheaths are significantly thinner in CANDU reactors than in
LWRs, reducing parasitic absorption of neutrons in the former.

 CANDU reactors are refueled on-power, as necessitated by the use of NU. This has a
consequential benefit in that the reactor can be operated effectively with low excess re-
activity in the core, obviating the need for burnable neutron absorbers and minimizing
neutron absorption in control materials.

 CANDU reactors contain equipment for on-power refuelling, which provides flexibility in
accommodating alternative fuels.

The resulting high neutron economy of a CANDU reactor enables high fuel utilization regard-
less of the fissile material (233U, 235U, or plutonium). About 90% more energy can be ex-
tracted from a particular fissile material than in an LWR reactor [Boczar et al., 1996], as
shown in Table 1.

Easier Fabrication and Reprocessing of Fuel

The simple, small fuel bundle design of a CANDU reactor (see Chapters 8 and 17) facilitates
remote processing and fabrication for highly radioactive recycled fuels.

A key “enabler” of these advantages is the separation of moderator and coolant in a CANDU
reactor through pressure/calandria tubes. This separation permits the reactor designer to
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adjust the moderator and the coolant independently to exploit neutronic characteristics
more effectively. For example, the moderator can be kept at low temperature to promote
neutron efficiency, while the coolant can simultaneously be kept at high temperature to
promote the thermal efficiency of the steam cycle. In another example, the choice of cool-
ant fluid and the moderator-to-coolant-volume ratio can potentially be fine-tuned to reduce
capital cost without adversely affecting fuel cooling, as is done with the Advanced CANDU
Reactor. CANDU reactors are unique among successful contemporary reactor systems in of-
fering this important flexibility to designers.

8 Natural Uranium Fuel Cycle

The front end of the NU cycle starts with mining, refining, and conversion of uranium into
ceramic UO2 powder. The next segment of the front end is fuel manufacturing, including the
procurement and processing of Zircaloy components. These front-end segments are de-
scribed below.

8.1 Production of Ceramic UO2 Powder

The steps involved in production of reactor-grade ceramic UO2 powder include mining, refin-
ing, and conversion, as summarized below.

There are four methods of obtaining uranium from ores:

 Open-pit mining;

 Underground mining (the main method until the recent past);

 In-situ leaching (currently the leading method);

 Recovery from mining of other minerals such as copper, phosphate, or gold.

Regardless of how the uranium is obtained, it cannot be fed directly into a nuclear power
station because it contains mineral and chemical impurities, including radioactive daughter
products of uranium. Processing is required before uranium can be used efficiently to gener-
ate electricity.

If uranium is obtained by open-pit or underground mining, the first process after mining is
crushing (milling) of the ore, followed by dissolution in an acid or alkaline medium to sepa-
rate the uranium metal from unwanted rock and purification with chemicals which selec-
tively leach out the uranium. The uranium-rich solution is then chemically separated from
the remaining solids and precipitated out of solution. Finally, the uranium is dried. The re-
sulting powder is uranium oxide concentrate, U3O8, commonly referred to as “yellowcake”
due to the bright yellow colour that it frequently, but not always, exhibits. The unwanted
solids, called “tailings”, are stored at the mine site for safe disposal.

If the in-situ leaching method is used, an acidic or alkaline mining solution is passed directly
through the underground ore body by means of a series of bores or wells, and uranium is
brought to the surface in a dissolved state for purification. The uranium-rich solution is
treated as described above, the principal difference being that no tailings are produced by
this method.

Uranium meeting nuclear-grade specifications is usually obtained from yellowcake through a
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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
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tering (Step 4). Sintering is one of the most
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critically dependent on proper control of this process step.

As sintered, the pellets are hourglass
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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
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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.

The Essential CANDU

©UNENE, all rights reserved. For educational use only, no assumed liability.

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.
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Figure

Example: How much corrosion
MWh/kgU; (b) at 480 MWh/kgU?

From Figure 7(b), we would expect
about 15 µm at 400 MWh/kgU. These are both very thin
Note the disproportionate increase in oxidation with burnup.

9.2.4 Deuterides and hydrides

Waterside corrosion liberates deuterium

In heavy water:

In light water:

In this section, for simplicity,
cally “hydrogen/hydride” depending on context.

Some fraction of the liberated deuterium is dissolved in the sheath
also called “uptake”. Over time, the deuterium diffuses due to gradients of concentration,
temperature, and stress and can accumulate preferentially at a few spots. When the local
concentration exceeds the solubility limit, deuterium precipitates in the form of deuteride
platelets, referred to as “deuterides”. The solubility limit decreases with lower temperature,
and therefore deuterides tend to precipitate preferentially in relatively colder regions.

Depending on their orientation, deuterides can embrittle Zircaloy
to carry tensile loads. For this reason, deuteride
able limits.

If the coolant is light water rather than heavy
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[Source: Tayal et al., 1995]

Figure 7 Waterside corrosion in the sheath

ow much corrosion can be typically expected in a CANDU sheath (a) at 240
MWh/kgU; (b) at 480 MWh/kgU?

From Figure 7(b), we would expect an oxide layer of about 5 µm at 240 MWh/kgU and
about 15 µm at 400 MWh/kgU. These are both very thin layers and pose no risk of flaking.
Note the disproportionate increase in oxidation with burnup.

9.2.4 Deuterides and hydrides

Waterside corrosion liberates deuterium or hydrogen:

Zr + 2D2O = ZrO2 + 2D2

Zr + 2H2O = ZrO2 + 2H2.

we will use the terms “deuterium/deuteride” to include
depending on context.

Some fraction of the liberated deuterium is dissolved in the sheath, a process
. Over time, the deuterium diffuses due to gradients of concentration,

and stress and can accumulate preferentially at a few spots. When the local
concentration exceeds the solubility limit, deuterium precipitates in the form of deuteride

atelets, referred to as “deuterides”. The solubility limit decreases with lower temperature,
therefore deuterides tend to precipitate preferentially in relatively colder regions.

Depending on their orientation, deuterides can embrittle Zircaloy, thereby reducing its ability
to carry tensile loads. For this reason, deuteride levels must be maintained

If the coolant is light water rather than heavy water, the same qualitative assessment
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sheath (a) at 240

oxide layer of about 5 µm at 240 MWh/kgU and one of
pose no risk of flaking.

(8)

(9)

to include generi-

, a process sometimes
. Over time, the deuterium diffuses due to gradients of concentration,

and stress and can accumulate preferentially at a few spots. When the local
concentration exceeds the solubility limit, deuterium precipitates in the form of deuteride

atelets, referred to as “deuterides”. The solubility limit decreases with lower temperature,
therefore deuterides tend to precipitate preferentially in relatively colder regions.

eby reducing its ability
levels must be maintained within accept-

assessment applies,
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except that instead of deuteride platelets, hydride platelets (referred to as “hydrides”) are
formed. Figure 8 shows an illustrative example of hydrides in a sheath that was irradiated to
a burnup of about 600 MWh/kg HE in light water coolant. Note the relatively higher concen-
trations of hydrides near the outer surface because that surface is cooler than the inner one.

[Source: Karam et al., 2010(b)]

Figure 8 Illustrative distribution of hydrides in the sheath at about 25 MWd/kg HE

There is no evidence that excess hydrogen in the coolant causes primary defects in fuel-
bundle metallic components, or that it participates in the formation of secondary damage in
fuel metallic components. This may be because there is no thermodynamic mechanism for
excess H+ (or H2) to enter the matrix of metallic components. The mechanism for introducing
deuterium (not hydrogen) into the matrix of CANDU-bundle metallic components is depend-
ent on D2O coming into contact with an unoxidized metallic component, at which point oxy-
gen, having a greater affinity for the metal than deuterium, combines with the metal, causing
the D2O molecule to dissociate and leaving the liberated D+ radical (or D2) inside the matrix
of the metallic component. D+ radical (or D2) then dissolves within the metal matrix. Excess
D+ (or D2) within the metal then precipitates to form deuterides in the coldest part of the
metallic component, as explained earlier.

