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Abstract
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by
Christian Diego Di Sanzo
Doctor of Philosophy in Engineering - Nuclear Engineering
and the Designated Emphasis in Energy Science and Technology
University of California, Berkeley
Professor Ehud Greenspan, Co-Chair

Professor Jasmina Vujic, Co-Chair

Breed and Burn reactors (B&B), also referred to Traveling Wave Reactors,
are fast spectrum reactors that can be fed indefinitely with depleted uranium
only, once criticality is achieved without the need for fuel reprocessing.

Radiation damage to the fuel cladding limits the fuel utilization of B&B
reactors to ~ 18-20% FIMA (Fissions of Initial Metal Atoms) — the mini-
mum burnup required for sustaining the B&B mode of operation. The fuel
discharged from this type of cores contain ~ 10% fissile plutonium. Such a
high plutonium content poses environmental and proliferation concerns, but
makes it possible to utilize the fuel for further energy production.

The objectives of the research reported in this dissertation are to analyze
the fuel cycle of B&B reactors and study new strategies to extend the fuel
utilization beyond ~ 18-20% FIMA.

First, the B&B reactor physics is examined while recycling the fuel every
20% FIMA via a limited separation processing, using either the melt refining
or ATROX dry processes. It was found that the maximum attainable burnup
varies from 54% to 58% FIMA — depending on the recycling process and on
the fraction of neutrons lost via leakage and reactivity control. In Chapter
3 the discharge fuel characteristics of B&B reactors operating at 20% FIMA
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and 55% FIMA is analyzed and compared. It is found that the 20% FIMA
reactor discharges a fuel with about ~ 80% fissile plutonium over total pluto-
nium content. Subsequently a new strategy of minimal reconditioning, called
double cladding is proposed to extend the fuel utilization in specifically de-
signed second-tier reactors. It is found that with this strategy it is possible to
increase fuel utilization to 30% in a sodium fast reactor and up to 40% when
a subcritical B&B core is driven by an accelerator-driven spallation neutron
source. Lastly, a fuel cycle using Pressurized Water Reactors (PWR) to re-
duce the plutonium content of discharged B&B reactors is analyzed. It was
found that it is possible to burn the B&B discharged fuel up to an additional
105.6 GWd/MTy and 66.1 GWd/MTy, for melt refining and AIROX,
respectively.
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Chapter 1

Introduction and Motivations

The world’s energy demand is constantly increasing, driven by growing needs
of emerging economies. Countries, such China and India, and non-OECD !
countries in general, will drive a continuous increase in energy demand in
the next decades [1], as shown in Figure 1.1. Energy generation is the main
producer of Greenhouse Gases (GHG) emissions, accounting for two-thirds
of global greenhouse-emissions [2]. Fossil fuels, coal in particular, are respon-
sible for most of world energy related carbon dioxide emissions, as shown in
Figure 1.2. In 2014, the Intergovernmental Panel for Climate Change recom-
mended to lower global GHG emissions in 2050 to levels 40% to 70% lower
than in 2010, in order to keep temperature change of the earth below 2°C
[3]. As energy production is such a strong contributor to GHG emissions,
it is a fundamental part of any climate change mitigation policy. Therefore
to prevent climate change and its disastrous effects, a reliable carbon-free
source of energy must be found.

Increasing attention has focused in recent years on emission-free renew-
able energies such as solar and wind. However, it poses a significant challenge
to satisfy base load demand with renewable energies, given their intermit-
tent nature. Nuclear Power is therefore an attractive alternative, given its
GHG-free nature and its ability to produce large amount of electrical energy
per unit mass of fuel. However, governments and environmentalists have put
nuclear power under scrutiny due to concerns about nuclear waste disposal,
safety, proliferation and short-term availability of uranium reserves. This has
created a renewed attention from the scientific community with the goal of
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Figure 1.1: World energy consumption, 1990-2040 (quadrillion Btu) [1]
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Figure 1.2: World energy-related carbon dioxide emissions by fuel type, 1990-
2040 (billion metric tons) [1]



1. INTRODUCTION AND MOTIVATIONS

finding a solution to these problems, evolving from the current system based
on Light Water Reactors (LWR) to more advanced nuclear reactor designs,
as shown in Figure 1.3. In July 2001, the Generation IV International Forum
(GIF) was born. The goal of this Forum was to select future nuclear reactor
designs based on the following criteria [4]:

e sustainability;

e cconomics;

e safety & reliability;

e proliferation resistance.

Generation IV: Nuclear Energy Systems Deployable no later than 2030 and offering
significant advances in sustainability, safety and reliability, and economics

Generation I

[ — Generation I
Early Prototype E— ——== Generation T KT
Reactors Comg:;cclgriower [ . Deployment
A(E\EHRCSEG : Generation TV
Generation [+
Evolutionary
Designs Offering - Highly
Improved Economical
Economics % g”?ﬂﬂcw
- Shippingport Ma el |
- Dresden, Fermi | - ABWR i v\}g,‘;@”ea
- Magnox - LWR-PWR, BWR - Systern 80+ - Proliferation
- CANDLU - APBO0 Resistant
- VWERIRBMK -EPR

Gen |l

1850 1960 1870 1980 1990 2000 2010 2020 2030

Figure 1.3: Evolution of Nuclear Reactor Designs, according to Gen. IV
International Forum [4].

As a result, six designs were chosen: the very high temperature reactor,
the sodium-cooled fast reactor, the supercritical water-cooled reactor, the
gas-cooled fast reactor, the lead-cooled fast reactor and the molten salt re-
actor. With the goal of sustainability in mind, the best choice for energy
needs would be the use of fast breeder reactors, such as the sodium-cooled
fast reactor. The current LWR once-through cycle uses only 0.6% of the

3



1. INTRODUCTION AND MOTIVATIONS

energy value of uranium resources, as it is not able to efficiently utilize fertile
isotopes. Fast reactors are able to breed fissile isotopes from fertile isotopes
such as 28U, which makes 99.28% of natural uranium and thereby to utilize
nearly 100% of the energy value of natural uranium.

For achieving this high fuel utilization, the fuel has to be reprocessed
when the peak radiation damage approaches ~ 200 dpa — the upper bound
cladding materials have been qualified to withstand. This corresponds to an
average fuel burnup of, approximately, 10% FIMA (Fissions of Initial Metal
Atoms). The reprocessing involves removal of all fission products and sepa-
ration of the plutonium or trans-uranium (TRU) elements from the uranium,
though partial separation of fission products has also been examined [5]. The
reprocessing phase is of greatest concern when keeping in mind proliferation
issues. In fact, the separation of plutonium (of which ~ 80% is fissile) or even
TRU poses a significant proliferation concern, since governments or terrorists
could use this material to fabricate nuclear weapons instead of using it for
energy production. However, with reprocessing, the fuel utilization factor of
breeder reactors can be as high as 99%, a gargantuan gain from the 0.6% of
current LWRs. If fast reactors and their fuel cycle could be designed to avoid
or minimize the need of separating TRU elements from the used nuclear fuel
(UNF), a sustainable and proliferation resistant nuclear energy system could
be envisioned.

In 1958, Feinburg proposed [6], for the first time, a fast reactor that could
sustain a fission reaction when fueled directly with natural uranium without
need of reprocessing. This type of reactor, called Breed-and-Burn (B&B), is
able to breed the fissile material and burn it in situ, without the need for
reprocessing, though at the expense of a lower overall fuel utilization (down
to ~ 20% for strictly no-reprocessing B&B). After Feinburg’s proposal, a few
studies on this concept were done, such as the Fast Mixed Spectrum Reactor
at MIT [7]. A good review of these earlier B&B designs can be found in Ref.
[8]. In 1995, the idea was redeveloped by Teller who envisioned a new fast
reactor design where breed and burn waves could travel through a stack of

fuel [9].
1.1 Breed and Burn reactors

Breed and Burn (B&B) reactors can be fueled with depleted uranium only,
once initial criticality is established, removing the need for fuel reprocess-
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ing. Depleted uranium is the by-product of the uranium enrichment process,
which is used to enrich the fuel of current nuclear reactors. It consists mostly
of fertile 28U, with a small fraction (~ 0.2%) of ?3U. As of today, there are
more than 700,000 MT of depleted uranium in the United States [10]. This
is a huge reserve that, with B&B reactor technology, can be directly used for
energy production.

After Teller’s design, several studies were performed on conceptual de-
signs of the Breed and Burn reactors. Sekimoto [11] at the Tokyo Institute
of Technology developed several conceptual designs of the B&B reactors,
called CANDLE. The CANDLE reactor uses an axial fuel reload scheme and
needs a high requirement of fuel burn-up (~ 40%). In 2008, a private com-
pany, TerraPower LLC [12] was founded with the goal of commercializing
B&B technology and building a prototype by 2020. Later, Greenspan et al.
[13] at University of California, Berkeley, developed several designs of the
Breed and Burn reactors where the fuel is shuffled radially with a cylindrical
arrangement of hexagonal fuel assemblies.

For a reactor to be able to operate in a B&B mode, a minimum burnup
is needed, since the fuel needs to produce a large enough amount of excess
fission neutrons sufficient to breed enough fissile material for the fission re-
action to be sustained. This minimum burnup has been found to be in the
proximity of 18-20% FIMA [14] (see Section 2.3). To achieve such a high
burn-up, a fuel cladding material able to withstand such a high irradiation
needs to be developed. At ~ 20% average FIMA, the cladding will need to
withstand a radiation damage of about 500 dpa (displacements per atom)
[15]. However, current data for HT-9, a good and well studied candidate for
fast reactor cladding, are available only up to ~ 200 dpa [16]. Knowledge
about high irradiation performance of other cladding materials is even fur-
ther behind. The development of cladding materials able to withstand high
irradiation damage is likely to be the biggest challenge for the B&B reactor
commercialization [15]. However, if B&B reactor technology is to achieve
commercial success, at least in their first stage, B&B reactors will work with
the minimum burn-up required for B&B operations ~ 18%-20% FIMA. The
fuel discharge at this burn-up still contains a considerable amount of fissile
materials, approximately 10%, which in a once-through B&B cycle will be
disposed as waste. This waste poses a significant proliferation risk, due to
its high content of fissile material *?Pu, and it could be used for further en-
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ergy production, instead of being disposed of. Moreover, such a considerable
quantity of 23°Pu poses waste concerns, in regards of environmental impact
and criticality accident in repository.

The objective of this study is to find alternative ways to further increase
the fuel utilization of the Breed and Burn reactors, without chemical sep-
aration of plutonium and minor actinides from the uranium and of all the
actinides from most of the solid fission products. At the same time we also
want to reduce the fissile plutonium content in the B&B discharged fuel.
This study is organized as follows:

Chapter 1: Introduction and motivations.

Chapter 2: A description of the physics of the Breed and Burn reactors
with a focus on various parametric studies is provided. The synergy of lim-
ited separation fuel cycles with B&B reactors is analyzed.

Chapter 3: The performances of B&B fuel cycles using limited separa-
tion reprocessing are analyzed for various recycling scenarios and compared
to other fast reactor designs

Chapter 4: A new process consisting of re-cladding nuclear fuel over
the previous clad is described and evaluated. This process is more prolif-
eration resistant than the other options previously analyzed by Heidet [17].
This process is applied to the design of second-tier Breed and Burn reactors,
i.e. the B&B reactors that are fueled with the discharged fuel from first tier
B&B (~ 20% FIMA) with the goal of increasing fuel utilization and reducing
amount of waste per unit of electricity generated.

Chapter 5: A new option is analyzed where the discharged fuel from
B&B is used in current Pressurized Water Reactors (PWRs). The fuel is pro-
cessed without actinides separation, re-fabricated into oxide fuel and used in
PWRs to generate additional energy and minimize the fissile nuclides content.

Chapter 6: This chapter assesses the characteristics of the spent fuel
produced in B&B reactors in comparison to the options studied in Chapter
4 and 5. This final chapter also draws conclusions and provides ideas for
future work.



Chapter 2

Breed and Burn Reactor
Physics

2.1 Physics of breeding

A Breed and Burn mode of operation is based on breeding of enough fissile
materials and fission part of it in-situ using a once-through fuel cycle. A
nucleus that can fission after the absorption of a zero-kinetic energy neutron is
called fissile. Fissile nuclei are, for example, 23°U, 239Pu, 2*'Pu. On the other
side, a nucleus that after neutron absorption generates a fissile nucleus is
called fertile. The systems under study in this thesis are 233U /?39Pu systems,
where the burning of #*Pu generates enough neutrons to be absorbed in
2381, such that produces an equal or higher fissile nuclei concentration. The
reaction can be illustrated as:

2381y M0, 23977 _ P 29N, _ A= 29py, (2.1)
23.5 min 2.3565 d

29Pu can undergo fission or neutron capture again, generating higher
atomic number nuclides. The entire **U/#%Pu conversion chain is shown in
Figure 2.1.

For a B&B reactor the breeding gain needs to be considerable so as to
minimize the burnup required for sustaining the B&B mode of operation. A
high breeding gain can be obtained only with a fast neutron spectrum.

The average number of neutrons generated per neutron absorbed in the
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Figure 2.1: U-Pu conversion chain [18]

fuel, 77, averaged over the neutron flux spectrum, can be written as [18]:

o _ 1
5 +o. ‘l1+a
ft+0c +a

n="vy (2.2)

where 7y is the average number of neutrons generated per fission, oy is
the spectrum averaged microscopic fission cross-section, @, is the spectrum
averaged microscopic capture cross-section and a = g—f

To maintain reactor criticality, at least one neutron from each fission
should be used for the next fission. When breeding is wanted, at least an-
other neutron needs to be absorbed in fertile material, and therefore the total
number of neutrons generated for each absorption must be at least 2. How-
ever, accounting for leakage and neutron absorption in non-fuel components,
it is clear that the number of neutrons generated for one neutron absorbed
in fuel must be higher than 2.

For each of the primary fissile isotopes, 7 is fairly constant for neutron
energies up to about 1 MeV (about 2.9 for ?*Pu and about 2.5 for 233U
and #°U) and slowly rises at higher energy. On the other hand, @ varies

considerably with energy and between isotopes. For ?*°Pu, @ rises sharply

8
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in the intermediate energy range between 1 eV and 10 keV and then drops
again at high energy [18]. This behavior of 7; and @ leads to the variations
of 7 with energy, as shown in Figure 2.2.

From Figure 2.2 it is evident that the °Pu is the fissile isotope that can
produce the highest breeding gain, since its 7 is consistently greater than 2 at
energies above 100 keV. To further assess the use of fissile isotopes, Table 2.1
reports values of 77 for typical LWR and fast reactor spectrum. It is evident
that the highest breeding gain is obtained by the #%U/*%Pu cycle. Since
B&B reactors are particular type of fast reactors where the breeding gain
needs to be high enough so that the reactor can breed enough fissile isotopes
to sustain criticality, the best choice for this reactors is 23U /?3Pu cycle.

fad
o

W
[=}

-
o

NEUTRON YIELD PER
NEUTRON ABSORBED, n
]
o

NOTE: 12 + LOSSES FOR BREEDING ]

0 L L | " ) | L L l
1eV 1 keV 1 MeV

ENERGY OF NEUTRON ABSORBED

Figure 2.2: 7, neutrons produced per neutron absorbed vs. energy for various
fissile isotopes [18].

It was demonstrated that the B&B mode of operation could not be
established with liquid metal coolant for thorium reactors [14], therefore
232Th /233U systems will not be part of this work.
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Table 2.1: Value for 77 averaged over fast and thermal spectra [18]

7-averaging spectrum type BIpy BY BU

Average over an LWR spectrum (0.025 eV) 204 206 2.26
Average over a typical oxide-fueled fast reactor spectrum 245 2.10 2.31

2.2 Breed and Burn Reactor Designs

Traditional fast reactors have two different regions: one for burning fissile
materials (seed) and one for breeding (blanket). However, in general the
blanket /seed are not necessarily two separate regions. A reactor can used
blanket assemblies dispersed in the core, or even different axial fuel zones for
blanket and seed. Other fast reactor core designs do use a blanket at all.
However, all fast reactors need fuel reprocessing for replacing the cladding
and removing fission products. The unique feature of B&B reactors is that
they can sustain criticality indefinitely without the need for reprocessing,
when fueled with depleted uranium, i.e. essentially fertile material only. An
illustration of a breed-and-burn core design of the travelling wave type is
shown in Figure 2.3.

Here the word wawve refers to the spatial fission density profile. Since
plutonium is the primary fissile material in B&B reactors, its concentration
is higher in the burning region and approaching zero in the fresh fuel region.
As the burning region moves through the reactor, the concentration wave
moves with it.

2.2.1 CANDLE Designs

In this section, the most important B&B reactor designs that have been
developed so far are described.

Edward Teller et al. [9] were the first to revive the interest in B&B reac-
tors. Their original Traveling Wave Reactor (TWR) concept is, in principle,
similar to the CANDLE reactor concept for which there is more illustrations
available in the literature and will therefore be used to describe the TWR
principles.

Starting from the early 2000s, Sekimoto et al. at Tokyo Institute of

10
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spentfuel spent fuel

burnup

fresh fuel

Figure 2.3: Burn-up process along the core axis of Breed and Burn reactor
[19]

Technology has developed the concept of CANDLE reactor. CANDLE stands
for Constant Axial shape of Neutron flux, nuclide densities and power shape
During Life of Energy production. The CANDLE reactor is a type of Breed
and Burn reactor where the propagation of plutonium concentration waves
happens axially, as shown in Figure 2.4. This scheme of fuel management
requires high discharge burnups, of the order of 40% FIMA; the corresponding
peak radiation damage is close to ~ 1,000 dpa. To withstand such a high
burnup a cladding replacement is needed, since current materials, such as
HT9, are not able to withstand burnup higher than 200 dpa (see Section
2.4). The strategy suggested for refueling the CANDLE core is illustrated in
Figure 2.5. It consists in chopping the spent part of the fuel and replacing it
with fresh fuel. This process has been theorized by Nagata et al. [20, 21], but
no specific feasibility studies on this concept have been performed. Sekimoto
et al. have studied the CANDLE concepts with various coolant (sodium,
lead, lead-bismuth) and various fuels (metallic alloy, nitride, uranium and

11
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thorium); CANDLE research is still ongoing [19, 22-24].

- spent fuel - spent fuel

refueling
burning buming
region % region
fresh fuel fresh fuel

Figure 2.4: CANDLE reactor mode of operation. The fresh fuel is reloaded
from the bottom of the reactor and the top spent fuel is discharged at the
end of cycle [19].

2.2.2 Terrapower Designs

In 2008 a private company, TerraPower LL.C, was founded with the goal of
commercializing a Breed and Burn Reactor. TerraPower has been referring
to its reactor as the Traveling Wave Reactor (TWR). The company is a spin-
off of Intellectual Ventures, an intellectual property corporation. The initial
studies of TerraPower were based on the Traveling Wave type reactor, similar
to concept proposed by Edward Teller et al. [9]. At a further analysis this was
proven to be an unfeasible design and the most recent designs implemented
a shuffling scheme of the type described later in Chapter 3. A schematic of
the new design, using a core with fuel assemblies arranged in a cylindrical
way is described in Ref. [25] and shown in Figure 2.6. TerraPower aims to
build a prototype of such a reactor, to produce a power level of 1200 MW
thermal (th), and in a later stage to introduce a larger model of 3000 MWy,.
The minimum discharge of such a reactor is supposed to be in the 18-20%
FIMA range. However, TerraPower is still researching a wide range of design
parameters and the designs are in continuous evolution [12, 26].

2.2.3 UC Berkeley Designs

At UC Berkeley, Heidet and Greenspan have studied the feasibility of vari-
ous versions of B&B core designs [13, 14, 27-30], all based on a cylindrical

12
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Figure 2.5: CANDLE fuel cycle scheme. The cycle scheme includes a
reprocessing to overcome material damage limits [19].
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Figure 2.6:  Schematic representation of the prototype core of TWR by

Terrapower [25].
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arrangement of hexagonal assemblies. The two main designs studied are: 1)
a large sodium cooled B&B reactor of 3000 MWy, [13]; and 2) a medium
size B&B reactor [27] of 1200 MWy, that has radial dimensions similar to
S-PRISM fast reactor, developed by General Electric[31, 32]. The studies
were summarized in Heidet thesis at UC Berkeley [17]. These designs are the
starting point of this work and are described in details in Chapter 3.

2.3 Neutron balance

To understand the performance of a B&B reactor, it is useful to follow the
evolution of k., of a unit cell, representative of the material composition
of a B&B reactor. As the mean free path of neutrons in fast reactors is
much longer than a fuel pin, it is possible to homogenize assembly materi-
als. Therefore, the reactor core material can be represented as a mixture of
coolant, clad and fuel. Using the same fuel assembly dimensions as used in
Heidet & Greenspan study of large B&B reactors [13], the volume fractions
of fuel constituents can be derived and are reported in Table 2.2. The fuel
is U-10%Zr alloy, the cladding material is HT9 and the coolant is sodium.
The fuel density is 11.94 g/cm?, and the fuel smear density is 75%. HT9 is
a ferritic martensitic steel, which composition is given in Table 2.3. The fuel
used is a metallic alloy of uranium and zirconium, with zirconium being 10%
of the fuel by weight. This unit cell is a 10 x 10 x 10 cm homogenized cube
with reflective boundary conditions applied to all sides. The unit cell is de-
pleted at constant power, using the neutron-transport code MCNP5 [33] and
depletion code ORIGEN 2.2 [34], coupled by the coupling utility MOCUP 2.1
[35]. These codes and the coupling method are accurately described at the
end of this chapter in Section 2.6. The depletion is performed with a power
density of 112.5 W/cm? which is representative of the average power density
in a B&B reactor [13]. The evolution of k,, obtained by the simulation, is
plotted in Figure 2.7.

The burnup is reported in units of FIMA (Fission of Initial Metal Atoms),
FIMA is defined as the fraction of initial metal atoms that are fissioned at
time ¢ it can be written as:

No — N,
— _'x

0

FIMA(%), = 100 (2.3)

where Ny is the number of metal atoms at t=0, while V; is the number of
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Table 2.2: Volume fractions used for homogenized unit cell.

Volume fractions
coolant | 28%
fuel+gap | 50%
clad 22%

Table 2.3: HT-9 Composition by weight percent used in simulations.

HT-9 wt %
Fe 85 %
Cr 11.5 %
Ni 0.5 %
Mo 1.5 %
Mn 0.9 %
Si 0.6 %

Density(g/cc) | 7.522

metal atoms present at time ¢. Therefore at t=0, FIMA is 0% while at the
end of the depletion, when all metal atoms have fissioned, FIMA is 100%.
Since the number of atoms is directly proportional to the number of moles,
it is possible to write FIMA in terms of moles of metal atoms:

My — M,
0

For fresh fuel, the only metal that can fission is uranium (?**U and ?*U
atoms). However, as the fuel is burned part of the uranium is transmuted
into other actinides, and part is fissioned. When counting the metal atoms
present at time t, all actinides need to be accounted for, as these represent
metal atoms that can fission but have not fissioned yet; therefore, all elements
with atomic number N > 89 are accounted for.

As shown in Figure 2.7, at the beginning of burnup k., is much less than
1; and it is equal to 0.23, due, primarily, to fissions in 238U. As the fuel is
burned, the amount of fissile content (in particular *?Pu) increases and ke
increases up to a value of 1.2. After the peak value is reached accumulation

FIMA(%), = x 100 (2.4)
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of fission products along with the depletion of 23U are causing k., to drop,
eventually down to zero if all actinides could be fissioned. At the beginning,
koo is much lower than 1, implying that the fuel is at this point a neutron
sink. However when it becomes >1, the fuel is a net neutron producer. For
a Breed and Burn reactor to work, the fuel needs to produce at least as
many neutrons as the neutrons absorbed and lost in the entire system. This
concept is mathematically represented by balancing neutron absorptions and
production.

The neutron balance technique has been clearly illustrated by Heidet [14]
and Petroski [36]. In this study, we report the formulation by Heidet &
Greenspan. In section 2.5, we apply it for the determination of minimum
and maximum burnup of B&B using limited separation fuel cycles.

The neutron balance consists in relating the production and absorption
to ks evolution. The number of neutrons produced in a small interval of
burn-up, let us say d(BU), expressed in FIMA, can be written as:

neutrons produced in d(BU) = U(BU) Ny d(BU) (2.5)

where 7 is the number of neutron produced in each fission and it is dependent
on the burnup and Ny, is the number of heavy metal nuclei present in the
fuel at t=0. By definition k., can be thought as:

- neutron production

. (2.6)
neutron absorption

However, for our uses k., is calculated by neutron transport codes and it
is therefore given. It is possible to calculate the neutron absorbed as:

U(BU)Nypd(BU)
kOO

For a more realistic account and to relate k., to a real 3-D reactor core,

neutron losses should be accounted for as well. The main mechanisms of

neutron losses are Leakage (L) and absorption in Reacivity Control (RC)
systems. Therefore, accounting for losses, the neutron production is:

neutron absorbed in d(BU) = (2.7)

neutron produced in d(BU) = U(BU) Nyd(BU )Py Pre (2.8)

where Py is the non-leakage probability of neutrons and with Pgro is the
fraction of neutrons not captured in the Reactivity Control systems. The net
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neutron production (production minus absorption) can be derived integrating
Eq. (2.8), while subtracting Eq. (2.7) from it:

BU 7(BU)N

net production = / (U(BU)Nun Py Pre — V(Zﬂ )d(BU) (2.9)

0 o0

then, (2.9) can be re-written as:
BU
1

net production = NHM/ 7(BU)(PnrPre — k_) d(BU) (2.10)

0 [

Knowing k., evolution and v through neutron transport calculations it is
possible to plot Eq. (2.10), when making assumptions on the values of Py,
and Prc. When Eq. (2.10), i.e. the net neutron production is positive, a
B&B mode of operation can be sustained, therefore the equation that defines
a B&B reactor can be written as:

BU 1
Nuar / P(BU)(Py1Prc — ) d(BU) > 0 (2.11)

For fast reactors loaded with metallic fuel at high volume fraction the
calculated 7 is ~2.9; valid in general for BU> 5% FIMA. In following cal-
culations, the value of 7 derived by simulations will be used. Using the k.,
evolution of Figure 2.7 it is possible to plot Eq. (2.10), as in Figure 2.8.

From Figure 2.8, it is observed that when the net neutron balance is
greater than zero the B&B mode of operation can be sustained and this
happens at a burn-up higher than 10.2%, in case of no leakage or reactivity
control losses. The B&B mode of operation can theoretically be sustained up
to 59% FIMA, since the neutron balance is positive up to that value, though
this high burnup is unrealistic for material damage.

For a more realistic assessment, because of leakage and reactivity control
systems, losses need to be taken into account. For a control management
strategy 2% can be assumed as a typical value of Reactivity Control losses
(RC) [14].
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Figure 2.7: k., evolution for U-10%Zr alloy fuel.
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Figure 2.8: Net neutron production for cm?® of core for U-10%Zr fuel for
various value of leakage (L) and Reactivity Control (RC) losses.

Figure 2.8 shows the net neutron production for various values of leakage
(L). Tt is observed that the neutron leakage heavily affects the minimum
burnup requirement. A higher value of L shifts the point of zero balance
towards higher burnups. It is also observed that when assuming RC=2%
and L=6.3% the neutron balance is never positive, meaning that B&B mode
of operation cannot be sustained. Traditional fast reactors have leakage that
is about 20% it is therefore imperative to design B&B reactor with a small
leakage and tight neutron economy. If leakage is too high, the B&B mode
of operation cannot be sustained. Various B&B reactor designs [13, 27] have
reduced the average leakage to a value of about 4% to 6% and therefore can
operate with a minimum burnup of ~ 18%-20% FIMA. Table 2.4 reports the
value of minimum and maximum burnup for all cases of Figure 2.8.

It is important to remind that the predictions of the neutron balance
method are only an approximation that can be used to restrict the parameter
space of full core design studies. In fact, the main difference between the unit
cell model and a full B&B core are in the neutron spectrum, since the unit
cell has an infinite medium spectrum, while the B&B core neutron spectrum
is space-dependent and affected by leakage and absorptions in surrounding
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areas. Moreover, the leakage L. does not have a fixed value when the reactor
is run, and the precise leakage value is also hard to predict.

Table 2.4: Minimum and maximum burnups in % FIMA for various values

of L and RC for U-10%Zr alloy fuel.

Leakage Reactivity minimum | maximum
Control losses | burnup burnup
0% 0% 10.2 59%
2% 2% 15 50%
4% 2% 18.2 45%
6.3% 2% - -

2.4 Minimum burn-up and material damage
requirements for U-Zr alloy fuel

The neutron balance method can be applied to study the minimum burn-up
requirements for different fuels. As the fuel of choice in this work, is the U-
Zr alloy, it is important to study the impact of Zr content on the minimum
burnup requirement.

Figure 2.9 shows the k., evolution for various Zr content (0% , 5% and
10% by weight). Fig. 2.9 shows that the variation in the maximum value
of ks is 4.4% from 0% Zr to 10% Zr. This affects the minimum required
burn-up, as shown in Fig. 2.10.

In Figure 2.9, together with the k., evolution, the dpa accumulation in
the cladding is also plotted. The dpa, displacement per atom, is the measure
by which an atom is displaced from its original lattice position and it is a
measure of radiation damage. As mentioned in Section 1.1, current data on
HT-9 behavior with radiation are only available up to about 200 dpa [16].
Therefore it is important to correlate the minimum burnup found from the
neutron balance to the radiation damage in dpa.

The dpa accumulation can be calculated using the appropriate MCNP
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tally. The MCNP tally gives a dpa cross-section integrated over the flux :

Emax
O'MCNp[bCLTns - M@V] = / EPKAUdpa ddE (212)
0

This represents a reaction rate and it is given in units of MeV-barn, since
it includes the integrated average value of the energy of Primary Knock-on
Atoms (PKA) Epga, so to scale the damage proportionally to the PKA
energy. The dpa accumulation over a time step T can be found using the
Kinchin-Pease model [37]:

DPA = n“ggdvp TS % 1072 (2.13)

where Fj is the atom displacement energy, i.e. the energy required to displace
an atom from its lattice position; n is the atom displacement efficiency which
is assumed to be 0.8 [37]; S is the neutron fission source strenght, since the
MCNP dpa reaction rate is calculated per fission neutron.

To simplify calculations, Fy; for HT-9 will be approximated with E; of
iron, its main constituent, which is 40 eV. This methodology for dpa calcu-
lation has been used in Fig. 2.9.

From Eq. (2.9), it is observed that the dpa accumulation is higher in
metallic uranium (0% Zr) compared to fuel with zirconium as it is expected,
since pure uranium has a harder spectrum and therefore each neutron can
displace more atoms, thanks to the higher incident energy. At 20% burn-up,
the dpa accumulation is 405 dpa for U-10%Zr and 480 for U. It is important
to observe that the unit-cell depletion overestimates the dpa accumulation
in the first few percent FIMA, due to an overestimation of the flux of high
energy neutrons. In a 3-D reactor, the fuel will actually run in a softer flux,
when introduced in the reactor.

The k4 can be used, as outlined in Section 2.3, to calculate the minimum
burnup requirement. Fig. 2.10 shows the neutron balance for the U-Zr alloy
fuels in case of L = 4% and RC = 2%, while Table 2.5 shows the minimum
and maximum burnups for the U-Zr fuels, depending on Zr content.

From Table 2.5, it is possible to understand the need of new material
testing and development for the realization of B&B reactors. For typical
case with L = 4% and RC = 2% the dpa that the cladding experiences are
in the around of 350. However, it is important to realize that the neutron
balance represents a core-average of the neutronic properties. In a reactor,
though the discharge batch will have a burnup close to the one found by the
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neutron balance method, the peak burnup, and consequently the radiation
damage, will be in the highest flux point of the fuel rod, usually in the center
of the reactor. At a first approximation, this peak dpa can be represented
as a 50% increase on the averaged dpa, e.g. if the averaged discharge fuel is
at 20% FIMA, the peak burnup is 30% FIMA. Consequently the minimum
burnup for a U-5%Zr fuel corresponds to approximately 520 dpa. The 500
dpa limit is what is considered to be the objective to be able to realize a
B&B reactor that works without reprocessing [15].

Table 2.5 also reports the maximum burnup. Theoretically such high
burnups could be achieved. However to reach such high burnups, the fuel
will definitely need some sort of reprocessing. In the next section, B&B
reactors with limited reprocessing, and reprocessing effects on burnup are
analyzed.

Table 2.5: Average minimum and maximum burnup in % FIMA for various
U-Zr fuels; dpa to materials are given at average minimum burnup.

Zr (w/o) | minimum | dpa at | peak dpa | maximum
burnup | min. bu | (dpax1.5) | burnup

no 0% 8 240 360 67%
losses 5% 9.1% 245 368 64%
10% 10.3% 245 368 60%
L=4% 0% 122 % 325 488 57%
RC=2% 5% 15% 347 521 51%
10% 18.2% 370 555 45%
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Figure 2.9: k., evolution for U-Zr alloy fuel with 5% and 10% Zr and for
metallic uranium (0% Zr); dpa accumulation in HT-9 is also plotted for the
various fuels.
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2.5 Maximum burnup with limited separa-
tion fuel cycles

As B&B reactors are neutronically able to reach high burnups, it is of par-
ticular interest to study fuel cycles that combine proliferation resistant re-
processing technology with B&B reactors. In fact, as it becomes necessary
to replace the cladding and reprocess the fuel when the cladding radiation
damage limit is reached, the entire fuel does not need to be fully reprocessed
by neutronic performance. However, the fuel will need to be recladded and
therefore will need to undergo some sort of reprocessing. The ideal recycling
process is a proliferation resistant process that removes as little material as
possible from the fuel, since fission products removal is not necessary for neu-
tronics performance. Two processes have been developed in the past, which
both separate a minimal amount of fission products, leaving most of actinides
in fuel: 1) the ATROX process applied to oxide fuels and extensively studied
during the DUPIC project [38] and 2) the melt-refining process, developed
to reprocess EBR-II fuel [5].

2.5.1 AIROX

ATROX process was developed as a dry procedure to re-utilize LWR spent
fuel in CANDU. The procedure is highly proliferation resistant, since it could
not separate actinides from Fission Products (FP). The operations of AIROX
process are summarized in Fig. 2.11. This process has been developed only
for oxide-fuels. In this work, we will assume that an ATIROX-like process
could be applied to metallic fuel. AIROX removes only specific FPs with
reduction-oxidation reactions. At the end of the process 100% of T, C, Kr,
Xe and I, 90% of Cs and Ru and 75% of Te and Cd are removed in gaseous
form. In addition, gaseous FPs that are present in gaseous form during
reactor operations and accumulate in the fuel rod plenum are assumed to be

removed at 100% efficiency. Table 2.6 summarizes the removal fractions for
ATROX.