Typical values of hydrogen/deuterium (H/D) pickup in extended-burnup CANDU sheaths are
available from a compilation presented by Floyd [2001]. For comparison purposes, sheath D
concentrations are expressed in terms of equivalent H (=D/2). With the exception of silox-
ane-coated fuels, equivalent H concentrations up to 200 µg/g are widely observed, with most
of the data bounded by 150 µg/g. The data contain large variability with respect to burnup.
This suggests that besides burnup, other parameters such as coolant chemistry, neutron flu-
ence, coolant/sheath temperatures, and sheath properties exert significant influence on H/D
pickup.
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9.2.5 Deposits

[This section was contributed primarily by John G. Roberts, JGRChem Inc. and Dr. Craig R.
Stuart, Canadian Nuclear Laboratories].

Deposits are sometimes observed on the external surfaces of fuel bundles and are some-
times also called “crud”. Most deposits on CANDU fuel tend to be magnetite-based com-
pounds. In BWRs, “scale-type” crud contains high concentrations of copper, up to and some-
times even in excess of 50%. In PWRs, deposits tend to be compounds based mainly on
nickel ferrite. Deposits on LWR fuels can also incorporate lithium and boron.

Deposits on fuel are undesirable because they can potentially impede heat transfer. In
BWRs, they have sometimes even caused through-wall holes in the sheath [IAEA, 2010].

Deposits on fuel are very rare in CANDU reactors, but relatively more frequent and also
thicker in BWRs [IAEA, 2010]. The causes of these deposits are rooted mainly in materials
and coolant chemistry, which differ in different types of reactors. This is a very complex sub-
ject, and its detailed treatment is beyond the scope of this chapter. However, pertinent ex-
perts have identified the following four significant differences between the various reactor
types that affect in-core deposits:

a) different materials among reactor types, e.g., carbon steel in the CANDU heat transport
system and stainless steels in LWRs;

b) presence of boron in PWR coolant and its absence in CANDU coolant;
c) higher degree of success in CANDUs in maintaining consistent chemistry over time in the

primary heat transport system (PHTS); and
d) much longer fuel residence period in an LWR (usually a few years) than in a CANDU reac-

tor (usually less than two years).

As for boron in the coolant, recall that CANDU reactors separate the coolant from the mod-
erator using pressure tubes and calandria tubes. This enables CANDU designers to maintain
separate chemistries in the coolant and in the moderator. Each system can then be focussed
on optimally addressing its own respective needs. For instance, in a CANDU reactor, the ad-
ditives required for neutron management are injected into the moderator, not the coolant,
and therefore the chemistry of the PHTS is not affected. In contrast, when boron is added in
an LWR’s moderator-cum-coolant to manage the neutronics, it also has a chemical impact on
the entire primary heat transport system (PHTS), including the steam generators and all the
pipes. If this promotes crud in the PHTS of an LWR, it is then carried by the coolant into the
core, where it can deposit on fuel surfaces. In this way, separation of moderator and coolant
in separate systems is one aspect that contributes to fewer crud deposits on CANDU fuel.

In summary, the lesser quantities of deposits on CANDU fuel than on PWR fuel are due prin-
cipally to different materials in the coolant circuit, lack of boron in the coolant, higher consis-
tency over time in coolant chemistry, and shorter fuel residence period.

9.2.6 End-temperature peaking

Consider two neighbouring fuel bundles in a CANDU channel. Their fuel stacks do not abut
each other; they are separated by the two endplates, endcaps, and axial gaps, as shown in
Figure 9. Because of the absence of UO2 in this region of bundle-to-bundle contact, neutron
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absorption cross sections are
of the unabsorbed neutrons from the bundle
becomes available for capture by neighbouring UO
flux in this region; the flux is higher a few centimet
this junction than in the axial centre of the bundle. This is called
is illustrated schematically in Figure 9.

Figure

End-flux peaking is even more severe at the very end of the fuel string
step change in absorption cross section at that location, the

The end-flux peaking factor is defined as the ratio of the local thermal flux at the end of the
fuel rod to the thermal flux at the centre of the rod. Figur
of end-flux peaking. For bundle
can be about 20% higher than that at the centre
the local flux at the end can be
centre [Roshd et al., 1978].

Flux peaking in UO2 fuel leads directly to higher local
higher local temperature, depending on heat transfer in the end region of
This is called end-temperature peaking
other detrimental effects such as higher thermal expansion
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absorption cross sections are smaller here than in the bulk of the fuel bundle. Some fraction
of the unabsorbed neutrons from the bundle-to-bundle junction—the “excess

ture by neighbouring UO2. This results in an increase in neutron
flux in this region; the flux is higher a few centimetres into the fuel pellets on either side of
this junction than in the axial centre of the bundle. This is called end-flux peaking
is illustrated schematically in Figure 9.

Figure 9 Concepts for end-flux peaking

flux peaking is even more severe at the very end of the fuel string because of the
step change in absorption cross section at that location, the “bundle-to-coolant contact

is defined as the ratio of the local thermal flux at the end of the
fuel rod to the thermal flux at the centre of the rod. Figure 10 illustrates typical magnitudes

flux peaking. For bundle-to-bundle contact, thermal flux at the end of the pellet stack
can be about 20% higher than that at the centre of the rod. For bundle-to
the local flux at the end can be considerably higher—some 80% higher than the flux at the

fuel leads directly to higher local heat generation and potentially also to
higher local temperature, depending on heat transfer in the end region of the fuel element.

temperature peaking. The higher temperature in turn is associated with
other detrimental effects such as higher thermal expansion and increased surface heat flux.
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Figure 10 Illustrative peaking of flux at the end of a 28

From the perspective of local temperature, increased local
or even wholly, offset by better heat transfer in the end region. The area near the end of the
pellet stack is not only cooled by radial
ial transfer of heat through the e

Figure

During bundle-to-bundle contact
temperature at the very end of the pellet stack
temperature occurs not at the very end of the fuel stack
it, as shown in Figure 11. Therefore, although at high power
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[After Roshd et al., 1978]

Illustrative peaking of flux at the end of a 28-element fuel bundle

From the perspective of local temperature, increased local heat generation can be partially,
or even wholly, offset by better heat transfer in the end region. The area near the end of the
pellet stack is not only cooled by radial transfer of heat, as in other locations, but also by a

of heat through the endcap, as shown in Figure 11.

Figure 11 EFP: neutron flux and heat transfer

bundle contact, the strong axial heat transfer usually depresses the local
temperature at the very end of the pellet stack, despite EFP. For this reason
temperature occurs not at the very end of the fuel stack, but a short axial distance inward of

Figure 11. Therefore, although at high power levels, the local temperature in
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element fuel bundle

generation can be partially,
or even wholly, offset by better heat transfer in the end region. The area near the end of the

locations, but also by ax-

usually depresses the local
P. For this reason, the peak local

but a short axial distance inward of
the local temperature in
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the end region does tend to inc
expected from the amount of end

Figure 12 illustrates a typical temperature
bundle-to-bundle contact [Tayal, 1989(a)].
drops, a shape determined by the net balance between local generation and local
heat. Teardrop-shaped voids are indeed observed in UO
high power levels. In Figure 12
than at the element’s mid-point
perature is limited to about 150

Figure 12 End

In contrast, at low power level
to-bundle contact, axial transfer
der such conditions, the local pellet temperature does not peak at all in the end region; i
stead, it decreases only near the very end of the pellet stack [Tayal, 1989(a)].

Enrichment increases the degree of end
temperature peaking. This tends to decrease the margin to melting in enriched fuel [Girgis
al., 1990].

9.2.7 Bowing

Bowing means lateral deformation. It is of two kinds
Element bowing refers to lateral bending of individual fuel elements. Bundle bowing refers
to lateral bending of the fuel bundle as a whole or

In an experiment in Ontario, inte
bowing, which led to contact between the fuel sheath and a neighbouring component. The
latter in turn led to local overheating and therefore significant local oxidation in the region of
contact. Failures of fuel sheaths due to bowing have also been reported in the WR1 exper
mental reactor in Manitoba [Veeder

Excessive outward bowing in the outer ring of elements has also led to
bundle in the channel of Mani
bundle [Veeder et al., 1974]. The WR1 reactor was cooled by organic oil which dissociated
into components, some of which were solids at operating temperature.
deposited on the bundle surfaces
increased the overall diameter of the fuel bundle and caused it to stick in the
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the end region does tend to increase due to end-flux peaking, it increases less than would be
expected from the amount of end-flux peaking alone.

temperature distribution at high power in the end region during
bundle contact [Tayal, 1989(a)]. Isotherms in the end region are shaped like tea

determined by the net balance between local generation and local
shaped voids are indeed observed in UO2 pellets that are irradiated at very

Figure 12, the local thermal flux in the end region is about 10% higher
point. Due to axial heat transfer, the increase in peak local te

perature is limited to about 150°C in this case.

[Source: Tayal, 1989(a)]

End-temperature peaking: illustrative isotherm

levels and for small values of end-flux peaking, e.g., during bundle
transfer of heat is stronger than the local increase in heat

the local pellet temperature does not peak at all in the end region; i
near the very end of the pellet stack [Tayal, 1989(a)].

Enrichment increases the degree of end-flux peaking and hence also the am
temperature peaking. This tends to decrease the margin to melting in enriched fuel [Girgis

Bowing means lateral deformation. It is of two kinds: element bowing and bundle bowing.
Element bowing refers to lateral bending of individual fuel elements. Bundle bowing refers
to lateral bending of the fuel bundle as a whole or of a number of elements acting in concert.

In an experiment in Ontario, intentional local dryout in a fuel element led to excessive local
which led to contact between the fuel sheath and a neighbouring component. The

latter in turn led to local overheating and therefore significant local oxidation in the region of
. Failures of fuel sheaths due to bowing have also been reported in the WR1 exper

mental reactor in Manitoba [Veeder et al., 1974].

Excessive outward bowing in the outer ring of elements has also led to “sticking
bundle in the channel of Manitoba’s WR1 reactor, creating difficulties in removing the fuel

, 1974]. The WR1 reactor was cooled by organic oil which dissociated
into components, some of which were solids at operating temperature. Some of the solids

the bundle surfaces, including the surfaces of matching element spacers. This
increased the overall diameter of the fuel bundle and caused it to stick in the
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flux peaking, it increases less than would be

distribution at high power in the end region during
Isotherms in the end region are shaped like tear-

determined by the net balance between local generation and local transfer of
pellets that are irradiated at very

the local thermal flux in the end region is about 10% higher
the increase in peak local tem-

flux peaking, e.g., during bundle-
of heat is stronger than the local increase in heat flux. Un-

the local pellet temperature does not peak at all in the end region; in-
near the very end of the pellet stack [Tayal, 1989(a)].

flux peaking and hence also the amount of end-
temperature peaking. This tends to decrease the margin to melting in enriched fuel [Girgis et

element bowing and bundle bowing.
Element bowing refers to lateral bending of individual fuel elements. Bundle bowing refers

a number of elements acting in concert.

ntional local dryout in a fuel element led to excessive local
which led to contact between the fuel sheath and a neighbouring component. The

latter in turn led to local overheating and therefore significant local oxidation in the region of
. Failures of fuel sheaths due to bowing have also been reported in the WR1 experi-

sticking” of the fuel
s WR1 reactor, creating difficulties in removing the fuel

, 1974]. The WR1 reactor was cooled by organic oil which dissociated
Some of the solids

including the surfaces of matching element spacers. This
increased the overall diameter of the fuel bundle and caused it to stick in the WR1 reactor
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channel.

In another experiment in a reactor in Ontario, excessive element bowing caused many cen-
tral bearing pads to press tightly against the pressure tube for a significant duration. This
trapped some coolant water between the bearing pad and the pressure tube. With time, the
trapped, stagnant water boiled off. This increased the local concentration of LiOH in the
coolant (LiOH is used to control coolant pH). At high concentration, an LiOH-water solution is
corrosive. This led to local corrosion in the bearing pads and also likely in the pressure tube.
This process is called crevice corrosion. There is always a potential for crevice corrosion at
the bottom bearing pads; excessive bowing can lead to crevice corrosion at other locations
around the bundle circumference if the bearing pads come into contact with the pressure
tube. Although a small amount of crevice corrosion is acceptable, its extent needs to be lim-
ited to reasonable levels lest it threaten the integrity of the pressure tube.

Excessive bowing can also alter the thermal hydraulics in the channel, which in turn can
complicate the evaluations and confirmations of heat transfer coefficients between the
sheath and the coolant. In light water reactors, excessive bowing of a fuel assembly has led
to concerns about control rod movements and dryout. Therefore, bowing and dryout also
have a mutual feedback cycle. For these reasons, it is important to limit bowing to accept-
able levels. Bowing can increase with time, and therefore it needs to be addressed in high-
burnup fuels.

When CANDU sheaths do bow, spacer pads prevent them from touching each other at their
mid-planes. Likewise, bearing pads at three axial locations reduce the likelihood of a sheath
touching the pressure tube in the absence of a severe local dry patch.

Major Driving Forces

Fabricated fuel elements are not necessarily perfectly straight, i.e., they may be bowed. In
addition, during normal operations, fuel elements initially bow due to non-uniform tempera-
ture around the circumference of a fuel element and also because of mechanical loads (a list
of causes of bowing is given later in this section).

Circumferential variations in temperature lead to differences in thermal expansion around
the sheath circumference. The hotter side of the fuel element becomes relatively longer
than the colder side. The fuel element then deforms laterally (bows) towards the longer side
to accommodate the extra length. Bowing due to thermal effects is illustrated schematically
in Figure 13(a).
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Figure

Gravitational pull also acts to bend a horizontal fuel element. Once a fuel element has
bowed, a moment-arm is available to the axial forces generated by hydraulic drag; this ma
nifies the amount of bow. Th
influences:

 initial as-fabricated bow;

 thermal effects, e.g.,

 non-uniform heat transfer between the sheath and the coolant due to variations
in sub-channel geometry and local flow conditions;

 non-uniform coolant temperature due to imperf
local hotspots, if any (such as a dry patch);

 asymmetric heat production due to neutron flux gradients.

 mechanical effects:

 gravitational pull;

 axial load, e.g., hydraulic drag.

Across the diameter of a CANDU fuel bundle,
shown in Figure 14. That means that in any given fuel element,
always be centred at the geometric centre of the fuel element. Figure 15
trative example of this: the centre of grain growth has shifted in the direction of maximum
neutron flux. Asymmetric heat
ture variations in the pellet and in the sheath, contributing to their bowing.
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[Source: Tayal, 1989(b)]

Figure 13 Model for element bowing

Gravitational pull also acts to bend a horizontal fuel element. Once a fuel element has
arm is available to the axial forces generated by hydraulic drag; this ma

nifies the amount of bow. Therefore, the initial bow is the net result of the following major

uniform heat transfer between the sheath and the coolant due to variations
channel geometry and local flow conditions;

uniform coolant temperature due to imperfect mixing among sub
local hotspots, if any (such as a dry patch);

asymmetric heat production due to neutron flux gradients.

gravitational pull;

axial load, e.g., hydraulic drag.