2.5.2 Melt-refining

In the melt refining process, the metallic fuel is first chopped and removed
from the cladding. The fuel is then melted in a furnace at 1300°C -1400°C
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for about one to three hours in argon atmosphere. Figure 2.12 shows the
original furnace of the EBR-II project [5]. In the melting process, some FPs
are removed by volatization, while others are partially removed by oxidation
with the zirconia of the crucible. It was found that this process can remove
nearly 100% of volatile FPs Br, Kr, Rb, Cd, I, and Cs, and 95% of Sr,
Y, Te, Ba and rare earths (lanthanides). Moreover, 95% of Th and Am
are also oxidized with zirconia and removed from the fuel. These materials
accumulate in the crucible and need to be removed from the crucible and
properly disposed in a suitable waste form. In the reference case for melt
refining, the only actinides that oxide and remain in the reaction layer on
the crucible surfaces are Th and Am at a fraction of 95%. However, it is
important to note that, during operations, some actinides might remain in
the crucible. Since this process has been performed only at a laboratory
scale, the fraction of actinides that might remain in the crucible has not
being explored sufficiently to reach optimization. In Section 2.5.3 we will
explore the case of 1% and 10% of all actinides lost in the crucible, during
melt refining.

Lastly, as for the AIROX process, gaseous FPs that are present in gaseous
form during reactor operations and accumulate in the fuel rod plenum are
assumed to be removed at 100% efficiency. Table 2.6 summarizes the removal
fractions for melt refining.

Table 2.6: Summary of removal fractions in AIROX and melt-refining

‘ ATROX ‘ melt-refining
Actinides 0% 95 % Th, Am
0% others
Fission 100% H,C,Kr,Xe,I | 100% Br,Kr,Rb,Cd,I,Cs
Products 90% Cs,Ru 95% Sr,Y,Te,Ba, La-Lu
75% Te,Cd
Gaseous Fission Products 100% H,He,N,O,F,Ne,Cl,Ar,Kr,Xe,Rn

2.5.3 Neutron balance with AIROX and melt-refining

The effects of limited separation fuel-cycles can be studied, applying the
processes in exam to the unit cell depletion. As we explained in Section 2.4
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Figure 2.12: Melt refining furnace [5]
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the minimum burnup for B&B mode of operation will be at ~ 18%-20%,
implying a peak dpa of about 500. If we assume that further material testing
will provide data that enable utilization of steel cladding up to 500 dpa,
to further increase the fuel utilization, a reprocessing will be needed at ~
18%-20% FIMA.

Figure 2.13 shows unit cell depletion for U-10%Zr fuel that undergoes
reprocessing through AIROX or melt refining, at every 20% FIMA. It is
observed that there is an increase in k., every time the fuel is reprocessed, due
to the removal of FPs. The increase is about 4% for melt refining and 2% for
ATROX, since the latter removes less FPs than melt refining. The radiation
damage to the cladding is also plotted in the same figure. As the material is
reprocessed, the cladding is replaced; this is shown by the discontinuities in
the figure. Excluding the first step that suffers of the usual spectrum hardness
overestimation for fresh fuel, the average radiation damage, in the second and
third step, does not exceed 350 dpa, corresponding to an estimated peak of
525 dpa. Therefore with the use of such a process, the cladding limits are
preserved in the around of 500 dpa. Moreover, the fuel utilization is expanded
beyond the maximum burn-up of 45% found in the case of no-reprocessing
(Table 2.5).

For L = 4% and RC = 2%, the neutron balance is shown in Figure 2.14.
It is evident how the discontinuities are reflected in the balance with a change
of the net production slope at 20% and 40% FIMA. Before 20% FIMA, as
no reprocessing has occurred, all the curves are identical.

Table 2.7 summarizes the results for maximum burn-up for the various
cases. It is found that the use of melt-refining can extend the maximum
burn-up from 45% up to 58%.

Table 2.7: Maximum burnup for different fuel cycles

reprocessing | maximum

type burnup
none 45%
ATROX 54%

melt-refining 58%

Next, we analyze the effect of using AIROX at different burnup intervals.
Figure 2.15 shows the k., evolution for various cases of AIROX reprocess-
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Figure 2.13: k, evolution for U-10%Zr alloy fuel with no reprocessing and
with ATROX and melt-refining every 20% FIMA; dpa accumulation in HT-9
is also plotted.
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ing. The interval at which the recycling is done is varied and three cases are
studied: ATIROX every 5% FIMA, every 10% FIMA and every 20% FIMA.
Figure 2.15 shows the evolution of k., along the burnup with AIROX recy-
cling at different intervals. As observed, discontinuities are present whenever
recycling is performed. Performing AIROX more often is a way to limit the
radiation damage to the cladding.
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Figure 2.15: k. evolution for U-10%Zr alloy fuel with AIROX every 5%,
10% or 20% FIMA; dpa accumulation in HT-9 is also plotted.

Figure 2.8 shows the neutron balance for the three AIROX cases. Discon-
tinuities, though present, are not evident, for the 5% FIMA, as the change
in slope is more subtle. Table 2.8 summarizes the results for AIROX cycles,
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Figure 2.16: Neutron balance for U-10%Zr with Pn;.=96% and Prc=98%
with ATROX reprocessing every 5%, 10%, 20% FIMA.
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together with the dpa accumulated in the second step. It is observed that
using AIROX every 5% average burnup, peak radiation damage does not
exceed 117 dpa. With the limit of 200 dpa, an interpolation between the 5%
and 10% AIROX cases, brings that recycling every 8% should cause a radia-
tion damage to the cladding that does not exceed 200 dpa with a maximum
burnup of ~ 59%. This result is of great importance, as it tells that a B&B
reactor could be designed without exceeding current material damage lim-
itations, and therefore could be realized with current technologies, without
need of new experiments to test material resistance beyond 200 dpa. How-
ever, a commercially viable ATIROX like process will have to be developed
and recycling of AIROX processed fuel demonstrated.

Table 2.8: Maximum burnup in % FIMA for ATROX fuel cycles.

AIROX every | maximum | dpa | peak dpa
FIMA % burnup (dpax1.5)
5% 60% 78 117
10% 58% 158 237
20% 54% 405 607

Lastly, we examine the effect of melt-refining actinide losses on the max-
imum burnup on B&B reactors. When melt refining is performed and heavy
metal losses are present the FIMA at time ¢ cannot be calculated as in Eq.
(2.4). In fact, the term M; does not include the HM that are lost in waste,
since it represents the composition at time t, after recycling. When calcu-
lating the percent of initial HM that are burned, the HM in waste needs to
be included back, since this are not properly burned, but lost into waste.
Therefore, we can write:

FIMA(%), = Mo = Mi & Muaste (2.14)
My
where M, qste are the moles of actinides accumulated in the waste, from the
beginning of burnup. Since these moles that are lost to waste constitute a
part of material which will not be burned, the fuel cannot be burned to a
full 100% FIMA.

Figure 2.17 shows the k., evolution for U-10%Zr for reference melt refining
and 1% and 10% actinide losses. It is observed that in the case of 10% losses
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the melt refining k., is lower than the k., with no reprocessing at burnups
higher than 43%.

Figure 2.18 shows the neutron balance for melt refining with losses and
Table 2.9 summarizes the results. It is observed that, 1% losses decrease
the maximum attainable burnup 1.3%, while 10% losses decrease the final
burnup considerably down to 47.3% from 58%. However this burnup is still
higher than the theoretical case of no reprocessing 45%. In the following
chapter, B&B reactors utilizing limited separation recycling are analyzed.
The results of this chapter are used to restrict the design space to reactors
in the vicinity the attainable burnup calculated from the unit cell model.

Table 2.9: Maximum burnup for melt-refining fuel cycles with melt-refining
every 20% FIMA

actinide | maximum
losses % | burnup

reference 58%
1% 56.7%
10% 47.3%
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2.6 Computational Tools

In this Section, the computational tools used for simulation are presented.
These tools have been used for all simulations described in this chapter, and
they are used in the next chapters to simulate 3-D reactors.

2.6.1 MCNP5

MCNPS5 is a Monte Carlo particle code, developed by Los Alamos National
Laboratory (LANL). This code can simulate neutron transport using Monte
Carlo techniques. Geometries can be freely defined by the user, and materials
can be used from the material database and mixed to reproduce reactor
core composition. The detailed capabilities of MCNP5 can be found in the
MCNP5 manual [33]. Using Monte Carlo codes is computationally expensive
when compared to deterministic codes. However, the use of this code allows
to simulate modern advanced reactors without approximations on the physics
or on geometric configurations. The main advantage is the use of point-
wise energy cross-section data without the need for generation of problem-
dependent multi-group cross sections, and therefore no need to know the
neutron spectrum a priort.

2.6.2 ORIGEN 2.2

ORIGEN 2.2 is a depletion code released in 2002 by Oak Ridge National
Laboratory [34]. It solves the Bateman-depletion equation using a matrix
exponential method. This code is used to estimate the reactor fuel compo-
sition as a function of time, using the effective one-group cross-sections and
total flux values generated by MCNP5. For reactions for which cross-sections
are not provided by MCNP5, cross-sections from the default ORIGEN 2.2
library for liquid metal cooled cores with oxide fuel, LMFBR recycle Pu/U,
are used. However, it is important to stress that these cross-sections do not
represent a valid approximation of B&B reactors. Therefore MCNP5 is used
to calculate cross-sections at each burn-up step, based on the real physics
of the reactor. Unfortunately, no default library representing a fast reactor
operating with metallic fuel is available in ORIGEN2.2. Due to the spectral
difference between oxide and metallic fueled cores, it is important that the
data generated by MCNP5 for isotopes represent at least 99% of the total
fission and absorption cross-sections. For all the simulations performed with
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MCNP5, the (n,f), (n,y), (n,2n), (n,3n) and (n,«) one group cross-sections
are generated for thirty-four actinide isotopes and ninety-nine fission product
isotopes, given in Table 2 8. All the cross-section data used by MCNP5 for
the present study are based on the ENDF /B-VII libraries.

2.6.3 MOCUP

MOCUP is the MCNP-ORIGEN Coupled Utility Program developed by
Idaho National Laboratory (INL) in 1995 [35] and upgraded at UC Berkeley
[17]. Its role is to interface ORIGEN 2.2 with MCNP5. In particular, it
provides ORIGEN 2.2 with the initial fuel compositions, effective one-group
cross-sections and total flux estimated by MCNP5 for each depletion zone, it
creates the ORIGEN 2.2 input file, executes ORIGEN 2.2 and generates the
new input file for MCNP5 using the updated fuel composition. The isotopes
that are tracked in MOCUP are reported in Table 2.10 and Table 2.11 . The
main function of MOCUP is to calculate the one group cross sections from
MCNP5 results for these isotopes in each cell and transfer them to ORI-
GEN 2.2.; as illustrated in Fig. 2.19. MOCUP results have been accurately
bench-marked [39].

Table 2.10: List of Actinide Isotopes Tracked in MCNP5

Element \ Isotope number
Thorium 232, 233
Protactinium 233
Uranium 234, 235, 236, 237, 238, 239
Neptunium 236,237, 238, 239
Plutonium | 236,237, 238, 239, 240, 241, 242, 243, 244
Americium 241, 241m, 242, 243, 244
Curium 242, 243, 244, 245, 246, 247, 248
Berkelium 249
Molybdenum 95, 96, 97, 98, 100
Californium 249
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Table 2.11: List of Fission Product Isotopes Tracked in MCNP5

Element ‘ Isotope number
Bromine 81
Krypton 83, 84
Rubidium 85, 87
Strontium 90
Yttrium 89
Zirconium 90, 91, 92, 93, 94, 96
Technetium 99
Ruthenium 100, 101, 102, 103, 104, 105
Rhodium 103
Palladium 104, 105, 106, 107, 108, 110
Silver 109
Cadmium 110, 111, 112, 113, 114
Indium 115
Tin 117, 118
Antimony 121, 123, 125
Tellurium 125, 128, 130
Iodine 127, 129
Xenon 130, 131, 132, 134, 135
Caesium 133, 134, 135, 137
Barium 134, 137, 138
Lanthanum 139
Cerium 140, 142
Praseodymium 141
Neodymium 143, 144, 145, 146, 148, 150
Promethium 147
Samarium 147, 148, 149, 150, 151, 152, 154
Furopium 151, 152, 153, 154, 155
Gadolinium 154, 155, 156, 157, 158
Terbium 159
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Figure 2.19: Flow path of MOCUP 2.1

2.6.4 Additional tools

The MOCUP code is able to transfer data from MCNP to ORIGEN and the
other way around. However, scripts for fuel shuffling and reactor equilibrium
need to be added to find a core equilibrium composition. The aforementioned
operations have been implemented in MOCUP through the use of external
scripts, written in bash shell in UNIX. These scripts have been developed as
part of this study, though code previously developed at UC Berkeley [17] has

been used as a basis.

-fuel shuffling script: this script exchanges material compositions so that
it can simulate shuffling of different batches in different geometrical areas of

the reactor
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-equilibrium composition script: this script searches for an equilibrium
composition. After a transport calculation is executed for a reactor cycle.
This script uses cross section data thus obtained to run depletion-only cal-
culations until material composition converge. Then a neutron transport
calculations is run again, and the procedure is repeated until equilibrium is
found . The reactor equilibrium cycle is defined as convergence on two sub-
sequent cycles having each value of k at each step of the cycle during within
two times the MCNP calculated statistical uncertainty, . The statistical
uncertainty for simulation is 70 pcm thorough this entire work, except when
noted.

2.7 Conclusions

In this chapter, the synergies of B&B reactors with limited separation fuel
cycles were analyzed, thorough the neutron balance method. It was found
that for typical values of leakage and reactivity control losses the maximum
burnup is in the range of 54% to 58% depending on the recycling process
used, if AIROX or melt refining.
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Chapter 3

Fuel Cycle of B&B Reactors
with limited separation
reprocessing

In this chapter we will describe the current status of B&B reactor designs
at UC Berkeley and we will analyze the current fuel cycle issues, through a
waste analysis of B&B reactors. Alternatives to the fuel cycles presented in
this chapter will be the subject of the following chapters.

3.1 Issues with B&B fuel cycle

The current objective of B&B reactor research is to realize a B&B cycle
that is inherently proliferation resistant. This objective could be achieved
with a B&B reactor working at the minimum burn-up (~ 18-20%) with no
reprocessing. If materials that can withstand a radiation damage of about
500 dpa became available, this objective could be realized. TerraPower is
working on this objective with new experiments, simulations and material
testing [15]. In the rest of this study, it will be assumed that such an objective
will be achieved and cladding materials able to withstand 20% FIMA in a
B&B reactor will be available. In this chapter, the issues of B&B reactors
working with minimum burn-up are analyzed and benefits of using limited
separation fuel cycles are assessed.

Table 3.1 reports the uranium utilization of B&B reactor using 20% dis-
charge burn-up, compared to uranium utilization in current Light Water
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Reactors.

Table 3.1: Uranium utilization of Breed and Burn Reactor Discharge Burnup

reactor | discharge burnup | depleted/natural | depleted /natural uranium
(% FIMA) uranium utilization
utilization (%) compared to PWR
PWR 4.36 0.53 N/A
B&B 20 20 38

Figure 3.1 shows the evolution of plutonium concentration in B&B fuel
along with the burnup in FIMA for U-10%Zr. It is observed that the con-
centration peak of ?**Pu happens at ~ 16% FIMA which is very close the
minimum burnup (18-20% FIMA). This means that the reactor at minimum
burnup discharges significant quantity of *Pu to waste. Moreover, it needs
to be considered that the fuel form of B&B reactors is metallic and there-
fore it is not a stable form as uranium dioxide. The disposal of such a high
content of 2*°Pu in metallic fuel poses both waste disposal and proliferation
concerns.

As is observed in Figure 3.2, the fissile content in B&B discharged fuel is
more than twice the one in LWRs per unit of electricity generated. This
is of great concern, since the use the disposal of such a fuel could pose
environmental concerns and high proliferation risks, which are exactly what
B&B fuel cycle should prevent.

Moreover this high fissile content can be utilized for energy production.
Chapter 4 and Chapter 5 explore methods for using the discharge fuel through
an additional burn-up step in a different type of reactor, while this chapter
analyzes the results increasing fuel utilization in B&B reactor with limited
separation in terms of radiotoxicity and #*°Pu fuel content.

3.2 UC Berkeley B&B designs

At UC Berkeley, Heidet & Greenspan have designed various versions of B&B
reactors [14, 17, 27, 29, 40|, all based on a cylindrical arrangement of hexag-
onal assemblies. The two main designs studied are:
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e a large B&B reactor of 3000 MWy, [13];

e a medium size B&B reactor [27] of 1200 MWy, that has dimensions
similar to S-PRISM fast reactor, developed by General Electric [31].
The studies were summarized in Heidets thesis at UC Berkeley [17].

Two versions of this reactor have been developed:

e 55% burnup B&B reactor. A large B&B reactor consisting of 8 radial
batches, with a cycle length of 8.8 years and 55% discharge burnup.

e 20% burnup B&B reactor. A B&B reactor with 12 radial batches, with
cycle length of 2.06 years and discharge burnup of about 20%.

Both reactor cores have same dimensions with an active fuel length of 209
cm and a diameter of 400 cm. For burn-up simulations each axial batch is
divided in 3 zones, within each the core composition is homogenized.

The 20% B&B reactor uses a metallic alloy of U-10%Zr as fuel. The fuel
goes once through the reactor and it is then discharged at 20% burn-up.
The 55% reactor uses a fuel reprocessing, happening every 20% FIMA, since
the cladding radiation damage limit is assumed to be 20%. The fuel will be
recycled two times to reach a 55% burn-up. In this chapter, the previous
analysis will be expanded to study the effect of plutonium concentration in
waste of the two different recycling process analyzed in Chapter 2: AIROX
and melt refining.

The large B&B reactor designed by Heidet & Greenspan is schematically
represented in Figure 3.3, while Table 3.2 reports reactor dimensions and
compositions of the reactor components.

Figure 3.4 shows the fuel management scheme of the 20% B&B reactor.
This shuffling scheme is optimized for the reactor to operate at 20% FIMA.
The 20% average burn-up is the minimum discharge burn-up for B&B mode
of operation at this fuel composition. It is assumed that material improve-
ments will enable to produce cladding that can withstand 20% burn-up and
therefore there is no need of reprocessing and the 20% burned batch is dis-
charged and sent to repository.

Figure 3.5 shows the fuel management scheme of the 55% reactor. This
reactor uses 8 fuel batches with an out-to-in shuffling scheme. In this design,
it is assumed that cladding, through material improvements, will be able
to withstand about 20% burnup, therefore the fuel needs to be reprocessed
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Figure 3.3: Design scheme of the large B&B reactor [13].
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depleted
uranium

discharge to repository

Figure 3.4: Shuffling scheme of the 20% B&B reactor; depleted uranium is
charged in batch 1 and shuffled according to the arrows.
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Table 3.2: Dimensions and compositions of the regions of B&B reactors [13].

Region Height (cm) | Thickness (cm) Material (Volume %) T [K]
Upper reflector 34.93 242.2 50% HT9- 50% Na 783
Upper end plug 2.54 201.36 22% HT9 - 78% Na 783

Plenum 209.36 201.36 22% HT9 - 28% Na 783

Enriched fuel 209.36 142.38 37.5% Fuel - 22% HT9 - 28% Na 800

Blanket 209.36 58.98 37.5% Fuel - 22% HT9 - 28% Na 800

Lower end plug 90.42 201.36 22% HT9 - 78% Na 628

Grid plate 5.18 242.2 50% HT9 - 50% Na 628
Coolant inlet 60 242.2 22% HT9 - 78% Na 628
Lower shield 20 242.2 43.1% B4C - 29.7% HT9 - 27.2% Na | 628
Radial reflector 511.58 40.84 50% HT9 - 50% Na 628
Radial shield 631.79 20.5 43.1% B4C - 29.7% HT9 - 27.2% Na | 628

at least two times before final discharge from the reactor. The reprocessed
batches are batch #4 and in batch #6, where the fuel reaches at the end of
cycle, 20% and 41.4% FIMA, respectively. The recycling process chosen can

be the melt-refining or ATIROX process.

3.3 B&B waste characteristics

The purpose of this section is to compare waste characteristics of B&B reac-
tors which discharge their fuel at the bounding burnup levels, 20% and 55%.
The following fuel reconditioning scenarios are examined for the 55% reactor:

e Melt refining whenever 20% BU is reached.

e Melt refining whenever 20% BU is reached; the recovery efficiency of
all actinides is 99%; 1% lost in the crucible.

e Melt refining whenever 20% BU is reached; the recovery efficiency of
all actinides is 90%; 10% lost in the crucible.

e ATROX reprocessing whenever 20% BU is reached, using the reference
ATROX recovery efficiency The 20% reactor is assumed to discharge
its fuel without reconditioning. The melt refining (MR) and AIROX

50




3. FUEL CYCLE OF B&B REACTORS

depleted
uranium

shuffling
every 8.8
- years

: v
to melt-refining

discharge to repository

recycled batches from
melt-refining facility

Figure 3.5: Shuffling scheme of the 55% B&B reactor; depleted uranium
is charged in batch 1 and shuffled inward to the inner batch, where it is
discharged after reaching 55% FIMA. Batch #4 and #6 are sent to the melt-
refining facility and substituted with recycled batches.
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recovery fractions were discussed in Chapter 2 and are reported in Table
2.6.

The characteristics of the B&B waste are compared to those of other three
reference systems:

e a PWR operating on the once-through cycle;

e a sodium-cooled Advanced Burner Reactor (ABR) having a conversion
ratio of CR=0.5 [41] and,

e an Advanced Recycling Reactor (ARR) having a conversion ratio CR=1
[41].

The reference PWR uses 4.5% enriched fuel up to 50,000 MWdy, /M Ty,
while the ABR and ARR wastes are derived from ANL data for reactor
at equilibrium assuming 99% recovery of actinides in the recycling process
(possibly a pyro-metallurgical fuel reprocessing). Fuel from ABR and ARR is
discharged with a burnup of, respectively, 73,000 MWdy, /M Ty and 131,900
MWd, /MTyy [41). Table 3.3 summarizes the burn-up characteristics of
the reactor systems inter-compared. For B&B reactors, it is also assumed
that 75% of the gaseous FPs generated in the B&B reactor fuel migrate out
from the fuel and accumulates in the fission-gas plenum. The gaseous fission
products that are removed this way are: H, He, N, O, F, Ne, CI, Ar, Kr, Xe
and Rn.

Table 3.3: Burnup and thermal conversion efficiency of studied reactors.

PWR 55% B&B 20% B&B ARR ABR
final burnup 50,000 540,930 189,455 73,000 131,900
(MWdg,/MT)
Fuel cycle Once-thru Once-thru Once-thru | Recycled | Recycled
via reconditioning
thermal conversion 33% 40% 40% 40% 40%
efficiency

As depleted uranium is charged into the reactor and recycling takes place
at the pre-determined steps, the reactor reaches an equilibrium composition.
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It is assumed that the MCNP calculated one group cross-sections at equilib-
rium, using reference melt-refining, do not vary when using other recycling
processes, so that it is possible to use one-group cross-sections previously
calculated in all the scenarios. In fact, the one-group cross sections for each
single nuclide vary weakly with the reactor composition, while composition
varies only of about 10% between a scenario and another. We will therefore
assume cross-sections independent of the actinide fraction lost and of the
specific recycling process, being melt refining or ATROX. This approximation
can be justified based on the results of chapter 2 for AIROX, melt refining
operating at reference recovery fractions and with 1% actinides losses, as the
resulting burnup are all very close, from 54% to 58%. For the 10% losses
this assumption is only a preliminary assessment to compare with the 1%
scenario. It is to be added that 10% losses is a large upper bound estimate,
and a recycling process with 10% losses would be highly inefficient, and it
would necessitate make-up fuel as well.

For each fuel cycle, a mass flow of materials is established at equilib-
rium. Tables 3.4 , 3.5, 3.6, 3.7, 3.8 summarize the fuel specific mass flow, in
Kg/GW.,Y, for each of the reactor systems examined. Included in the tables
are the important actinides as well as %°Sr and Cs which are responsible for
most of the short-term radio-toxicity and decay heat of the waste, as seen
in the following sections. The data shown in these tables is for the equilib-
rium composition cores; it does not include the initial fissile fuel feed that
is required for start-up of a new B&B reactor. The mass flow is attained
normalizing the feed and the materials discharged from the reactor at the
beginning and end of each cycle to the energy produced during the cycle.

Figure 3.6 shows the flow streams for the 55% B&B reactor. Every 8.8
years batch # 8 is discharged at 55% FIMA and melt-refining or AIROX
waste streams are generated from the reprocessing of batch #4 and #6. The
latter include the waste stream of gaseous FPs; their mass is 6% of the initial
fuel mass. The total produced waste is normalized to the electrical energy
production during the cycle (in this case 540,930 MW,d/MT or 216,372
MW.d/MT). For the ARR and ABR the waste stream consists of only the
FPs and unrecovered actinides (1% loss) each time the fuel is recycled. The
waste stream for the PWR and 20% B&B reactor is just the discharged fuel.

Table 3.9 compares selected fuel cycle characteristics of the reactor sys-
tems excluding that of the ABR the primary mission of which — LWR TRU
transmutation, is different. It is observed that the B&B cores feature the
lowest specific HM loading i.e., the heavy metal that needs to be loaded into
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Table 3.4: Mass flow in kg/GW,Y of PWR, 20% B&B. The streams of
B&B reactor are: discharge, i.e. the discharged fuel, MR waste, i.e. waste
from melt-refining process, and gas FP, i.e. the gaseous fission products
accumulated in the plenum.

PWR B&B-20%

charge discharge charge discharge | gas FP

mass 2.21E+04 | 2.21E+04 | 4.82E+03 | 4.72E+03 | 9.78E+01
U 2.21E404 | 2.07E+04 | 4.82E+03 | 3.41E+03 -
Pu 2.25E+02 - 4.76E+02 -
Np 1.86E+01 - 3.49E+00 -
Am 5.38E+00 - 1.43E4-00 -
Cm 2.03E+00 - 1.30E-01 -
U-235 9.95E402 | 1.56E+02 | 9.64E+00 | 7.17E-01 -
Pu-238 6.97E400 - 1.70E+4-00 -
Pu-239 1.10E+4-02 - 3.80E+02 -
Pu-240 5.89E+01 - 8.55E+01 -
Pu-241 3.31E+01 - 8.05E+00 -
Pu-242 1.59E+01 - 1.31E+00 -
Am-241 1.49E4-00 - 1.24E4-00 -
Np-237 1.73E+401 - 2.94E+00 -
Cm-245 6.03E-02 - 5.25E-03 -
Sr-90 1.75E+01 7.05E4-00 -
Cs 9.44E+01 9.62E+4-01 -
U-235/U 4.50% 0.75% 0.20% 0.02% -
HM 2.21E+04 - 3.89E+03 -
TRU 1.39E+03 - 4.81E+02 -
TRU/HM 6.29% - 12.37% -
Fiss. Pu 1.43E+402 - 3.88E+02 -
Fiss. Pu/HM 0.65% 9.97% -
Fiss. Pu/Pu 63.69% 81.43% -
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Table 3.5: Mass flow in kg/GW,Y of 55% B&B reactor (reference recovery).
The streams of B&B reactor are: discharge, i.e. the discharged fuel, MR
waste, i.e. waste from melt-refining process, and gas FP, i.e. the gaseous
fission products accumulated in the plenum.

B&B-55%

charge discharge | MR waste | gas FP

mass 1.69E4-03 | 1.23E4-03 | 3.56E+402 | 9.64E+01
U 1.69E4-03 | 6.24E+-02 - -
Pu - 1.30E+4-02 - -
Np - 7.23E-01 - -
Am - 2.24E400 | 2.29E4-00 -
Cm - 3.95E-01 - -
U-235 3.37TE+00 | 4.92E-02 - -
Pu-238 - 1.27E4-00 - -
Pu-239 - 8.18E+01 - -
Pu-240 - 3.98E+01 - -
Pu-241 - 4.59E+00 - -
Pu-242 - 2.35E4-00 - -
Am-241 - 1.79E400 | 1.90E+00 -
Np-237 - 6.61E-01 - -
Cm-245 - 4.40E-02 - -
Sr-90 - 1.59E+00 | 4.62E+00 -
Cs - 2.31E+01 | 7.01E+01 -
U-235/U 0.20% 0.01% - -
HM - 7.57TE4+02 | 2.29E400 -
TRU - 1.33E402 - -
TRU/HM - 17.58% - -
Fiss. Pu - 8.64E+01 - -
Fiss. Pu/HM - 11.41% - -
Fiss. Pu/Pu - 66.55% - -
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Table 3.6: Mass flow, in kg/GWeYr, of three variants of 55% B&B reactor:
1) MR with 1% actinides lost in the process; 2) MR with 10% loss; and 3)
using AIROX reprocessing. 2) and 3) are reported in Table 3.7.

B&B-55% - 1% rec.
charge discharge | MR waste | gas FP

mass 1.69E403 | 1.21E4-03 | 3.79E+402 | 9.64E+01
U 1.69E403 | 6.04E4-02 | 2.00E+4-01 -
Pu - 1.26E+02 | 3.16E+00 -
Np - 7.02E-01 | 2.20E-02 -
Am - 2.17E4+00 | 2.27E+400 -
Cm - 3.99E-01 | 3.12E-03 -
U-235 3.37TE+00 | 4.73E-02 | 2.81E-03 -
Pu-238 - 1.24E4-00 | 1.85E-02 -
Pu-239 - 7.93E401 | 2.34E+400 -
Pu-240 - 3.88E+01 | 7.10E-01 -
Pu-241 - 4.51E+00 | 7.37E-02 -
Pu-242 - 2.33E+00 | 2.13E-02 -
Am-241 - 1.73E4-00 | 1.88E+00 -
Np-237 - 6.39E-01 | 1.92E-02 -
Cm-245 - 4.47E-02 | 2.40E-04 -
Sr-90 - 1.59E+00 | 4.62E+00 -
Cs - 2.30E+01 | 7.01E+01 -
U-235/U 0.20% 0.01% 0.01% -
HM - 7.34E402 | 2.54E401 -
TRU - 1.30E+02 | 5.46E+00 -
TRU/HM - 17.66% 21.47% -
Fiss. Pu - 8.38E+01 | 2.41E+400 -
Fiss. Pu/HM - 11.42% 9.49% -
Fiss. Pu/Pu - 66.40% 76.29% -
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Table 3.7: Mass flow, in kg/GWeYr, of two variants of 55% B&B reactor: 1)
MR with 10% loss; and 2) using ATROX reprocessing. Charge is same as in

Table 3.7.
B&B-55% - 10% B&B-55% AIROX
discharge | MR waste | gas FP | discharge waste gas FP
mass 1.02E+03 | 6.72E4+02 | 9.65E+01 | 1.36E4+03 | 2.28E+402 | 9.61E401
U 4.40E402 | 1.89E+402 - 6.25E+402 - -
Pu 9.52E+01 | 3.00E+01 - 1.31E+402 - -
Np 5.20E-01 | 2.09E-01 - 7.33E-01 - -
Am 1.61E4-00 | 2.09E4-00 - 2.49E+00 - -
Cm 4.40E-01 | 3.25E-02 - 5.02E-01 - -
U-235 3.12E-02 | 2.71E-02 - 5.36E-02 - -
Pu-238 9.49E-01 | 1.73E-01 - 1.50E4-00 - -
Pu-239 5.81E4+01 | 2.21E+01 - 8.20E4-01 - -
Pu-240 3.03E+01 | 6.73E4+00 - 4.01E+01 - -
Pu-241 3.79E+400 | 7.09E-01 - 4.62E+00 - -
Pu-242 2.09E+400 | 2.09E-01 - 2.47TE+00 - -
Am-241 1.21E+00 | 1.72E400 - 1.97E+400 - -
Np-237 4.58E-01 | 1.81E-01 - 6.70E-01 - -
Cm-245 5.24E-02 | 2.63E-03 - 6.07E-02 - -
Sr-90 1.59E+00 | 4.62E+400 3.33E4-00
Cs 2.27TE+01 | 6.99E+01 2.30E+01 | 6.55E+01
U-235/U 0.01% 0.01% - 0.01% - -
HM 5.38E+02 | 2.22E402 - 7.59E+02 - -
TRU 9.78E+01 | 3.24E+01 - 1.34E4-02 - -
TRU/HM 18.18% 14.60% - 17.71% - -
Fiss. Pu 6.19E4+01 | 2.28E+01 - 8.66E+401 - -
Fiss. Pu/HM | 11.51% 10.31% - 11.41% - -
Fiss. Pu/Pu | 65.01% 76.25% - 66.30% - -
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Table 3.8: Mass flow, in kg/GWeYr, of the ABR and ARR

ARR ABR
Charge | Discharge | Charge | Discharge
U 1.04E404 | 9.46E403 | 4.47TE403 | 3.94E+403
Pu 1.62E403 | 1.65E403 | 1.98E+4-03 | 1.60E+4-03
Np 1.10E+01 | 1.20E+01 | 4.80E+01 | 2.70E+01
Am 3.50E+01 | 3.30E+01 | 1.42E+02 | 1.16E+02
Cm 9.00E+00 | 1.00E+01 | 6.50E+01 | 6.80E+01
U-235 4.00E4-00 | 2.00E4-00 | 3.00E4-00 | 2.00E+4-00
Pu-238 1.80E+01 | 1.80E+01 | 7.40E+01 | 6.40E+01
Pu-239 1.07E+03 | 1.09E+03 | 8.61E+02 | 6.54E+02
Pu-240 4.43E+02 | 4.50E+02 | 6.86E+02 | 5.94E+02
Pu-241 5.40E+01 | 5.70E+01 | 1.44E+02 | 1.03E+02
Pu-242 3.70E4+01 | 3.70E401 | 2.09E+4-02 | 1.82E+4-02
Am-241 2.30E+01 | 2.10E401 | 7.00E+01 | 5.10E+401
U-235/U 0.04% 0.03% 0.08% 0.06%
HM 1.21E404 | 1.12E404 | 6.70E403 | 5.75E+403
TRU 1.68E+03 | 1.70E403 | 2.23E+403 | 1.81E+403
TRU/HM 13.86% 15.25% 33.26% 31.43%
Fiss. Pu 1.13E4+03 | 1.14E+03 | 1.01E+03 | 7.57E+02
Fiss. Pu/HM | 9.30% 10.24% 15.00% 13.16%
Fiss. Pu/Pu | 69.33% 69.35% 50.92% 47.39%

58




3. FUEL CYCLE OF B&B REACTORS

1.69
ton/GWey to batch #1

Tram batch
#4 and #6

discharged fuel at

133 55% FIMA

fabricated
aﬁxio melt-refining

Tabricated
fuel to
batch ¥7

waste from melt
refining process +

gaseous F
—
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the core per unit of electricity the core generates.