Across the diameter of a CANDU fuel bundle, the flux profile is approximately parabolic
Figure 14. That means that in any given fuel element, heat production may not

always be centred at the geometric centre of the fuel element. Figure 15 provides
the centre of grain growth has shifted in the direction of maximum

heat production will necessarily set up circumferential
variations in the pellet and in the sheath, contributing to their bowing.
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Gravitational pull also acts to bend a horizontal fuel element. Once a fuel element has
arm is available to the axial forces generated by hydraulic drag; this mag-

he following major

uniform heat transfer between the sheath and the coolant due to variations

ect mixing among sub-channels;

the flux profile is approximately parabolic, as
production may not

provides an illus-
the centre of grain growth has shifted in the direction of maximum

production will necessarily set up circumferential tempera-
variations in the pellet and in the sheath, contributing to their bowing.
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Figure 14 Illustrative circumferential variation in flux of thermal neutrons

The loads mentioned above are resisted mainly by
the pellets, by endplates, and
neighbouring fuel elements. Most of the
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[After Veeder et al., 1974]

Illustrative circumferential variation in flux of thermal neutrons

[Source: Veeder et al., 1974]

Figure 15 Off-centre grain growth

are resisted mainly by the flexural rigidities of the sheath and of
and by lateral restraints (if any) from the pressure tube and from

neighbouring fuel elements. Most of these loads as well as the major restraints are shown
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Illustrative circumferential variation in flux of thermal neutrons

flexural rigidities of the sheath and of
from the pressure tube and from

major restraints are shown
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schematically in Figure 13(b).

After initial bowing has occurred, creep
crease the bow further over time. For example
fuel element measured after 100, 240
conditions. Note the significant increases in bow with continued irradiation. Therefore, the
design process needs to consider the potential for additional bowing in extended
fuels.

Figure 16 Increase of bowing during continued irradiation

Simplified Model for Initial Thermal Bowing

Veeder et al. [1974] and Tayal [1989(b)] have outlined models
simplified illustrative example, let us consid
that experiences a linear variation in temperature around its circumference
along its length. In the absence of hydraulic drag load and gravity,
bending of this beam can be written as [Gere

where y is the transverse deflection,
mal expansion of the sheath in the axial direction,
the diameter, and d is the diameter.

Furthermore, let us assume for simplicity that neighbouring fuel elements or pressure tube
do not impede lateral deflection of the fuel elements and that the endplates provide simple
supports to the fuel element. Under these assumptions, the boundary and symmetry cond
tions simplify to:

y = 0 a

Equation (10) can be integrated under

©UNENE, all rights reserved. For educational use only, no assumed liability.

After initial bowing has occurred, creep, additional deposits on spacer pads
crease the bow further over time. For example, Figure 16 shows post-irradiation bow in a
fuel element measured after 100, 240, and 304 days in the reactor under similar irradiation
conditions. Note the significant increases in bow with continued irradiation. Therefore, the
design process needs to consider the potential for additional bowing in extended

[Source: Veeder et al., 1974]

Increase of bowing during continued irradiation

Simplified Model for Initial Thermal Bowing

[1974] and Tayal [1989(b)] have outlined models for bowing calculations. As a
simplified illustrative example, let us consider the empty fuel sheath shown in Figure 13(a)
that experiences a linear variation in temperature around its circumference
along its length. In the absence of hydraulic drag load and gravity, the equation for thermal

beam can be written as [Gere et al., 1997]:

d2y/dx2 = α ΔT/d,

is the transverse deflection, x is the axial distance, α is the coefficient of linear the
mal expansion of the sheath in the axial direction, ΔT is the difference in temperature a

is the diameter.

, let us assume for simplicity that neighbouring fuel elements or pressure tube
do not impede lateral deflection of the fuel elements and that the endplates provide simple

. Under these assumptions, the boundary and symmetry cond

= 0 at x = l/2, and dy/dx = 0 at x=0.

(10) can be integrated under boundary and symmetry conditions (11) to yield the
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additional deposits on spacer pads, or both can in-
irradiation bow in a

similar irradiation
conditions. Note the significant increases in bow with continued irradiation. Therefore, the
design process needs to consider the potential for additional bowing in extended-burnup

calculations. As a
empty fuel sheath shown in Figure 13(a)

that experiences a linear variation in temperature around its circumference and uniformly
equation for thermal

(10)

is the coefficient of linear ther-
is the difference in temperature across

, let us assume for simplicity that neighbouring fuel elements or pressure tubes
do not impede lateral deflection of the fuel elements and that the endplates provide simple

. Under these assumptions, the boundary and symmetry condi-

(11)

boundary and symmetry conditions (11) to yield the
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following equation [Gere et al

As a specific example, let us consider an empty sheath
500 mm, and a coefficient of linear thermal expansion
thermal variation of 5°C around its circumference. Equation 12 predicts that in the absence
of mechanical loads, its initial mid

The pellet operates at a much hotter
thermal expansion is about twice that of Zircaloy. Hence
pact on the thermal bow of a fuel element, especially if it is in tight diametr
the sheath. Mechanical loads can also have a si
quantitative treatments are complex and beyond the scope of this chapter; interested rea
ers can explore several detailed papers that have been published on this subject, e.g.
et al. [1974] and Tayal [1989(b)

9.2.8 High burnup structure

Very high local burnup can cause the formation of
riphery of the pellets [Baron
structure”. To date, this has been observed mainly in LWR fuels because their burnups tend
to be significantly higher than those of current CANDU fuels. The discussion below is based
largely on Baron et al. [2012].

Figure 17 shows a typical HBS. It is believed to be formed
when the local burnup typically exceeds 55

Figure 17 High

In UO2 fuels, the local burnup has a sharp peak at the radial periphery of the pellet due to
“neutronic self-shielding” (also called
UO2 fuels, HBS tends to be confined to a very narrow shell at the pellet
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et al., 1997] for unconstrained thermal bowing at the mid

δ = α ΔT l2/(8d).

As a specific example, let us consider an empty sheath with a diameter of 13 mm,
coefficient of linear thermal expansion of 6.72 µm/(mm•°C). It

C around its circumference. Equation 12 predicts that in the absence
its initial mid-span thermal bow would be about 0.08 mm.

much hotter temperature than the sheath, and
thermal expansion is about twice that of Zircaloy. Hence, a pellet can have a significant i

thermal bow of a fuel element, especially if it is in tight diametr
the sheath. Mechanical loads can also have a significant impact on element bow. Their
quantitative treatments are complex and beyond the scope of this chapter; interested rea

several detailed papers that have been published on this subject, e.g.
[1974] and Tayal [1989(b)].

Very high local burnup can cause the formation of “high burnup structure”
riphery of the pellets [Baron et al., 2009, 2012], also called the “rim effect”

this has been observed mainly in LWR fuels because their burnups tend
to be significantly higher than those of current CANDU fuels. The discussion below is based

. [2012].

Figure 17 shows a typical HBS. It is believed to be formed by subdivision of
when the local burnup typically exceeds 55–60 MW•d/kg (or 1300–1400 MW•h/kg).

[Source: Baron et al., 2009, 2012]

High burnup structure near the rim of a pellet

the local burnup has a sharp peak at the radial periphery of the pellet due to
(also called the “skin effect”), as shown in Figure 18. Therefore

HBS tends to be confined to a very narrow shell at the pellet’s radial periphery.
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unconstrained thermal bowing at the mid-plane, δ:

(12)

13 mm, a length of
C). It experiences a

C around its circumference. Equation 12 predicts that in the absence
span thermal bow would be about 0.08 mm.

its coefficient of
a pellet can have a significant im-

thermal bow of a fuel element, especially if it is in tight diametric contact with
element bow. Their

quantitative treatments are complex and beyond the scope of this chapter; interested read-
several detailed papers that have been published on this subject, e.g., Veeder

(HBS) at the pe-
and “cauliflower

this has been observed mainly in LWR fuels because their burnups tend
to be significantly higher than those of current CANDU fuels. The discussion below is based

by subdivision of pellet grains
1400 MW•h/kg).

the local burnup has a sharp peak at the radial periphery of the pellet due to
Figure 18. Therefore, in

ial periphery.
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Figure 18 Illustrative heat generation rate across the radius of the pellet

Generation of HBS is a complex process and is described in detail in many publications such
as Baron et al. [2012]. At a very simplified level
point defects and dislocation loops in the pellet. They do recover thermally, but the recovery
is relatively slow in the comparatively colder regions near the periphery of the pellet.
fore, the dislocations gradually become denser (more numerous) and more tangled. This
eventually causes the crystalline structure of the pellet to become unstable, initiating
structuring driven by the energy stored in the material. This in turn
grains, often into range of 0.2 to 0.5 µm

In comparison, typical grain diameter is about 10 µm in as
sidering the ratio of volumes
to 0.5 µm))3, one can deduce that HBS subdivides a typical grain into a few thousand smaller
grains.