The natural (depleted, in case of the fast reactors) uranium utilization
of the B&B reactors far exceeds that of the PWR but do not match that
attainable in fast breeder reactors that recycle their fuel, after reprocessing,
unlimited number of times.

On the other hand, the specific inventory of fissile plutonium discharged
from the B&B cores is significantly smaller than that discharged from the
ARR. The fissile Pu specific inventory of the 55% B&B is even smaller than
that of the PWR. The fissile Pu isotopes (2394-241) fraction in the plutonium
in the fuel discharged from the 55% B&B core is only slightly higher than
that from PWR, but slightly lower than that of the ARR. However, the 20%
B&B discharged fuel has a significantly higher fissile Pu fraction.

Relative to a PWR, the net amount of plutonium accumulated per GWe-
Year of electricity generated in close to one-half for the 55% B&B reactor, but
approximately double in case of the 20% B&B reactor. There is practically
no Pu accumulation in the ARR, while there is a net plutonium destruction

in the ABR.

Table 3.9: Comparison of selected fuel cycle characteristics of the 20% B&B,
55% B&B, ARR and PWR

Characteristic PWR ARR 20% B&B 55% B&B
HM loading (Kg/GWeY) 2.21E+4 1.25E+4 4.72E4+3 1.69E+3
fuel type Enriched U | Recy U+TRU | Depleted U | Depl4+Recon U
uranium utilization (%) 0.6 >99 20 55
fis. Pu discharge (Kg/GWeY) 143 1140 388 86
fis. Pu/ tot. Pu (%) 63.7 69.3 81.4 66.6
Pu generated (Kg/GWeY) 224 ~0 477 129

The following sections compare additional waste characteristics of the
reactor systems examined.

3.4 Ingestion radiotoxicity
The ingestion radiotoxicity is the main measure to assess the hazard of the

waste from a nuclear fuel cycle. It is a measure of how much the waste
needs to be diluted in water so that it is not dangerous for the population.
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This section compares the specific ingestion radiotoxicity of the 5 reactor
systems; it is measured in m® of water by which the waste generated per
GW_.Yr of generated electricity needs to be diluted. Figure 3.7 compares
the total radiotoxicity of the fuel and waste streams discharged from the
different reactor systems examined. Time zero is taken to be the moment
of fuel discharged from the core and, in case of the 55% B&B reactor, the
associated waste streams from fuel reconditioning. No cooling time and no
reprocessing time are assumed. In this way it is possible to fairly assess the
different reactor systems and fuel cycles, independently from the particular
reprocessing technology used. In fact, different cooling times might be needed
for the different technologies inter-compared. Since the discharged fuel and
waste streams need to be managed from the moment they are created, an
analysis without a cooling time will show up the intrinsic differences between
the characteristics of the waste from the different reactor systems.
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Figure 3.7: Total specific radiotoxicity for the studied reactor fuel cycles

Figure 3.8 shows that the total specific radiotoxicity of all the fast reactor
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systems examined is smaller than that of PWR with one exception - the
radiotoxicity of the 20% B&B reactor around the 10,000 year time range.
This is due, in particular, to the contribution of #Pu — the specific #Pu
content in the 20% B&B reactor discharged fuel is ~3.5 times that in PWR.
The 55% B&B reactor has a lower long-term specific radiotoxicity because
their specific 2?Pu and other TRU inventories are smaller. Notice that the
specific radiotoxicity of all four 55% B&B scenarios is very similar. This is
due to the fact that the sum of the actinides in the discharged fuel and in
the reconditioning process waste stream is practically the same, regardless of
the fraction that remains in the reconditioning waste streams. The specific
radiotoxicity of both the ARR and ABR fast reactors is significantly lower,
after several hundred years, than the specific radiotoxicity of all the other
systems. This low long-term radiotoxicity level is due to the fact that these
reactors keep recycling all their actinides, with the exception of 1% that gets
to the reprocessing waste stream. Up to several hundred years from discharge,
the specific radiotoxicity of all the B&B reactors is very similar to that of the
ARR and ABR with the exception of the 55% B&B scenario that recondition
its fuel using an AIROX-like process; the latter is smaller. The lower short-
term specific radiotoxicity of the 55% B&B reactor that reconditions its fuel
using an AIROX process is due to the fact that the AIROX process does not
separate “°Sr from the fuel while the melt-refining process does. As shown in
Figure 3.9, %°Sr is the dominant contributor to the short term radiotoxicity
of both the PWR and the reference 55% B&B reactor (which uses the melt-
refining process). In the 55% AIROX scenario the Sr is recycled with the fuel
back to the core. As long as *°Sr resides in the core, it does not contribute to
the radiotoxicity of the waste streams and discharged fuel. While in the core
the %°Sr keeps decaying and, as illustrated in Figure 3.9, its concentration
levels off towards an equilibrium value. The sum of the three “°Sr peaks in
MR fuel cycle shown in Figure 3.9, makes the “°Sr inventory in MR waste.
This sum is significantly larger than the amount of *°Sr inventory discharged
with the fuel that is reconditioned with the AIROX process. The inventory
differences are also reported in Table 3.6 - the specific °Sr discharge with
the MR process is nearly twice that in the ATIROX process.

Strontium-90 is also responsible for the higher short-term radiotoxicity
of the PWR discharged fuel. As shown in Figure 3.9, the °°Sr build-up rate
in PWR fuel is higher than in fast reactors. Contributing to this difference
are the relative short fuel residence time (relative small fraction of the *Sr
decays before fuel discharge, different fission yield, as well as smaller thermal
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Figure 3.8: Total radiotoxicity and “°Sr-only radiotoxicity for PWR once-
through, 55% B&B AIROX, and 55% B&B using reference MR. It is shown

that, for PWR and MR, ?°Sr radiotoxicity is the major component of total
short-term radiotoxicity.
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64



3. FUEL CYCLE OF B&B REACTORS

1E+13 -

— 5504 B&B fuel AIROX
5584 B&B ref. MR fuel
=== 5504 B&B AIROX waste
5584 ref. MR waste
g aseous FPs

1E+12

1E+11

1E+10

1E+09

1E+08

radiotoxicity (m”"3 water/GWeyr)

1E+07

1.E+06
1 10 100 1000 10000 100000 1000000

time (yr1)

Figure 3.10: Radiotoxicity components of the 55% B&B reactor system using
either MR or ATROX reconditioning.
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conversion efficiency). Figure 3.12 shows the contribution of the discharged
fuel and of the waste streams for the two 55% B&B reactor systems one using
the reference melt-refining and the other using AIROX for fuel reconditioning.
In the long term, the discharged fuel for ATROX and MR has essentially the
same radiotoxicity. However, in the short term, most of the radiotoxicity of
the reference MR system comes from the MR waste stream (dashed green
line) rather than discharged fuel (yellow line); this is due mostly to the %Sr
that ends up in this stream. With AIROX reconditioning, the trend is the
opposite - the discharged fuel (purple solid line) has a higher radiotoxicity
than the waste stream (dashed red). The radiotoxicity contribution of the
gaseous FPs, also shown in Fig. 3.10, is negligible compared to the other
contributions; it will be neglected in all the subsequent analysis.

The effect of different recovery efficiencies in the melt refining on the
radiotoxicity contribution of the Melt-refining waste (MRW) and of the dis-
charged fuel is shown is Figure 3.11. It is observed that the discharge fuel
radiotoxicity is the same for all the 3 cases in the short term but somewhat
differ in the long-term it is lower for the 10% loss fraction. This is expected
since nearly 30% of the actinides end up in the waste stream. As a summary
of this section, Figure 3.12 plots the ratio of the total radiotoxicity of each of
the fast reactor systems examined to the of the PWR radiotoxicity. The 55%
reference MR B&B reactor represents the other 55% B&B reactors, since the
total radiotoxicity of all these systems is very close. It is concluded that
with fuel reconditioning, the specific radiotoxicity of B&B reactors can be
lower than that of a once-through PWR while the uranium utilization the
B&B reactors offer is higher by up to 2 orders of magnitude. Without fuel
reconditioning the radiotoxicity of the B&B reactors is comparable to that of
the PWR - it is approximately half the PWR radiotoxicity up to ~ 200 years
and up to twice as much 10,000 years from discharge. The 20% B&B reactor
offers, though, nearly 40 times the PWR uranium utilization and requires a
very small fraction of the PWR uranium enrichment capacity.

3.5 Decay heat

The total decay heat from the discharged fuel and waste streams from the
analyzed reactor systems is compared in Figure 3.13. The overall trend
is similar to that of the radiotoxicity; there is no significant difference for
the total decay heat of the 55% reactors, using MR with different recovery
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Figure 3.11: Radiotoxicity MR 55% B&B cycles, using different recovery
efficiency. Melt-refining waste (MRW) is plot together with discharged fuel
for reference recoveries and 1% and 10% actinides lost in waste.
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Figure 3.12: Radiotoxicity of the various fuel cycles as a ratio to PWR once-
through radiotoxicity

efficiencies. The specific decay heat of all fast reactor systems is smaller than
that of the PWR with the exception of the 20% B&B reactor system that
has a higher decay heat around the 10,000 years. In the short term, the
B&B reactors specific decay heat is even somewhat smaller than that of the
ARR and ABR but after ~ 100 years the ARR and ABR specific decay heat
becomes significantly smaller. This is again attributed to the low amount of
actinides that get into the ARR and ABR waste stream combined with lack
of discharged fuel for disposal.

Figure 3.14 shows the difference in the decay heat of the 55% B&B reactor
systems when using the MR versus the AIROX process for fuel recondition-
ing. The discharged fuel decay heat is essentially the same but there is a
significant difference in the decay heat emitted by the waste streams — the
AIROX waste stream specific decay heat is higher in the short-term but gets
significantly lower after ~ 100 years. This difference is due to the actinide
contribution that is only present in melt-refining waste. Figure 3.15 shows
the effect of the MR recovery fraction on the 55% B&B system decay heat.
Very small difference is observed in the short term decay heat from the waste
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Figure 3.13: Total specific decay heat of analyzed fuel cycles
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Figure 3.14: Specific decay heat of the reference 55% B&B reactor system
using the melt-refining and AIROX reconditioning
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Figure 3.15: Effect of recovery efficiency on the decay heat of the discharged
fuel and waste streams from the 55% B&B reactor systems
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streams but the difference becomes significant in the long time range when
the majority of the heat comes from actinides decay. Figure 3.16 shows the
decay heat as a ratio of decay heat of PWR. It is observed that the 55% B&B
reactors have significant less decay heat than PWR. On the other side, the
20% B&B reactor has a significant higher decay heat than PWR, still due to
the high content of 23Pu.

3.6 Proliferation resistance

The proliferation resistance of the fuel and of the waste discharged from the
B&B reactor systems examined is compared against that of the fuel and
waste discharged from the reference PWR, ARR and ABR systems using a
recently proposed Figure of Merit, [42-44].

(3.1)

M Mh M D ]wme
800 4500 ' 50

FOle—log10<—+—+— =0

where M is the bare critical mass in kg, h is the heat content in W/kg, and
D is the dose rate of 0.2xM evaluated at 1 m from the surface in rad/h. The
more negative the FOM is, the higher is the proliferation resistance of the
fuel.

A fuel is considered to be proliferation resistant if its FOM value is neg-
ative; the more negative the more proliferation resistant the fuel is; and vice
versa — the larger positive, of more proliferation concern the material is.
The values of critical mass are calculated as a weighted average of the mass
reported in Table 3.10.

Tables 3.11 and 3.12 give the relative composition of the actinides in the
discharged fuel and in the waste streams of each of the reactors systems
examined. Table 3.11 also compares the FOM of the TRU present in each
of these systems. It is found that none of the B&B reactor systems have
negative FOM, although the 55% B&B discharged fuel comes very close to
it. The FOM strongly depends on the mass percent of fissile Pu. As this is
highest in the 20%B&B reactor, this reactor fuel features the highest FOM.
The reference 55% B&B MR waste stream has the smallest FOM of -3.17.
This is due to the fact that this waste stream has only a very little amount
of TRU, consisting only of the 95% Th and Am that remains stuck to the
crucible.
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Table 3.10: Nuclide data for FOM calculations
Isotope | M(kg) | Mh(W) | Dose(rad/h @ 1 m for 0.2M) | FOM
227Ac >5E11
228Th >6E11
229Th 2780.3 | 1.69E4 6.18E0 0.1
230Th >6E11
232Th >6E11
231Pa >1E12
232Pa 105.3 2.96E8 3.64E8 -18.8
233Pa >6E10
232U 6.7 4.76E3 2.82E-1 1.0
233U 15.3 4.30E0 1.46E-4 2.7
234U 126.1 2.26E1 3.59E-4 1.8
235U 46.5 2.79E-3 1.04E-5 2.2
236U >1E12
238U >1E11
236Np 7.0 1.88E-1 1.10E-2 3.1
237Np 62.8 1.26E0 4.69E-4 2.1
236Pu 7.2 1.31E5 6.98E0 -0.5
238Pu 9.7 5.51E3 2.11E-1 0.9
239Pu 10.0 1.92E1 3.95E-4 2.8
240Pu 37.3 2.64E2 7.17E-3 2.0
241Pu 13.0 4.27E1 1.45E-3 2.6
242Pu 89.1 1.04E1 5.45E-3 1.9
244Pu 256.2 | 1.29E-1 1.50E-2 1.5
241Am 57.3 6.55E3 1.22E0 0.8
242Am 10.9 1.01E7 1.29E5 -6.4

242mAm 11.7 4.94E1 2.74E-1 2.6
243Am 144.8 9.30E2 2.82E-1 1.4
242Cm 368.2 4.45E7 8.55E2 -3.0
243Cm 11.9 2.25E4 1.37E2 0.3
244Cm 27.1 7.66E4 1.40E1 -0.2
245Cm 9.5 5.43E1 1.47E-1 2.6
246Cm 49.4 4.93E2 1.67E1 1.8
247Cm 8.4 2.42E-2 1.62E-3 3.0
248Cm 42.5 5.06E0 7.25E1 2.2
250Cm 24.8 3.66E3 5.04E3 -2.0
249Bk 193.7 6.20E4 7.49E-1 -0.1
249Cf 7.2 1.10E3 5.36E1 1.6
250Cf 6.6 2.64E4 2.95E3 -0.7
251Cf 5.6 3.16E2 1.59E0 2.1
252Cf 5.8 1.12E5 5.77E5 -8.2
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Table 3.11: Fraction of TRU nuclides to the total TRU in each waste stream
and Figure of Merit for each waste stream; fuel indicates the discharged as-
sembly; MRW indicates the Melt Refining Waste stream; ref. indicates melt
refining with reference removal fractions for melt refining and act. indicates
melt refining with the specified percent of actinide losses.

Nuclide PWR AIROX | 1% act. | 1% act. | 10% act. | 10% act.
fuel MRW fuel MRW
NP236 1.45E-09 | 6.92E-10 | 3.36E-10 | 3.58E-10 | 4.29E-10 | 6.19E-10
NP237 | 6.93E-02 | 6.28E-03 | 4.93E-03 | 3.41E-03 | 4.69E-03 | 5.57E-03
PU236 | 2.08E-07 | 1.76E-07 | 1.20E-07 | 9.15E-08 | 1.33E-07 | 1.53E-07
PU238 | 2.79E-02 | 6.22E-03 | 9.55E-03 | 3.29E-03 | 9.71E-03 | 5.35E-03
PU239 | 4.41E-01 | 7.18E-01 | 6.12E-01 | 4.17E-01 | 5.94E-01 | 6.83E-01
PU240 2.36E-01 | 2.29E-01 | 3.00E-01 | 1.27E-01 | 3.09E-01 | 2.08E-01
PU241 1.33E-01 | 2.40E-02 | 3.48E-02 | 1.31E-02 | 3.87E-02 | 2.19E-02
PU242 6.35E-02 | 6.46E-03 | 1.79E-02 | 3.79E-03 | 2.14E-02 | 6.45E-03
PU244 | 4.08E-06 | 1.76E-07 | 9.75E-07 | 1.22E-07 | 1.47E-06 | 2.27E-07
AM241 | 5.95E-03 | 6.46E-03 | 1.34E-02 | 3.36E-01 | 1.24E-02 | 5.29E-02
AM242m | 1.36E-04 | 5.76E-04 | 1.07E-03 | 2.86E-02 | 1.09E-03 | 4.59E-04
AM242 | 1.36E-04 | 5.76E-04 | 1.07E-03 | 2.86E-02 | 1.09E-03 | 4.59E-03
AM243 | 1.55E-02 | 6.93E-04 | 2.33E-03 | 3.97E-02 | 2.94E-03 | 6.86E-03
CM242 | 2.05E-03 | 2.94E-04 | 4.42E-04 | 1.57E-04 | 5.43E-04 | 2.67E-04
CM243 | 7.40E-05 | 2.68E-05 | 4.74E-05 | 1.43E-05 | 6.21E-05 | 2.48E-05
CM244 | 5.73E-03 | 5.15E-04 | 2.16E-03 | 3.35E-04 | 3.22E-03 | 6.16E-04
CM245 | 2.41E-04 | 6.08E-05 | 3.45E-04 | 4.27E-05 | 5.36E-04 | 8.12E-05
CM246 | 4.07E-05 | 6.88E-06 | 7.89E-05 | 5.99E-06 | 1.33E-04 | 1.21E-05
CM247 | 4.89E-07 | 3.37E-07 | 6.17E-06 | 3.46E-07 | 1.09E-05 | 7.16E-07
CM248 | 3.32E-08 | 2.55E-08 | 9.61E-07 | 3.59E-08 | 1.92E-06 | 7.81E-08
CM250 | 1.48E-16 | 2.29E-17 | 1.59E-15 | 5.08E-17 | 4.83E-15 | 1.34E-16
BK249 | 3.38E-10 | 3.06E-10 | 1.01E-08 | 4.80E-10 | 2.66E-08 | 1.17E-09
CF249 | 7.86E-11 | 5.08E-10 | 3.55E-08 | 9.26E-10 | 7.26E-08 | 2.01E-09
CF250 8.08E-11 | 1.04E-10 | 8.01E-09 | 2.24E-10 | 2.03E-08 | 5.40E-10
CF251 3.42E-11 | 6.88E-12 | 7.74E-10 | 1.84E-11 | 2.08E-09 | 4.55E-11
CF252 | 2.55E-11 | 2.73E-13 | 3.25E-11 | 8.85E-13 | 1.09E-10 | 2.40E-12
FOM | -032 | 037 | 016 | -1.78 | 010 | -0.14
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Table 3.12: Fraction of TRU nuclides to the total TRU in each waste stream
and Figure of Merit for each waste stream; fuel indicates the discharged as-
sembly; MRW indicates the Melt Refining Waste stream; ref. indicates melt
refining with reference removal fractions for melt refining and act. indicates
melt refining with the specified percent of actinide losses.