Compared to the parent material, UO
viscous.
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[Source: Tayal, 1987]

Illustrative heat generation rate across the radius of the pellet

Generation of HBS is a complex process and is described in detail in many publications such
At a very simplified level, irradiation produces, among other things,

point defects and dislocation loops in the pellet. They do recover thermally, but the recovery
the comparatively colder regions near the periphery of the pellet.

the dislocations gradually become denser (more numerous) and more tangled. This
eventually causes the crystalline structure of the pellet to become unstable, initiating
structuring driven by the energy stored in the material. This in turn results is subdivision of

range of 0.2 to 0.5 µm diameter.

In comparison, typical grain diameter is about 10 µm in as-fabricated CANDU pellets. By co
sidering the ratio of volumes of as-fabricated vs. subdivided grains, i.e., (about

, one can deduce that HBS subdivides a typical grain into a few thousand smaller

Compared to the parent material, UO2 restructured by HBF is typically less dense and more
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Illustrative heat generation rate across the radius of the pellet

Generation of HBS is a complex process and is described in detail in many publications such
rradiation produces, among other things,

point defects and dislocation loops in the pellet. They do recover thermally, but the recovery
the comparatively colder regions near the periphery of the pellet. There-

the dislocations gradually become denser (more numerous) and more tangled. This
eventually causes the crystalline structure of the pellet to become unstable, initiating a re-

results is subdivision of

fabricated CANDU pellets. By con-
(about 10 µm / (0.2

, one can deduce that HBS subdivides a typical grain into a few thousand smaller

restructured by HBF is typically less dense and more
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9.3 Thorium Fuel

[Main source: World Nuclear Organization, WNA, 2014]

Thorium does not have a fissile isotope, which means that it does not undergo fission by
thermal neutrons. It is, nevertheless, a fertile material. This means that thorium absorbs
thermal neutrons to create, or “breed”, 233U, which in turn undergoes fission by thermal neu-
trons.

Section 2.2 summarizes the neutronics of how fertile 232Th converts to fissile 233U. Fission of
a 233U nucleus releases about the same amount of energy (200 MeV) as that of 235U.

During the early years of nuclear power development, interest in thorium was prompted by a
concern that economically available uranium resources would not be sufficient to support
the ambitious nuclear program then envisioned. Subsequently, new uranium resources have
been discovered that are thought to be sufficient to support the currently envisioned nuclear
program for at least a few decades. Development aimed at exploiting the natural advantages
of thorium and demonstrating the feasibility of its introduction into all known types of ther-
mal reactors (and breeder reactors) has continued, with considerable success. Some coun-
tries are planning to introduce commercial thorium-fueled reactors, mainly for strategic rea-
sons of energy independence. A comprehensive review of the work done internationally is
provided in [IAEA, 2005], which is recommended for additional reading.

Experts estimate that thorium is about three to four times as abundant as uranium. There-
fore, thorium can significantly moderate the cost of nuclear fuel in the future if it can be used
to generate electricity. In addition, thorium and uranium are distributed differently among
the various geographic locations on Earth. For example, countries such as India, China, and
Turkey have comparatively little uranium, but substantial amounts of thorium. Such coun-
tries may potentially find thorium especially attractive for power generation.

The preferred method of using thorium is in the form of thorium dioxide, also called thoria,
which is a ceramic. The reasons are analogous to those for using uranium in the form of UO2

(see Chapter 17). The following properties of thorium dioxide pellets contribute to improv-
ing various aspects of their in-reactor performance (compared to UO2 pellets) [Boczar, 2012]:

 Figure 19 shows that for a wide range of temperatures, the thermal conductivity of unir-
radiated thoria is about 25–35% higher than that of unirradiated UO2 [Pillai et al., 2000;
MacDonald et al., 1976]. Therefore, for a given power level, thorium pellets operate at
lower temperatures;

 The lower temperature of ThO2 reduces fission gas release, which reduces internal gas
pressure, which in turn helps achieve higher burnup;

 The melting temperature of unirradiated ThO2 is about 3350°C [IAEA, 2005], which is
among the highest of any oxide. This compares with a melting point of about 2840°C in
non-irradiated UO2. This increases the margin to melting in ThO2. It also introduces
challenges in pellet production, requiring a higher sintering temperature;

 Thorium has only one oxidation state; therefore, it has a higher resistance to oxidation;

 Thorium is chemically inert. Therefore, it can be expected to yield a more stable form of
waste that is expected to be more resistant to leaching.
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Sources: [UO2: MacDonald

Figure 19 Thermal conductivities of unirradiated pellets

Test irradiations to date have confirmed the beneficial impacts of the
pared to UO2 fuel irradiated under similar conditions,
grain growth (as shown in Figure 20
[Karam et al., 2010(b); Livingston
vations suggest that thorium pellets indeed operate at considerably lower temperature.
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: MacDonald et al., 1976] [ThO2: Pillai et al., 2000]

Thermal conductivities of unirradiated pellets

date have confirmed the beneficial impacts of these properties
fuel irradiated under similar conditions, (Th, Pu)O2 fuel has exhibited minimal

Figure 20), benign fission gas release, and low sheath strain
., 2010(b); Livingstone et al., 2013; Kupferschmidt et al., 2013]. All these

suggest that thorium pellets indeed operate at considerably lower temperature.
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., 2000]

properties. Com-
fuel has exhibited minimal

and low sheath strain
., 2013]. All these obser-

suggest that thorium pellets indeed operate at considerably lower temperature.
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Extensive Columnar Grains Equiaxed Grains
(a) UO2 (65 kW/m) (b) (Th,Pu)O2 (67 kW/m)

[Source: Kupferschmidt, 2013]

Figure 20 Illustrative structures in irradiated pellets

9.3.1 Energy from thorium

The paragraphs below are based largely on and/or reproduced from Boczar et al. [2012],
IAEA [2005], and WNA [2014].

As illustrated in Section 2.2 , 232Th must first be converted into 233U for use in power genera-
tion. “Therefore, thorium fuel concepts require that 232Th be first irradiated in a reactor be-
fore fissile material can be made available. The 233U that is produced can either be chemically
separated from the parent thorium fuel and recycled into new fuel, or the 233U may be us-
able in-situ in the same fuel form”.

“Thorium fuels therefore need a fissile material as a ‘driver’ so that a chain reaction can be
initiated and maintained. The only fissile driver options are 233U, 235U, or 239Pu, none of which
is easy to supply”.

A number of configurations are possible for arranging thorium and a fissile driver in a reac-
tor; some have been used successfully to demonstrate the feasibility of thorium implementa-
tion. In a CANDU reactor, three illustrative configurations are the following [Boczar, 2012]:

 Homogeneous fuel. In this option, each pellet contains a mixture of thorium and the
fissile material.

 Heterogeneous “mixed bundles”. Such bundles contain thorium and the fissile material
in separate fuel elements.

 Heterogeneous “mixed channels”. In this option, each bundle contains either only tho-
rium or only the driver fuel. Each channel contains only one type of bundle.

“In the heterogeneous fuel arrangements, the high fissile (and therefore higher-power) fuel
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zone is called the seed region, and it is physically separated from the fertile (low-power) tho-
rium part of the fuel, called the blanket”.

“It is possible—but quite difficult—to design thorium fuels that produce more 233U in ther-
mal reactors than the fissile material they consume. Thermal breeding with thorium is only
really possible if neutron economy in the reactor is very good (i.e., low neutron loss through
escape or parasitic absorption). The possibility to breed significant amounts of fissile mate-
rial in slow (thermal) neutron systems is unique to thorium-based fuels and is not possible
with uranium fuels. Irrespective of whether breeding is achieved, more practical thorium
fuel cycles in a CANDU reactor offer a significant reduction in uranium requirements”.

“Another distinct option for using thorium is as a ‘fertile matrix’ for fuels containing pluto-
nium (and even other transuranic elements like americium). No new plutonium is produced
from the thorium component, unlike for uranium fuels, and so the level of net consumption
of this metal is rather high”.

“In fresh thorium fuel, all the fissions (thus power and neutrons) derive from the driver com-
ponent. As the fuel operates, the 233U content gradually increases, and it contributes more
and more to the power output of the fuel. The ultimate energy output from 233U (and hence
indirectly from thorium) depends on numerous fuel design parameters, including fuel bur-
nup attained, fuel arrangement, neutron energy spectrum, and neutron flux (affecting the
intermediate product protactinium-233, which is a neutron absorber)”.

Specific thorium cycles can be designed to suit a country’s specific circumstances.

9.3.2 Margin to melting

As an illustrative example, consider two neighbouring fuel elements, one fueled with UO2,
the other with ThO2. Both are operating at 60 kW/m; the coolant temperature is 300°C. If
end-temperature peaking is ignored, what are the margins to melting in the two fuel ele-
ments?

To work this out, we can use the theoretical background given in Chapters 6 and 7 about the
temperature distribution within a fuel element, along with some assumptions to simplify this
illustrative calculation. Recall that if other parameters are the same, to a first approximation,
the temperature difference between the centre and the surface of the pellet is inversely pro-
portional to the thermal conductivity of the pellet.

Guided by the previous illustrative examples in this book, assume that the UO2 fuel element
has a central temperature of about 1900°C and that the melting point of unirradiated UO2 is
about 2840°C. Therefore, in the UO2 fuel element, the thermal margin is about 2840 – 1900
= 940°C.

The peak operating temperature in the ThO2 pellet can be approximated as follows:

 Guided by the previous illustrative examples, assume that the temperature increase be-
tween the coolant and the pellet surface is about 100°C.

 Therefore, the temperature at the surface of the pellet is: 300 + 100 = 400°C.

 In the UO2 pellet, the temperature increase from the surface to the centre of the pellet
is 1900 – 400 = 1500°C.

 Guided by Figure 19, assume that to a first approximation, the thermal conductivity of
ThO2 is about 30% higher than that of UO2. Therefore in a thoria pellet operating at the
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same power, the temperature increase from the surface to the centre of the pellet is
about 1154°C (=1500°C / (1 + 0.3)).

 Therefore, the temperature at the centre of the thoria pellet is 400 + 1154 = 1554°C.

 The melting point of ThO2 is about 3350°C [IAEA, 2005], and therefore the margin to
melting in the ThO2 pellet is about 3350 – 1554 = 1796°C.

Therefore, for the same operating power of about 60 kW/m, the margin to melting in ThO2

fuel is 1796°C, which is significantly higher than in UO2 fuel.

9.3.3 Internal gas pressure

Pellet temperature is a main driver of fission gas release. Above a threshold temperature,
fission gas release increases rapidly with local temperature.

In the preceding illustrative example, the UO2 fuel operates a few hundred degrees above
the threshold temperature for fission gas release. This results in significant fission gas re-
lease in UO2 fuel.

Assuming that the threshold temperature is similar in ThO2 and UO2, the ThO2 fuel described
above operates much closer to the threshold temperature for fission gas release. This means
that the ThO2 pellet will release much less fission gas.

The above illustrative examples point to some of the large benefits in operating performance
that are possible with thorium. Along with thorium’s impressive benefits, we do also need to
consider, as noted earlier, the higher costs of some thorium cycles.

9.4 Mixed Oxide (MOX) Fuel

MOX stands for Mixed Oxide, which means that the fuel contains a mixture of uranium and
plutonium (Pu).

Section 2.2 summarizes the neutronics of Pu generation and fission. A slow neutron can fis-
sion 239Pu into mainly barium and strontium. This releases 207 MeV of energy, which is very
similar to the energy released by fission of 235U (202 MeV).

In a real-world application of “swords-to-plowshares”, plutonium extracted from dismantled
nuclear warheads can be used to generate electricity as MOX fuel. Plutonium can also be
obtained by reprocessing used LWR fuel. Although feasible, reprocessing of used CANDU
fuel is seen as impractical because of the relatively small quantity of plutonium (and fissile
uranium) contained in used CANDU fuel. LWRs are already being used to dispose of military
plutonium, and MOX is a commercial reality in European LWRs. More detailed overviews of
the MOX cycle are described in many publications such as [Boczar, 2012; Dyck et al., 2005].

One interesting aspect of the common variant of MOX fuel is its tendency to form “agglom-
erates” arising out of non-homogeneities in the mixture of UO2 and PuO2. The amount of
agglomerates depends on the specific manufacturing process, as explained below.

Reasonably homogeneous mixtures of UO2 and PuO2 can be produced by vibratory milling of
UO2 and PuO2 powders in the proportions desired in the final fuel. The resulting homogene-
ity is expected to yield the best performance in MOX fuel. However, this process is quite
time- and resource- consuming. Alternative manufacturing processes which produce less
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homogenous mixtures require less
trade-offs must be considered [Harrison

For purposes of illustration, two such alternative processes are

Alternative Method # 1: A master mix with high Pu
milling of the UO2 and PuO2

added to additional UO2 powder to achieve the desired final Pu concentration.
proach results in discrete “islands”
the UO2 matrix.

Alternative Method # 2: Same as Alternative Method # 1 above except that only PuO
milled (rather than a mixture of PuO
resulting in nearly pure PuO2

The two alternative fabrication processes above create islands of relatively higher plutonium
concentration. The islands undergo relatively higher amounts of fission and produc
spondingly higher quantities of fission gases. Figure 21 shows a typical island in a fuel el
ment that was fabricated using Alternative Method # 1. The arrow points to the area of high
fission. Similar areas were also observed in pellets produced
method.

Figure 21 High fission area (HFA) in an irradiated MOX fuel pellet

Within an island, the pellet behaves as if it were operating at significantly higher local
This results in larger local fission gas release. This is partly offset in the remaining parts of
the pellet, which behave as if they are operating at a lower local power. Because fission gas
release increases non-linearly with local temperature,
non-homogeneous pellets is greater than from homogeneous pellets. However, there is si
nificant scatter in both the UO
ada are in the general range of scatter

Non-homogeneous MOX fuel also shows larger post
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homogenous mixtures require less effort, but they also contain agglomerates, meaning that
offs must be considered [Harrison et al., 2010].

For purposes of illustration, two such alternative processes are: [Harrison et al

A master mix with high Pu concentration is prepared by vibratory
powders together. The required amount of this “master mix” is

powder to achieve the desired final Pu concentration.
“islands”—also called agglomerates—of master mix contained in

Same as Alternative Method # 1 above except that only PuO
milled (rather than a mixture of PuO2 plus UO2). The resulting powder is then added to UO

2 “islands” distributed within the UO2 matrix.