Nuclide ref. ref. 20% B&B ABR ARR
fuel MRW

NP236 | 3.28E-10 | 0.00E+00 | 7.44E-10 | 0.00E+00 | 0.00E+00
NP237 | 4.96E-03 | 0.00E+00 | 6.12E-03 | 1.41E-02 | 6.03E-03
PU236 | 1.19E-07 | 0.00E+00 | 1.74E-07 | 3.20E-07 | 9.89E-08
PU238 | 9.52E-03 | 0.00E+00 | 3.55E-03 | 3.54E-02 | 1.05E-02
PU239 | 6.14E-01 | 0.00E4+00 | 7.90E-01 | 3.61E-01 | 6.38E-01
PU240 | 2.99E-01 | 0.00E4+00 | 1.78E-01 | 3.28E-01 | 2.64E-01
PU241 | 3.44E-02 | 0.00E+00 | 1.67E-02 | 5.70E-02 | 3.33E-02
PU242 | 1.76E-02 | 0.00E+00 | 2.72E-03 | 1.01E-01 | 2.21E-02
PU244 | 9.36E-07 | 0.00E+00 | 3.87E-08 | 6.78E-07 | 1.03E-07
AM241 | 1.34E-02 | 7.77E-01 | 2.57E-03 | 2.81E-02 | 1.25E-02
AM242m | 1.06E-03 | 6.61E-02 | 1.71E-04 | 2.03E-03 | 8.18E-04
AM242 | 1.06E-03 | 6.61E-02 | 1.71E-04 | 2.03E-03 | 8.18E-04
AM243 | 2.28E-03 | 9.10E-02 | 2.19E-04 | 3.38E-02 | 5.99E-03
CM242 | 4.32E-04 | 0.00E+00 | 1.28E-04 | 1.78E-03 | 6.47E-04
CM243 | 4.61E-05 | 0.00E+00 | 1.00E-05 | 1.67E-04 | 4.47E-05
CM244 | 2.07E-03 | 0.00E4+00 | 1.20E-04 | 2.51E-02 | 3.64E-03
CM245 | 3.30E-04 | 0.00E+00 | 1.09E-05 | 6.55E-03 | 8.89E-04
CM246 | 7.50E-05 | 0.00E4+00 | 7.94E-07 | 3.58E-03 | 4.72E-04
CM247 | 5.84E-06 | 0.00E+00 | 2.89E-08 | 3.05E-04 | 3.57E-05
CM248 | 8.97E-07 | 0.00E+00 | 1.41E-09 | 1.44E-04 | 1.69E-05
CM250 | 1.43E-15 | 0.00E400 | 1.12E-18 | 6.70E-11 | 5.62E-12
BK249 | 9.19E-09 | 0.00E+00 | 1.78E-11 | 3.23E-06 | 3.17E-07
CF249 | 3.31E-08 | 0.00E+00 | 1.61E-11 | 9.89E-06 | 1.12E-06
CF250 | 7.30E-09 | 0.00E+00 | 3.44E-12 | 2.27E-06 | 1.95E-07
CF251 | 7.02E-10 | 0.00E4-00 | 1.70E-13 | 2.92E-07 | 2.30E-08
CF252 | 2.89E-11 | 0.00E+00 | 5.73E-15 | 2.00E-08 | 1.38E-09
FOM | 017 317 | 077 | <036 | 0.08
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In chapter 5 we found that it is possible to greatly reduce the fissile
plutonium content in the fuel discharged from B&B reactors at an average
burnup of 20% FIMA by irradiating this fuel in a soft neutron spectrum for
few % FIMA. After such a soft-spectrum irradiation the FOM of the fuel
discharged from the 20% B&B core will be negative.
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Chapter 4

Double cladding for Breed and
Burn reactors

4.1 A new reconditioning process: double cladded
fuel

When the fuel reaches high burnups, such as the ones necessary for the
B&B mode of operation, the fuel swells and the mechanical properties of
the cladding deteriorates due to neutron-induced radiation damage, thermal
creep and irradiation creep. The most proliferation resistant process to recy-
cle this fuel is to use the discharged fuel as is and insert the entire fuel rod,
including the irradiated cladding after venting the gaseous fission products,
into a new larger diameter clad; we will refer to this process as double cladding
reconditioning. A purely mechanical process, based on double cladding, is
briefly mentioned as one of the possible options for DUPIC process [45], but
it was not pursued in favor of an OREX process. However, the DUPIC stud-
ies do not give any detail on the actual double cladding process and how
this was envisioned to be executed. The double-cladding fuel reconditioning
envisioned in this study is described in this section. This process is to be
used in B&B reactors, with the goal of increasing the fuel utilization beyond
the material damage limits with minimum possible fuel reconditioning. The
goals of this process are:

e avoid any type of chemical reprocessing,

e maintain a strong proliferation resistance in synergy with the B&B
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mode of operation,

e reduce number and complexity of processes involved in fuel recondi-
tioning.

The double-cladding reconditioning process considered in this study consists
of the following operations:

e Removing the fuel rods from the discharged fuel assemblies;

e Relieving the pressure accumulated in the fuel rod by, primarily, the
gaseous fission products (while capturing these FP);

e Inserting the fuel rod into a new clad (made of, say, HT-9);
e Reconstituting a new fuel assembly out of the double-cladding fuel rods;

e Loading these fuel assemblies into the B&B reactor. Sodium bonding
may be used to fill the gap between the old and new cladding so as to
minimize the gap resistance to heat transfer.

Figure 4.1 shows a graphical illustration of fuel unit cell before and after
the double-clad reconditioning process.

LA

coolant [ first clad M secondclad M fuel

Figure 4.1: Unit cell of B&B reactor fuel (left) and unit cell of the double-clad
fuel (right).

Table 4.1 reports the dimensions of the unit cell for single clad case, with
a pitch-to-diameter ratio of 1.122, as used by Heidet for single clad [13]. It
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is assumed that the cooling requirements of double cladded fuel will sub-
stantially be the same as the single clad fuel (this will be later confirmed by
a thermal-hydraulics verification), therefore the reconstituted fuel assembly
examined has the same coolant cross-section area of the original unit cell. In
this way, the total coolant volume in the reactor is the same. The resulting
volume fractions of the unit cell elements are given in Table 4.2, based on
the geometrical parameters of Table 4.1.

Table 4.1: Unit cells geometrical parameters for single and double clad

Dimension | single clad (cm) | double clad (cm)
Rod outer diameter 1 1.166
Clad thickness 0.083 0.166
P/D 1.122 1.079

Table 4.2: Unit cells volume fractions for single and double clad

Volume fraction | single clad (cm) | double clad (cm)

coolant 28% 22%
fuel+gap 50% 40%
clad 22% 38%

4.2 Neutron balance for double cladded fuel

An insight into the neutron balance of the B&B reactors using double-cladded
fuel can be obtained from the k., evolution with burnup of a single unit cell.
The unit cell consists of a homogenized composition of fuel, coolant and
cladding, as is commonly the practice for fast spectrum neutronic analysis.
The analysis is performed using MCNP5 1.51 and the ORIGEN 2.2 codes that
are coupled with the MOCUP 2.0 driver, as described in Section 2.6. The
initial heavy metal fuel composition is depleted uranium (*®U/0.2%%3°U)
and the clad is assumed to be HT-9 - 12% Cr ferritic-martensitic steel. The
reactor coolant is sodium. The power density assumed is 300 W /cm?, which is
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well within the heat removal capability of liquid metal cooled cores. Figure
4.2 shows the calculated k., as a function of burn-up for a unit cell that
undergoes reconditioning at 20% FIMA. It is found that at 20% FIMA the
single-clad fuel unit cell has a k., of about 1.18 and is therefore still a net
neutron producer. By double cladding the fuel at 20% FIMA k., drops to
approximately 1.05. This fuel is therefore still reactive. This suggests that
after recladding the fuel can still be used in a B&B reactor for further burning.
Using the neutron balance method described in Section 2.3, Figure 4.3 can
be derived for various values of leakage probability (L) and neutron loss in
Reactivity Control systems (RC). As seen in Figure 4.3, the neutron balance
for a reactor working with double-cladded fuel and 4% leakage probability
and 2% loss in control rods can sustain B&B mode of operation up to about
30% burn-up. Based on these results, it is possible to envision applications
of double cladded fuel with the goal of increasing fuel utilization. The main
idea of this study is to add to the B&B fuel cycle, based on the 20% reactor, a
second tier reactor that would further burn this fuel. The first tier brings the
reactor from 0% to 20% FIMA, while the second tier takes the fuel from 20 to
the highest possible burn-up (however not beyond 40% as the new cladding
will also have a material limit). The two following designs are envisioned:

1. The double-cladded fuel is used in a sodium-cooled fast reactor for a
second-tier fuel cycle. This new reactor which we call Second-Tier B&B
or (2TB&B) uses double cladded fuel as feed and burn it up to what
burn-up can be sustained, the identification of which is the point of
this design study. This design is described in Section 4.3

2. The double cladded fuel is used in a subcritical core in which the final
burn-up can be higher percentages than 30% FIMA derived by neu-
tron balance for a critical core subjected to 2% RC and 4% L. The
subcritical core, also referred to as a blanket, is driven by an external
neutron source, provided by a lead spallation target that is bombarded
by accelerator high energy protons. This design is called Accelerator
Driven Reactor (ADR) and it is described in Section 4.5.

Both these designs are able to achieve higher burn-up and reduce the
fissile content of 2Pu in the reactor.
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Figure 4.2: Single clad and double-clad unit cell k,, as a function of burn-up.

4.3 Second-tier double cladded sodium cooled
fast reactor (ADR)

The Second-Tier Breed and Burn reactor (2TB&B) uses the fuel discharged
at 20% FIMA from the B&B reactor described in Chapter 3. The core ge-
ometrical parameters are the same, as reported in Table 3.2, but the fuel
is replaced with double cladded fuel at 20% FIMA, and it is shuffled with
an in-to-out shuffling scheme. The in-to-out fuel scheme is used since the
most reactive fuel will be the 20% FIMA fuel and it will be shuffled outside
increasing the burn-up and decreasing outside leakage. For all simulations
the ENDF-VII/B cross-sections are used with temperature of 900 K. The
analysis is aimed to identify the conditions of the cycle at equilibrium, thus
the performances will be reported analyzing the equilibrium cycle, without
analyzing start-up phase. The batch composition is not uniform in the axial
direction due to the different axial burning of the fuel rods. In these simu-
lations, three axial zones were considered sufficient for a realistic assessment
of fuel composition. The composition of the fuel elements at 20% FIMA
was given in Table 3.4 which reports the discharge mass per GW,Yr for the
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Figure 4.3: Neutron balance for double cladded fuel; Double cladding hap-
pens at 20% FIMA. Different curves are for different values of leakage prob-
ability (L), and loss in Reactivity Control systems (RC).
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nuclides of most interest. It is assumed that 75% of the gaseous FPs are
removed at each end of step. The fission products that are removed are: H,
He, N, O, F, Ne, Cl, Ar, Kr, Xe and Rn. Figure 4.4 shows a cross view of
the actual geometry used to simulate the 2TB&B. The fuel plenum is repre-
sented by the zone above the fuel, while the core zones represent the various
burn-up zones used in the simulations. The fuel is divided in 8 radial batches
and each batch is divided into 3 axial zones for burn-up simulation for a to-
tal of 24 zones. The representative real core uses a geometry with hexagonal
fuel assemblies arranged in a cylindrical pattern. However, for Monte Carlo
simulations in fast reactor, given the fact that the mean free path of the
neutrons is much large than the fuel pin characteristic diameter, the zones
can be homogenized. Moreover, the geometry to be used can be represented
by a series of concentric cylinders, so that the simulated geometry is actually
cylindrical. This approximation has been proven to yield accurate results
[17].

Figure 4.5 shows the k.;s equilibrium evolution over a cycle for the
2TB&B with a 500 days cycle. ”This is the maximum cycle length that
enables maintaining criticality at the end of the cycle. The burnup accu-
mulated as the fuel is shuffled from the innermost to the outermost batch is
nearly 10% FIMA — making the combined Tier 1 and Tier 2 depleted ura-
nium utilization of 30%. Figure 4.6 shows the batch burn-up distribution at
Beginning of Cycle (BOC) and End of Cycle (EOC). Figure 4.7 shows the
power distribution across the core in W/cm?.

4.4 Thermal-Hydraulics validation

The main objectives of the T-H validation are to: validate reactor core’s
ability to handle peak power density without violating the design constraints
and optimize the coolant system parameters for the final core design. In
order to meet these objectives an adaptable sub-channel analysis model was
developed in MATLAB that can quickly be applied to evaluate the effect of
any design change.

The T-H design constraints are reported in Table 4.3:

Other channel parameters that are used in the sub-channel analysis are
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Figure 4.4: Second Tier Breed and Burn Reactor Schematic Cross Sections.
The zone of different color represents the various burn-up regions used in the
simulations. The radial separation represents the fuel batches. The Reactor
has 8 radial fuel batches and 3 axial zones. Beyond the core there is 50 cm
thick 50% Na/50% HT9 reflector and a shielding 50% Na/50% B,C.
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Figure 4.5: keff at equilibrium for 2TB&B

Table 4.3: TH Constraints

Peak fuel temperature <melting
Maximum Inner Clad Temperature | < 650°C
Coolant Pressure Drop Across Core | <1 MPa

Coolant AT Across Core < 200°C

Coolant Flow Velocity < 12m/s
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Figure 4.6: Burn-up distribution for 2TB&B

87



4. DOUBLE CLADDING FOR BREED AND BURN REACTORS

180

160

140

120

100

height {erm

a0

60

0 50 100 150 200

radius (cmj)

Figure 4.7: Power density distribution in 2TB&B in W /cm?
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flow sub-channel ——

Figure 4.8: Triangular Lattice

defined below:

3
area of lattice unit cell, Ajy = TPQ [em?] (4.1)

d2
flow area, Aoy = \/ngﬂ — % [em?] (4.2)

. 1
wetted perimeter, Py = §7Td [em] (4.3)
2v3 [ P?\?
hydraulic perimeter, Dy =d i <7) - 1] [em] (4.4)
T

The properties of the liquid sodium coolant were taken from a technical
report by Fink [46]. These properties are a function of temperature and are

listed below.
T T \"" [kg
511.58 (1 — — 4.5
Tcrit ) * < Tcrit ) |:m3 :| ( )
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(4.6)

556.835
o —6:4406—0.39581n(T')+ 225 kg
Hdyn,Na =

100 cm X s

Cpna = (1.6582 — 8.479 x 107*T + 4.4541 x 107 "T*
J } (4.7)

—2992.6 x T~2) x 1000 [

kg x K
L _ 124.67 — 0.113817 + 5.5226 x 107572 — 1.1842 x 10873 W
Na = 100 em X K
(4.8)

where py, is the density of liquid sodium [kg/m?]; p..;; is the critical density
of sodium = 219 kg/m?; T..;; is the critical temperature of sodium = 2503.7
K; payn is the dynamic viscosity of sodium [kg/m?]; C,, is the heat capacity
of liquid sodium [kgﬁ]; kng is the thermal conductivity of liquid sodium
[cmVZK] :

A fluid is also characterized by dimensionless numbers. The following
correlation for Reynold’s number, Re, Nusselt’s number, Nu, and Prandtl’s

number, Pr were used.

D
Re = PNaVZh (4.9)
Mdyn
Copledyn
Pr= % (4.10)
Nu = 0.023Re"® Pro4 (4.11)
f =0.184Re™ "2 (4.12)

The Nusselt Number uses the Dittus-Boelter correlation. The friction
factor, f, uses the McAdams relation, which is best for Reynold’s number
between 30,000 and 1,000,000. The lowest Reynold’s number expected at
slowest velocity — assumed 6 m/s, and coldest temperature, 350 °C, is cal-
culated to be 56,499. The highest Reynold’s number — expected to be at
the fastest velocity 12 m/s, and hottest coolant temperature, approximately
550 °C — is calculated to be approximately 148,410. Both are within the
range for the McAdams relation.
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The sodium coolant is in contact with the fuel rod cladding, made of HTO.
The heat transfer coefficient between the two materials must be defined, as
well as the thermal conductivity of the cladding and the fuel. The heat
transfer coefficient is defined in relation to the Nusselt number. The thermal
conductivities used are given by Leibowitz for HT9 [47] and Bauer for the
fuel [48].

hHTS)—Na -

knaNu [ W } @.13)

Dy, cm? x K

17.622 + 2.428 x 1072T — 1.696 x 107°7? w
k = 4.14
o 100 x|
W
k uel — 025 E— 415
Juel Lm X K] (4.15)

%}; kpro is the thermal

conductivity of HT9 [CmVZ K] ; T is the temperature in K; kg, is the thermal
conductivity of metallic fuel [Cmvz K}.

Heat transfer through sodium between the first cladding and the fuel was
not accounted for due to the assumption that after 20% FIMA, the fuel and
first cladding are essentially bonded together. Moreover, kg9 calculated for
the expected fuel temperature range is approximately equal to ke

When using the power distribution of Figure 4.7, it is found that the most
limiting constraint is the pressure drop, and the parameters are all within
the limits with a coolant velocity v = 10.48 m/s and a temperature difference

across the core of AT = 187 K.

where hyr9_n, is the heat transfer coefficient [

4.5 Second-tier double cladded Accelerator
Driven Reactor

To increase fuel utilization beyond what is feasible with a critical reactor,
a new type of second tier reactor is studied. As the absorptions in nuclear
fuel become strong and since it is not deemed feasible to perform another
double cladding operation after the first one, the idea of using an external
neutron source to increase the fuel utilization is appealing. In this section,
the possibility of using an accelerator neutron source to drive a subcritical
blanket of double-cladded fuel is examined.
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The Accelerator Driven Reactor (ADR) consists of a central spallation
neutron source surrounded by a subcritical radial blanket. The spallation
neutron source is provided by a 20 MWe cyclotron that accelerate protons
to an energy of approximately 1 GeV. These high energy protons impinge
on a central cylindrical lead target, as shown in Figure 4.9. The beam tube
is cooled from the outside by liquid-lead which flows from bottom to top
in the central channel and functions as both coolant and spallation target.
For neuton transport simulations, the central lead target is a source of 20
cm diameter and 20 cm in height. A 3 mm HT9 wall separates the central
channel from the sodium cooled subcritical blanket and it is surrounded by
a 50% HT-9 / 50% coolant 1 m thick reflector. A schematic of ADR is
provided in Figure 4.9. The accelerator beam tube is inserted from the top
into a central cavity in the subcritical blanket. The subcritical fission blanket
is divided in 15 radial batches for fuel shuffling. The blanket geometry is
simplified, as for the 2TB&B, modeling the fuel batches as concentrically
cylinders. For depletion analysis, each batch is split into 3 axial zones. The
external radius of the blanket is 225 cm. With this radius, ADR contains
the same HM mass as the first-tier B&B reactor. The fuel elements are
209 c¢m long and a 2 m plenum is designed to accommodate gaseous fission
products. The fission blanket coolant is sodium, but a lead-cooled variation
is also studied. However, it is shown that sodium guarantees significantly
better T-H performance.

4.5.1 Neutron Source Description

In this study, the accelerator physics is not simulated, but a neutron source
is defined in the transport code, without modeling the proton beam. The
neutron source energy distribution is based on a typical energy spectrum of
spallation neutrons from lead targets that are bombarded by 1 GeV protons
[49, 50]. The spectral energy distribution used in the simulations is showed
in Figure 4.10. The maximum neutron source intensity is calculated to be
1.25%10'8 neutron/second. This estimation of the source is based on the
assumption that a 20 MWe accelerator is used with a 50% efficiency to pro-
duce energetic protons with 1 GeV energy. It is further assumed that 1 GeV
proton produces 20 neutrons when impinging on the lead target.
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Figure 4.9: ADR geometry as simulated with MCNP 1.51; the blue center
represents the penetration for the spallation source; the red part represents
the sodium/FT9 reflector, while in green is the plenum, and multi-color is
the fuel. Vacuum tube is not simulated.
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Figure 4.10: Energy spectral distribution of the spallation neutron source
simulated in MCNP

4.5.2 Preliminary assessment of energy gain for sub-
critical system

To estimate the blanket power that can be established by ADR, a simple
formula can be used for the energy multiplication:

kN
(1-kvE
where k is the subcritical multiplication factor, F is the energy of impinging
particles (1 GeV in this case), v is the number of neutrons per fission, N is
the number of neutrons generated per impinging proton (20 in this case) and
0.2 represents the energy released per fission which is 0.2 GeV. Figure 4.11
shows a plot of the energy gain as a function of k. Expression 4.16 can be
used to properly calculate the thermal energy gain. From the thermal gain,
the electrical gain can be derived assuming 50% efficiency for the accelerator
and 40% conversion efficiency for ADR; therefore the electrical gain is 20%

of the corresponding thermal gain, derived by Eq. 4.16. For Figure 4.11, v
is assumed to be 2.91.

energy gain = 0.2 (4.16)
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Figure 4.11: Thermal and electrical gain for Accelerator Driven Systems

The subcritical multiplication factor k in Eq. 4.16 is defined as:

F

= 4.1
y F+1 (4.17)

where F is the number of fission neutrons in the subcritical system. Account-
ing for (n,zn) reactions it is also possible to write the source multiplication

factor as: FiN
fogpe = —— 4.18
F+N4+1 ( )

where N indicates the number of neutrons produced by (n,zn) reactions.
The source multiplication factor k.. will be used in the following analysis.
However, for ADR the amount of neutrons from (n,zn) reactions is about two
order of magnitudes lower than the amount of fission neutrons. If the ADR
is to produce the same thermal energy as the first-tier B&B reactor (3000
MWth), a thermal energy multiplication of 300 is needed for a 10 MW proton
beam. Figure 4.11 implies that such a high multiplication corresponds to k
of 0.9955. Since the multiplication factor will decrease during ADR cycle,
to obtain a reasonable energy gain ADR should operate with a k between
0.9955 and 0.985, with a thermal output that varies between 3000 MWth and
1000 MWth. Figure 3.12 it is also inferred that a change in k of 1000 pcm,
e.g. from 0.994 to 0.995, implies a change in thermal output of up to 200
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MW for k > 0.99, since the energy gain behaves exponentially as the fission
neutron population. Consequently small modification on the design, such as
neutron leakage reduction with better reflector, can significantly change the
thermal output of ADR.

4.5.3 Sodium cooled ADR

In the assumed cycle the fuel batches are shuffled from in-to-out every 1000
days and a 20% (properly 19.5%) burned batch is introduced in the central
zone at Beginning of Equilibrium Cycle (BOEC). Figure 4.12 shows reactor
k.. during a cycle and the corresponding reactor electrical power, assuming
40% conversion efficiency. The proton beam is assumed to operate at 10 MW
during the entire cycle.

1000 =——power - 0.995
00 - —lgrc
- 0004
200 -
) 700 - - 0993
2
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Figure 4.12: k.. and electrical power for sodium cooled ADR during equi-
librium cycle.

The source multiplication factor k.. varies from 0.9937 at BOEC to
0.9883 EOEC, with a statistical uncertainty ¢ =50 pcm. The resulting power
varies from 945 MWe at BOEC to 508 MWe at EOEC. The electrical gain
varies therefore from 48 to 25. The power in Figure 4.12 is the result of
transport calculation and accounts for all reactions in ADR and for proper
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Q-value for all actinides; it is therefore a more precise estimate than the en-
ergy gain estimation of Figure 4.11 which is derived with approximated Eq.
4.16. Figure 4.13 shows the burn-up that is reached in each batch in a cycle.
It is observed that the inner 6 batches undergo a significant burning in a cy-
cle, while the outermost batches do not burn significantly. The final burn-up
reached is about 38%, close to the design goal of 40 %. In this design, the
radial leakage is only 2.19% (expressed as a fraction of fission neutrons) at
BEOEC; bottom and top leakages are both 2.10%. Small reduction in radial
leakage could significantly increase the output power. To verify if the sodium
blanket can be effectively cooled with the given pitch and the accelerator un-
even power distribution, a basic T-H analysis was performed. Figure 4.14
reports the power density at BOEC in ADR in W/cm?, where each batch has
been split into 18 axial zones for power assessment. The represented profile
is a crosscut view of ADR where left side represents the HT9 separator be-
tween lead target and the blanket. The maximum power density is reached
in proximity of the lead target and it is about 310 W/cm?. The 8 outermost
batches have very low power densities ranging from 50 to 10 W /cm?.

BOEC s
35 wamanm EQEC II.l. 4
g .-l
g 301 = .
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Figure 4.13: Average Batch burn-up at BOEC and EOEC.

A T-H verification is performed based on the procedure outlined in Sec-
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Figure 4.14: Thermal power density (W/cm?) in ADR at BEOC. Left side
represents HT9 separator between lead target and the blanket.

tion 4.4. The T-H balance is performed on the innermost batch which is
the one with the highest power density. With the constraints on AT < 200
K and AP < 1 MPa, it is found that the peak power density that can be
removed is 350 W/cm? | with a coolant velocity of 10.4 m/s. Consequently,
the AT can be lowered to 180 K, still guarantying a feasible design.

4.5.4 Lead-cooled ADR

The use of lead as a coolant for ADR has the advantage of simplifying the
design using the same coolant for blanket and accelerator target. Moreover,
thanks to the better neutronics properties of lead as neutron reflector, the
design could give a higher k.. However, a T-H analysis based on lead
properties proves that the cooling is not as effective when using the above
outlined constraints (AT < 200 K and AP <1 MPa) and the peak power
density that can be removed is about 130 W/cm? when the previously derived
power shape is used. Consequently, it is necessary to reduce the beam power
to 4 MW (8 MWe) to obtain an acceptable power density. Figure 4.12 shows
the k.. and output power variation during a cycle where the beam power is
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assumed constant at 4 MW. The cycle length is proportionally increased to
2500 days to obtain the same discharge burn-up. It is observed that the ADR
has a higher k.. at BOEC, thanks to lead reflective properties. The source
multiplication factor k,,.. varies from 0.9948 at BOEC to 0.9869 at EOEC.
However, the output power varies from 446 MWe to 170 MWe during the
cycle. The electrical gain is still significant varying from 58 to 21.

Figure 4.13 shows the batch burn-up, where the discharged fuel has
reached a burn-up of 39.2%. Figure 4.14 shows the power density at BOEC
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Figure 4.15: k.. and electrical power for lead cooled ADR during equilibrium
cycle.

in lead cooled ADR for a 4 MW proton beam, where the peak power density
is 127 W/cm?. Using the outlined T-H analysis with this power distribu-
tion and lead properties, the maximum power density is calculated to be the
128 W/cm?® with the usual constraints of AT and AP, and resulting flow
velocity of 2.73 m/s. The reduced maximum allowable power density is a
consequence of lower specific heat of lead, 144 J/(Kg K) against 1260 J/(Kg
K) of sodium, and the lower coolant velocity, dictated by the pressure drop.
For same pressure drop the flow velocity is lower for lead due to its higher
density (10.4 g/cc against 0.83 g/cc for sodium).

The lead cooled ADR is therefore running at the maximum allowable
power with a 4 MW proton beam and 446 MWe output power at BOEC.
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Figure 4.16: Batch burn-up in lead-cooled ADR.

120

W/eo

100

= a0
0,
)
i a0
©
il

50 100 150 200
radius {cm)

Figure 4.17: Thermal power density (W /cm?) in lead cooled ADR at BOEC.
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However, since the beam does not run at full power as in the sodium cooled
case, it is possible to increase the beam power as k.. decreases and run
ADR at a constant 500 MWe output power. Another approach to increase
output power is to reduce the peaking power in the center, as to allow the
use of a more powerful beam. To reduce power peaking a possibility is to
use a longer target, where the neutron generation is dispersed in a 1-m long
cylinder, instead of a 20 cm tall cylinder. Using the same composition as
the calculated lead cooled BOEC, MCNP simulation with a lead target 1
m long were performed resulting in a reduction of the power peak by about
13% with a maximum peak of 110 W/cm?®. The reduction is not particularly
significant, since most of the peaking is given by fission power cosine-type
shape rather than by the accelerator peaking. However, spreading the source
implies a small decrease in k.., since the leakage is increased compared to
the compact target design. Consequently, though it is possible to increase the
beam power of approximately 13%, the output power is basically unchanged
(465 MWe) due to a corresponding decrease in kg, (down to 0.9944).

In conclusion, the sodium cooled ADR is proven to be able to burn the
fuel up to about 38%, with an average electricity gain of about 37 over a cycle
and an output power up to 95 MWe. The lead cooled ADR is proven to be
less effective, mainly because of T-H constraints due to thermodynamical
properties of lead coolant.

4.6 Summary

In this chapter, an innovative reconditioning process has been clearly defined
to increase fuel utilization. A sodium cooled fast reactor was designed to
used 20% burned fuel and bring it up to the maximum possible in a critical
reactor. It was foudn this maximum to be 30% FIMA. An Accelerator Driven
Reactor using an external neutron source was also designed to increase fuel
utilization up to 40%. It was found to be feasible, and the preferred cooling
option was found to be sodium.
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Chapter 5

Feasibility of recycling B&B
discharged fuel in PWRs

5.1 Motivations

So far, we have explored the possibility of re-utilizing the B&B fuel in the
same B&B type reactor as in Chapter 3 or in a different B&B reactor as in
Chapter 4. However, the fuel discharged by B&B reactors working at 20%
FIMA contains a considerable amount of fissile plutonium, so that its use in
a Light Water Reactor (LWR) could be attractive on two counts — increasing
the depleted uranium fuel utilization and reducing the fissile contents in, and
proliferation resistance of the discharged fuel. This possibility is explored in
this chapter.

This study has been developed in collaboration with Terrapower, LLC.
The composition used in this study to simulate the discharge fuel has been
provided by Terrapower [51]. The composition represents discharge fuel from
a B&B reactor using U-5%Zr alloy fuel and discharged at 18% FIMA. In this
chapter, we will refer to the B&B reactor with the name given by Terrapower
to their specific design, the Traveling Wave Reactor, or TWR. The compo-
sition is reported in Table 5.1.

It is assumed that the discharged TWR fuel undergoes a 100% effec-
tive decladding process, before undergoing a recycling-reconditioning pro-
cess. Two recycling scenarios are analyzed: 1) the fuel is converted to oxide
and undergoes an AIROX-like process; and 2) the fuel undergoes a melt

102



5. RECYCLING B&B DISCHARGED FUEL IN PWRs

Table 5.1: Composition of fuel provided by Terrapower. Fuel is U-5%Zr alloy
discharged at 18% FIMA. The composition is at 1000 days after discharge.

Nuclide ‘ Mass fraction
U-238 R.74E-01
Np-236 1.26E-20
Np-237 7.85E-04
Pu-238 4.40E-04
Pu-239 9.95E-02
Pu-240 2.16E-02
Pu-241 9.55E-04
Pu-242 2.93E-04
Am-241 1.41E-03
Am-242m 1.29E-20
Am-242 1.29E-20
Am-243 2.44E-05
Cm-243 4.34E-07
Cm-244 2.66E-06
Cm-245 4.62E-07
Cm-246 2.16E-08
Cm-247 4.43E-10
Cm-248 1.32E-20
Pu/HM 12.28%
Fis. Pu/Tot. | Pu 81.81%
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refining process and it is then converted to oxide fuel. The oxide fuel is
then fabricated into Zircaloy clad PWR fuel rods and fuel assemblies. The
recycling process is assumed to happen at 1000 days after discharge. The
discharged TWR fuel undergoes an ideal melt-refining process after which it
is converted to oxide fuel and fabricated into Zircaloy clad PWR fuel rods
and fuel assemblies.

5.2 Density of oxide fuel

It is assumed that the 18% FIMA TWR discharged fuel is converted, after
reconditioning, into oxide form. The fuel to be loaded into the PWR includes
most of the actinides, the 5% Zr (used in the metallic alloy), and whatever
fission products left over after either an AIROX-like process or a melt-refining
process. The Zr and fission products reduce the HM density in the oxide fuel
beyond the dilution caused by the oxidation.

The reprocessed oxide fuel density is estimated as follows:

1
(S + 2+ 4+ %)

Pmizture = (51>
where the ¢ terms at the denominator are the densities of the oxides of the
constituents of the fuel mixture while w; is their weight %. Table 5.2 and
Table 5.3 give the density of the oxides of the elements we could find in-
formation for. The oxide in the table is assumed to be the only chemical
form this element is present in the fuel. Some elements do not form oxides,
or their oxide densities are unknown. For elements with unknown oxides,
the pure element density is used. Table 5.4 reports the removal fractions of
elements from the TWR discharged fuel that underwent either the AIROX
or the melt-refining process. This is the same as Table 2.6 and it is reported
here for convenience.