The two alternative fabrication processes above create islands of relatively higher plutonium
concentration. The islands undergo relatively higher amounts of fission and produc
spondingly higher quantities of fission gases. Figure 21 shows a typical island in a fuel el
ment that was fabricated using Alternative Method # 1. The arrow points to the area of high

Similar areas were also observed in pellets produced by the second alternative

[Source: Harrison et al., 2010]

High fission area (HFA) in an irradiated MOX fuel pellet

Within an island, the pellet behaves as if it were operating at significantly higher local
This results in larger local fission gas release. This is partly offset in the remaining parts of
the pellet, which behave as if they are operating at a lower local power. Because fission gas

linearly with local temperature, the overall fission gas release from
homogeneous pellets is greater than from homogeneous pellets. However, there is si

UO2 and the MOX data, and the limited MOX data to date in Ca
ada are in the general range of scatter of the UO2 data.

homogeneous MOX fuel also shows larger post-irradiation sheath strain than homog
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effort, but they also contain agglomerates, meaning that

et al., 2010]:

concentration is prepared by vibratory
The required amount of this “master mix” is

powder to achieve the desired final Pu concentration. This ap-
of master mix contained in

Same as Alternative Method # 1 above except that only PuO2 is
). The resulting powder is then added to UO2,

The two alternative fabrication processes above create islands of relatively higher plutonium
concentration. The islands undergo relatively higher amounts of fission and produce corre-
spondingly higher quantities of fission gases. Figure 21 shows a typical island in a fuel ele-
ment that was fabricated using Alternative Method # 1. The arrow points to the area of high

by the second alternative

High fission area (HFA) in an irradiated MOX fuel pellet

Within an island, the pellet behaves as if it were operating at significantly higher local power.
This results in larger local fission gas release. This is partly offset in the remaining parts of
the pellet, which behave as if they are operating at a lower local power. Because fission gas

the overall fission gas release from
homogeneous pellets is greater than from homogeneous pellets. However, there is sig-

MOX data, and the limited MOX data to date in Can-

irradiation sheath strain than homoge-
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neous fuel.

Note that despite the higher gas release and strain noted above, the overall performance of
MOX fuel is quite acceptable in many LWRs worldwide [IAEA, 2003].

9.5 Breeder Fuel

[Main source: Wikipedia, 2015]

In a typical thermal reactor fuel cycle, energy is extracted from 235U as well as from 239Pu, the
latter being bred from 238U. Because some fraction of the starting 235U remains unused when
the fuel is discharged, less than 1% of the available energy is currently extracted from mined
uranium.

The dominant isotope—over 99%—in natural uranium is 238U, which is not fissile. However, it
is fertile, which means that it can be converted into a fissile isotope (239Pu) through fast neu-
trons, and energy can then be extracted from it as well.

238U can be sourced from virgin uranium, from the recycled uranium from reprocessing irra-
diated fuel, or from depleted uranium from enrichment plant tails.

As noted earlier, some amount of fertile 238U is routinely converted to fissile 239Pu in CANDU
reactors. One measure of a reactor’s performance is the conversion ratio—the ratio of the
rate at which fissile nuclides are produced in the entire reactor by conversion, to the rate at
which fissile nuclides are consumed through radiative capture and fission. All practical nu-
clear reactor fuels experience some degree of conversion.

As long as any amount of a fertile material exists within the neutron flux of the reactor, some
new fissile material is always being created. For example, commonly used light water reac-
tors have a conversion ratio of approximately 0.6. Pressurized heavy water reactors (PHWR)
running on natural uranium have a conversion ratio of 0.8. In a breeder reactor, the conver-
sion ratio is greater than one. “Breakeven” occurs when the conversion ratio is exactly one,
and the reactor produces exactly as much fissile material as it uses. (This is the basis of the
so-called self-sufficient equilibrium thorium CANDU reactor, which at equilibrium contains as
much 233U in the used fuel as is in the fresh fuel, accounting for reprocessing losses.)

Historically, breeder reactor development has focussed on reactors with low breeding ratios,
from 1.01 for the Shippingport reactor running on thorium fuel and cooled by conventional
light water to over 1.2 for the Russian BN-350 liquid-metal-cooled reactor. Theoretical mod-
els of breeders with liquid sodium coolant flowing through tubes inside fuel elements (“tube-
in-shell” construction) show that breeding ratios of at least 1.8 are possible.

Some experts have estimated that thousands of years’ worth of 238U is available world-wide
for use in fast breeder reactors.

10 Synergy between CANDU Reactors and LWRs

As mentioned in previous sections, the superior neutronic characteristics of CANDU reactors
can be used for a variety of synergies with LWRs, e.g.:

 extracting additional energy from used LWR fuel, e.g., through RU/NUE, through ex-

http://en.wikipedia.org/wiki/Neutron_flux
http://en.wikipedia.org/wiki/PHWR
http://en.wikipedia.org/wiki/Shippingport_Reactor
http://en.wikipedia.org/wiki/BN-350_reactor
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tended burnup, through DUPIC, or through plutonium recycling (e.g., MOX), and/or

 destroying some of the long-lived actinides removed from spent LWR fuels through re-
processing.

Based on the fissile content of used LWR fuel, one can calculate the number of LWRs from
which the used fuel can be used as fuel by a single CANDU reactor [Boczar et al., 1996].

The quantities used in the example below are not necessarily actual values for a specific
CANDU or LWR reactor, although they are reasonably representative of the two reactor types
and are used to illustrate how the actual quantities would be used to determine the synergy
between an actual LWR and an actual CANDU reactor by substituting real, specific values.

LWR reactor:

 capacity: 1000 MW(e)

 total uranium in core: 80,000 kgU

 amount of U refueled annually: 20,000 kg (one-quarter of the core replaced annually)

 235U contained in spent fuel (annually): 180 kg (0.9% 235U in total U).

CANDU reactor:

 capacity: 1000 MW(e)

 total uranium in core: 120,000 kg (6000 bundles containing 20 kg U each)

 annual requirements:
o annual refuelling: 140,000 kg of U (7000 bundles);
o annual 235U requirements: approximately 1,000 kg 235U (0.71% 235U in total of

140,000 kg U).

Synergy:

 annual 235U arising from spent LWR fuel: 180 kg

 annual 235U requirements for CANDU reactor of equal electrical capacity: 1,000 kg

 proportion of 235U used in CANDU fuel that is derived from LWR arising: 0.73% (see Sec-
tion 9.1 above); the remainder of 235U is derived from depleted U from tails of enrich-
ment plants.

 CANDU reactor’s annual 235U requirements supplied by LWR: 730 kg (73% of 1,000).

 Number of LWRs required to supply 235U for CANDU reactors of equal electrical capacity
(rounded to the nearest whole number): 4 (= 730/180).

The example above assumes that only 235U arisings would be used. If plutonium were also
used, the proportion of LWR per CANDU reactor would be accordingly reduced.

11 Closure

In summary, some illustrative fuels and fuel cycles are the natural uranium cycle, natural-
uranium equivalent fuel, extended burnup fuel, thorium, mixed oxide fuel, DUPIC fuel, low
void reactivity fuel, actinide burning fuel, and breeder fuel.

The natural-uranium fuel cycle that is currently used in CANDU power reactors is simple, reli-
able, and low-cost. It is also very amenable to localization, which promotes national energy
independence.

Alternative fuel cycles offer several potential strategic advantages, such as significantly ex-
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tending humanity’s energy resources, reducing the initial capital cost of a power plant, in-
creasing the lifespan of a CANDU power plant, increasing the thermal efficiency of the steam
cycle, reducing the coolant void reactivity, reducing the volume of spent fuel, and increasing
the power output from a fuel bundle and the reactor.

Many alternative fuel cycles result in more expensive fuel, additional challenges in the front
end, enhanced challenges during the service period, and reduced challenges in the back end.

Therefore, a careful assessment of net benefit is required before implementing any particular
fuel cycle.

12 Problems

Section 1 – Introduction

Q1.1 – Why would one consider fuel cycles other than the once-through cycle?

Section 2 – Neutronics of Fuel Cycles

Q2.1 – Define fissile nuclides and give examples. Which is the only naturally occurring fissile
nuclide?

Q2.2 – Define fissionable nuclide and provide examples.

Q2.3 – Define fertile nuclides and provide examples.

Q2.4 – What is the conversion ratio as related to nuclides?

Q2.5 – In the context of conversion ratio, what is breeding and breeding gain?

Q2.6 – What is burnup as applied to nuclear fuel?

Section 3 – Overview of Some Possible Fuels and Fuel Cycles

Q3.1 – List the fuel cycles which are used, or can be considered for use, in CANDU rectors
and provide a brief rationale for using each.

Section 4 – Key Drivers for Advanced Fuel Cycles

Q4.1 – List the principal advantages of the once-through natural uranium (NU) fuel cycle
used in CANDU compared to fuel cycles using enriched uranium.

Q4.2 – With reference to the three parts of the fuel cycle, provide a general assessment of
the advantages or disadvantages of alternative cycles compared to the once-through
CANDU-NU fuel cycle.

Q4.3 – Compared to the NU fuel cycle used in CANDU, many alternative fuel cycles tend to
increase the cost of fuel and also pose various degrees of additional technical challenge.
Nevertheless, they are considered for use in CANDU because they offer other advantages.
List these advantages and provide a brief explanation of each.
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Section 5 – Resource Extension: A Major Incentive

Q5.1 – Compared to LWRs, CANDU reactors can better use alternative fuel cycles, principally
because of their superior neutron efficiency. How much more efficient is CANDU than an
LWR in the use of uranium?

Q5.2 – In current CANDU reactors, peak neutron efficiency occurs at about 1.2% enrichment.
If 1.2% enriched uranium is used in CANDU reactors, how long will the planet’s identified
uranium resources (mentioned above) last?

Section 6 – Other Considerations

Q6.1 – List the considerations that have to be taken into account when deciding whether or
not to “recycle” spent fuel.

Section 7 – Pertinent Features of the CANDU Reactor

Q7.1 – CANDU reactors can use alternative fuel cycles principally because of their superior
neutron efficiency. List the seven features of the CANDU reactor that enable it to have supe-
rior neutron efficiency.

Q7.2 – Explain how the design of CANDU fuel facilitates the adoption of alternative fuel
cycles.

Section 8 - Natural Uranium Fuel Cycle

Q8.1 – List the four methods by which natural uranium can be obtained.

Q8.2 – Unlike other types of fuels (e.g., coal, gas, or oil), as-mined uranium ore cannot be fed
directly into a nuclear power station. Explain why.

Q8.3 – Produce a simplified flow sheet of the processes involved in the manufacture of
CANDU fuel bundles.

Q8.4 – Why is as-received uranium powder subjected to two physical processes, compaction
and granulation?

Q8.5 – What are the three process parameters that the operator controls during pellet sin-
tering?

Q8.6 – Why are pellets ground after sintering?

Q8.7 – Pellet stack length is the principal means by which axial clearance is maintained inside
the finished fuel element. What are the other means?

Q8.8 – Why do the pellets at the ends of the pellet stack have a reduced diameter?

Q8.9 – List the four features of uranium dioxide pellets that render their production challeng-
ing.

Q8.10 – Similarly to the pellet production stream, the Zircaloy component stream has its own
unique CANDU-related challenges, the most unique and critical being welding of endcaps to
sheath sub-assemblies. Explain why endcap welding is a critical and challenging process.

Q8.11 (a) – Identify five design and/or process parameters that must be controlled to achieve
a good endcap weld; Q8.11 (b) for bonus marks, identify an additional five parameters;
Q8.11 (c) for additional bonus marks, identify five more parameters.
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Q8.12 – For one unit of energy produced, current CANDU reactors use five to six times the
mass of fuel as is used in LWRs. Despite that relative disadvantage, fuelling cost per unit
energy has always been much lower for CANDUs than for LWRs. List the three reasons for
this.

Section 9 – Details of Selected Alternative Fuels and Fuel Cycles

Q9.1 – A fuel manufacturer has purchased REU fuel containing 1% 235U and DU fuel contain-
ing 0.4% 235U. He wishes to blend them to obtain NUE fuel. What should be the fraction of
REU fuel in the blend?

Q9.2 – List the benefits which can be derived from using enriched fuel in a CANDU.

Q9.3 – List the commercial and technical aspects that must be considered in increasing ele-
ment rating, burnup, and bundle power by using enrichment.

Q9.4 – Why is it important to control fuel-element internal gas pressure, and what can fuel
designers do to achieve this?

Q9.5 – A power ramp of 15 kW/m is contemplated in CANLUB fuel at a burnup of 400
MWh/kgU. The pre-ramp power is 20 kW/m. Is this fuel element expected to survive the
power ramp?

Q9.6 – List at least two reasons for keeping sheath corrosion below the allowable limit.

Q9.7 – List the reasons for the reduced amount of corrosion on CANDU fuel compared to
PWR fuel

Q9.8 – In the example of Section 9.2.3, what is the expected thickness of waterside corrosion
in a CANDU sheath at 800 MWh/kgU?

Q9.9 – What causes end-flux (and end-temperature) peaking?

Q9.10 – Pellet/sheath interaction causes an unrestrained thermal bow of 0.6 mm in a fuel
element that has a diameter of 13 mm and a length of 500 mm. What is the equivalent tem-
perature variation around its circumference?

Q9.11 – What are the two main reasons for considering the use of thorium in place of ura-
nium?

Q9.12 – Which is the fissile isotope in thorium?

Q9.13 – The preferred method of using thorium is in the form of thorium dioxide, also called
thoria, which is a ceramic. The reasons are analogous to those for using uranium in the form
of UO2 (see Chapter 17). List the properties of thorium dioxide pellets that contribute to
improving their in-reactor performance compared to UO2 pellets.

Q9.14 – Describe three ways that thorium and the fissile driver can be arranged to power a
CANDU reactor.

Q9.15 – (a) What are the two possible sources of plutonium that can be used in CANDU? (b)
Is reprocessing of spent CANDU fuel a likely source of plutonium?

Q9.16– What is a common challenge in the production of MOX?
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Q9.17 – Why are “agglomerates” undesirable in MOX pellets?

Section 10 – Synergy between CANDU Reactors and LWRs

Q10.1 - Assume that the waste of LWRs contains 0.9% 235U and 0.6% Pu. Further assume
that DU can be procured with 235U content at any value in the range from 0.2%235U to
0.4%235U. We wish to use the 235U and Pu from LWR to feed a CANDU of equal capacity, after
blending with DU. If each CANDU and each LWR is 1000 MW(e), determine the required
content of 235U in DU, such that a single LWR will feed one CANDU of equal capacity. Solving
this problem highlights and reinforces six (6) aspects covered in this chapter. What are they?
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14 Relationships with Other Chapters

Chapter 8 provides an overview of fuel bundle configuration. Chapters 3 to 5 explain neutron
physics that generates heat in the fuel. Chapters 6 and 7 explain how that heat is removed
from the fuel bundle and illustrate the internal temperature distribution within a fuel rod.
Chapters 14 and 15 explain chemical and metallurgical aspects that relate to corrosion of the
fuel sheath. Chapter 13 explains the performance of fuel during postulated accidents. Chap-
ter 17 describes the design and performance of fuel, focussing on the current natural-
uranium cycle (i.e., low burnup). The current chapter (#18) describes a few selected fuel
cycles, summarizes key aspects of fuel manufacturing related primarily to the natural-
uranium fuel cycle, and explains a few selected aspects of fuel performance that become
relatively more important for advanced fuel cycles. Finally, Chapter 19 describes interim
storage and disposal of used fuel.
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