The resulting density of TWR fuel that underwent reconditioning 1000
days after discharge is calculated to be 9.95 g/cm?® for the melt refining
process and 9.7 g/cm? for the ATROX process. Both resulting densities are
smaller than the density of pure UO,that is 10.97 g/cm?. The inferior value
of ATIROX fuel density is due to the higher content of fission products left
over in the fuel. Table 5.5 compares the density of actinides in the various
fuels.
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Table 5.2: Fission Product oxide densities.

oxide \ g/cc \ oxide \ g/cc
GeOy | 4.228 | TeO, | 5.67
A8203 3.74 1205 4.98
SeO, | 3.954 | XeO3 | 4.55
Br - CsyO | 4.65
Kr - BaO, | 5.68
Rb,0O 4 La,O | 6.51
SrO 4.7 | CeO | 6.2
Y203 5.01 PI‘QO 6.9
ZrOy | 5.68 | Nd,O | 7.24
NbO 7.3 | PmyO | 6.85
MoQO, | 6.47 | SmyO | 8.347
TC02 6.9 EUQO 7.4
Rhy,O5 | 82 | ThsO | 7.3
PdO 83 | Dy,O | 7.8
Ag,O | 7.14 | Ho,O | 8.41
CdO | 6.95 | ErsO | 8.64
Il’l203 7.179 ngO 8.6
SnO 6.45 | YbyO | 9.17
SboO3 | 5.67
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Table 5.3: Actinide and daughters oxide densities.

oxide ‘ g/cc
Ac203 -
AmO?2 | 11.68
At -
Bi203 | 8.9
Cm -
Fr -
He -
NpO2 | 11.1
Pa
PbO | 9.53
PoO2 8.9
Pu0O2 11.5
Ra -
Rn -
ThO2 10
T120 | 10.45
UuoO2 | 10.97

Table 5.4: Summary of removal fractions in ATROX and melt-refining.

‘ AIROX ‘ melt-refining
Actinides 0% 95 % Th, Am
0% others
Fission 100% H,C,Kr,Xe,I | 100% Br,Kr,Rb,Cd,I,Cs
Products 90% Cs,Ru 95% Sr,Y,Te,Ba, La-Lu
75% Te,Cd

Gaseous Fission Products

100% H,He,N,O,F ,Ne,Cl,Ar,Kr,Xe,Rn
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Table 5.5: Density of oxide fuels.

type of HM mass | fuel density | HM density
fuel fraction (g/cm?) (g/cm?)
UO, 88.1% 10.97 9.65
TWR-melt refining | 75.8% 9.95 7.54
TWR-AIROX 72.6% 9.70 7.04

5.3 PWR core presentation

The PWR core is represented, in this very preliminary feasibility study, by a
single fuel pin unit cell shown in Figure 5.1. Table 5.6 gives the dimensions
assumed for the reference PWR unit cell [52]. The MCNP5 model is 10 cm
tall. Reflective boundary conditions are applied to all the outside boundaries
of the unit cell.

Figure 5.1: MCNP5 model of the unit cell of PWR used in this study: fuel
(yellow); clad (blue); coolant (red).

From this simple unit cell model, it is possible to infer the reactor behav-
ior. To infer reactor behavior, the core average reactivity can be estimated
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Table 5.6: PWR unit cell dimensions [52].

outer rod diameter, D (mm) 9.5
clad thickness (mm) 0.57146
gap thickness (mm) 0.08243
lattice pitch, P (square) (mm) 12.6
P/D 1.326
Moderator/Fuel volume ratio (M/F) 1.6

as a power weighted average of the batch reactivities [53]. The reactivity of
batch i is defined as:

keoi—1
km,i
The value of k.; can be calculated from the unit cell k,, evolution with

burnup, knowing the burnup. For a core with n batches, the core reactivity
can be estimated as:

Pooi = (52)

_ flpoo,l + fl/ooo,l + ...+ fnpoo,n

oo,core T 5.3
- L (5.3

The value of f; can be determined from a 3-D analysis of a representative
core; for this preliminary analysis it is assumed to be 1/n. This is a good
approximation for PWRs [53]. For a realistic approach, leakage needs to be
included. Leakage depends on the fuel management scheme decided by the
fuel manager. However, at a first approximation, a typical value for PWRs
can be used. The values used in this study is 0.025. Therefore 5.3 can be
re-written as:

peope = Dot 1P o F Subon g (5.4)
n

Batch burnup and batch k., depend on the residence time of the fuel in
the reactor. In this study, we assuming a PWR working with 5 batches For
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a fixed Fuel-Cycle-Length (FCL), it is possible to write the Beginning-Of-
Cycle (BOC) reactivity and End-Of-Cycle (EOC) reactivity for a five batch
reactor as:

Deore BOC = Po + ProL + PaxFCL + P3xFCL + PaxFoL 0.025 (5.5)
n

+ + + +
Peore. BOC = PFCL T P2xFCL T P3xFCL T PaxFCL T P5xFCL 0.025 (5.6)
n

where pg is the reactivity at time zero (fresh fuel), prcy is the reactivity
after the fuel has resided in the core one cycle, psyper is the reactivity of
the fuel that resided in the core two cycles and so on. The cores of interest
are the ones for which both pgpoc and pgoc are > 1 for the highest possible
discharge burn-up.

In this study we limit the analysis to four and five batch cores, so as to
get an upper practical estimation of the attainable burnup. It will be shown
that using 5 batches, it is possible to obtain a discharge burn-up closer to the
typical PWR discharge for melt-refining in the reference case. The goal is to
increase burn-up which can be obtained by increasing the batches; however
a high number of batches would imply a unrealistically short cycle length. A
5-batch core represents a good compromise between these two needs.

5.4 PWR reference core

Figure 5.2 shows the k., evolution with burnup of the reference PWR that
is fueled with reconditioned TWR fuel as well as with a standard 4.5% en-
riched uranium dioxide. The initial (maximum) value of k., calculated for
the AIROX treated TWR fuel is only 0.97, implying that this fuel cannot
establish criticality, but using a melt-refining processed fuel it is possible to
establish criticality in the reference PWR core. Although the beginning of
life ko of 1.08 is significantly smaller than in a standard enriched uranium
fuelled PWR, its rate of decline is significantly smaller. This is due to a
combination of a couple of reasons: a higher initial inventory of fissile fuel
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and a significant initial inventory of fission products in the fuel originating
from the TWR discharged fuel. Figure 5.3 shows the evolution with burnup
of selected isotopes in the 4.5% enriched UO,, while Figure 5.4 shows such
evolution in the melt refined TWR fuel. It is observed that the fraction of
initial TWR 23°Pu decline per burnup unit is not as sharp as in the case of
35U in UQ,. This is due to the more than double initial inventory of fissile
plutonium in the melt-refined fuel. As the melt-refined fuel also contains high
concentration of fission products, its beginning-of-life k., is significantly lower
than that of the enriched uranium fuel. The fission products also function
as burnable poisons thus further flattening the k., drop with burnup. The
very fortunate combination of features makes the burnup reactivity swing of
the melt-refined fueled core much smaller than that of the conventional en-
riched uranium fueled core. Most likely there will be no need to add burnable
poison, such as gadolinium or boron, to the TWR discharged fuel.

To identify the behavior of fission products during burn-up in the PWR,
the evolution of the 879 Fission Products (FP) tracked by ORIGEN 2.2, is
analyzed. Figure 5.5 shows a plot of fractional absorptions of all the Fission
Products that at any point of the burn-up have a fractional absorption above
1% of all FP absorptions. Figure 5.6 shows a plot of the absorption rate
(neutrons/sec) of these selected FPs, which are 24. It is observed that FPs
can be roughly divided in three categories: 1) FPs that have an absorption
rate almost constant with burn-up such %Rh, 1%Ag: 2) FPs that are initially
present, but are burned with time such as '9Sm,'%"Gd; 3) FPs that are
not initially present, but are produced during the burning in PWR such as
131Xe,153Eu. It is observed that '4°Sm is the only Fission Product of the
second category that has a significant fractional absorption. It is roughly
responsible for 10% of the absorption at BOL and it is rapidly burned until
it reaches equilibrium at roughly 10,000 MWd/MTyy. Gadolinium-57 has
a similar behavior, but it is responsible for only 1.5% of the absorption at
BOL and much less after that. The burning of *°Sm helps to compensate
the effect of newly produced FPs, so that no sharp decrease in k is present
at the beginning of life such as in uranium dioxide fuel. Among the most
absorbing FPs are 1%Rh, "Ag. Both of them are present at BOL and their
absorption rate is almost constant along the burn-up. However, their mass
decreases along the burn-up, as it is shown in Figure 5.7. As their mass
decreases, their capture cross section increases slightly due to a softening of
the spectrum and their absorption rate is almost constant. At BOL, they
contribute for about 25% and 15% of all FP absorption. Their contribution
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Figure 5.2: k. evolution in the reference PWR unit cell using 18% FIMA
TWR fuel reconditioned using an AIROX-like or a melt-refining process, as
well as using standard UO, fuel with 4.5% 23°U enrichment.
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Figure 5.3: Evolution of selected isotope concentration in a 4.5% enriched
U0, fueled PWR
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Figure 5.4: Evolution of selected isotope concentration in a TWR discharged
and melt-refined fuel in PWR

112



5. RECYCLING B&B DISCHARGED FUEL IN PWRs

]

absorption (fraction)

5

1= 1]
mMosr
TCH9
RLUD
—=— RH103
PO0E
= = PD07
PO0E
AGI09
IN115
——=XE1H
C5133
XE1X5
MO143
HO145
PH14T
— SMUT
SM144
SM151
SM152
- - EUM53
EUM54
— — -EIN55
GIDIST

40,000 60,000 1,000
burn-up MWAMATHM

Figure 5.5:

1
100,000

120,000

Fission Product fractional absorption as a function of burnup

in TWR discharged fuel in a PWR. Only fission products that have a higher
than 1% fractional absorption at any point of the burnup are plotted.
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to Fission Products absorption decreases to about 20% and 9% at 100,000
MWd/MTHM.
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Figure 5.6: Absorption rates as a function of burn-up in TWR discharged
fuel in a PWR. Only fission products that have a higher than 1% fractional
absorption at any point of the burn-up are plotted.

A comparison of the neutron spectra at beginning of life is shown in
Figure 5.8 for three different fuels. The spectrum is harder in the TWR
melt-refined and ATROX treated fuel due to the higher fissile content than
in the 4.5% UO, fuel and due to the fact that the absorption cross section
of the plutonium isotopes is larger than that of ?*U. The fission products
and zirconium in the TWR discharged and melt-refined fuel also contribute
to the harder spectrum. The three pronounced depressions in the spectra
are due to the strong absorbing resonances of 2Pu and ?'Pu at ~0.3 eV,
of 24°Pu at ~1 eV and of 23U at ~6.67eV.

The PWR fuel discharge burn-up is estimated using the linear reactivity
theory assuming either a 4 or 5 batch fuel management scheme. An average
power density of 322 W /cm? of fuel is assumed for estimating the cycle length
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Figure 5.7: Fission Product concentration in fuel as a function of burn-up
in TWR discharged fuel in a PWR. Only fission products that have a higher
than 1% fractional absorption at any point of the burn-up are plot.
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and the assumed neutron leakage probability from the core is 2.5%. Table 5.7
compares the discharge burn-up and cycle length for the TWR discharged
and melt-refined fuel with those obtained using uranium dioxide of different
enrichments. It is found that the discharge burnup of the melt-refined TWR
fuel in the PWR is comparable to that of a 3.8% UO2 fueled PWR. However,
for a comparable burnup, the cycle length with the melt-refined TWR fuel
is shorter by approximately 20%. This is because the TWR melt-refined fuel

has a lower HM density.
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Figure 5.9: Capture cross sections for ?*Pu (green); ?*°Pu (blue); **'Pu
(red), 2*°U (purple).
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Table 5.7: Discharge Burnup and Cycle Length of PWR Cores Fueled with
TWR Melt-Refined fuel and with UO,. 2.5% Leakage Probability. M/F=1.6.

n=>»s
fuel discharge cycle cycle
type burnup burnup lenght
MWd/MTIHM | MWd/MTIHM | (days)
melt-ref 50,933 10,186 238
4.5% U0, 59,921 11,984 352
4% UO, 53,381 10,676 313
3.5% U0, 46,246 9,249 271
n=4
fuel discharge cycle cycle
type burnup burnup lenght
MWd/MTIHM | MWd/MTIHM | (days)
melt-ref 48,896 12,733 298
4.5% U0, 57,524 14,381 422
4% U0, 51,246 12,811 376
3.5% U0, 44,396 11,099 326
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5.5 Modified PWR core

5.5.1 Melt-refining

The water to heavy-metal ratio of a standard PWR fuel assembly design is op-
timized for enriched uranium dioxide fuel having 4% to 5% enrichment. The
TWR discharged and melt-refined fuel features a significantly larger macro-
scopic absorption cross section than the reference enriched uranium fuel and
is therefore expected to benefit from a larger moderator-to-fuel volume ratio.
A parametric study was performed to estimate to what extent increasing
the water volume fraction can increase the attainable discharge burnup in a
PWR. The k dependence on the moderator-to-fuel volume ratios is shown in
5.13. It is found that increasing the moderator-to-fuel volume ratio (M/F)
increases the initial k., value but reduces the conversion ratio causing the k
to decrease with burn-up more rapidly. p = 0 is arrived at approximately
the same burnup for M/F in the range from 4 to 6. The reference case with
P/D = 1.32 (M/F = 1.6) is the worst case.

Evolution of k for moderator-to-fuel volume ratio M/F = 1.6, 2.8, 4.1,
5, 6.2, 9.9 are shown in Figure 5.13. The initial increase in reactivity be-
comes more pronounced for higher M/F cores; it is due to the increase rate
of neutron capture in strongly absorbing fission products loaded with the
reconditioned B&B fuel. Using a polynomial fit to each of the curves of Fig-
ure 5.13, the 5-batch EOC core average, k..., was calculated using Equation
(5.6) as a function of the cycle length. Figure 5.13 reports the results ob-
tained. Table 5.8 summarizes the maximum attainable discharge burn-up.
It is observed that the burn-up attainable in the reference M/F ratio of 1.6
of 49 GWd/MTHM is close to that being achieved in today’s PWR, using
enriched uranium — ~ 55,000 MWd per Metric Ton of Initial Heavy Metal
(MTm). However, by increasing the moderator-to-fuel volume ratio the
attainable burn-up can be doubled. The reduction in the attainable burnup
for M/F > 4.1 indicates that these cores are over-moderated.

Figure 5.11 shows the various spectra in comparison to the spectrum of
a PWR. It is noted that that only the case of M/F = 9.9 presents an over
moderated neutron spectrum at BOL, all other M/F have a spectrum that is
harder than the PWR. Figure 5.12 shows the spectra of selected M /F at the
discharge burn-up of Table 5.8; there is a significant change in the spectrum
for melt-refined fuel.
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Table 5.8: Maximum Discharge Burn-up for Melt-refined Fuel for Various

Moderator-to-Fuel Volume Ratios

M/F | P/D | discharge burnup | Cycle length
MWd/MTIHM (days)
1.6 | 1.32 49,485 232
2.8 | 1.57 94,704 444
4.1 | 1.79 105,583 495
5.0 | 1.92 104,516 490
6.2 | 2.11 102,596 481
9.9 | 2.56 92,998 436
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Figure 5.11: Normalized flux for TWR discharged melt-refined fueled and
4.5% UO2 fueled PWR at discharge burn-up.
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Figure 5.12:  k, evolution in the reference PWR unit cell using 18% FIMA

TWR fuel reconditioned using a melt-refining process for various moderator-
to-fuel volume ratios
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Figure 5.13: EOC k evolution in the reference PWR unit cell using 18%
FIMA TWR fuel reconditioned using a melt-refining process for various
moderator-to-fuel volume ratios as a function of the cycle lenght
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Table 5.9: Maximum Discharge Burn-up for AIROX Treated Fuel for various
Moderator-to-Fuel Volume Ratios

M/F | P/D | discharge burnup | Cycle length
MWd/MTIHM (days)
1.6 | 1.32 - -
2.8 | 1.57 - -
4.1 | 1.79 47,380 207
5.0 | 1.92 66,149 289
6.2 | 2.11 76,220 333

5.5.2 AIROX

Figure 5.14 shows the k., evolution when using AIROX treated fuel for sev-
eral moderator-to-fuel volume ratios. These k., evolutions are of a parabolic
shape; the relatively large initial increase in reactivity is due to the larger
concentration of fission products in the AIROX processed fuel than in the
melt-refined fuel. It is observed that in all M/F ratios examined above the
reference value, k exceeds unity at a certain burnup range. This implies
that for large enough M/F values a multi-batch core can be designed to have
fuel batches with sufficient excess reactivity to compensate for the reactiv-
ity deficiency of the fresh fuel batch. Figure 5.15 shows the core average k
for selected M/F ratios as a function of the cycle length for both BOC and
EOC in a 5-batch core. These results were obtained by applying Equations
(5.5) and (5.6) using polynomial fits to the curves of Figure 5.14. The maxi-
mum attainable burn-up can be graphically deduced from Figure 5.15 as the
highest burn-up for which both EOC and BOC are > 1. It is observed that
for M/F = 2.8 the BOC ko is always < 1 implying that a critical reac-
tor cannot be achieved for this M/F value. The vertical line in Figure 5.15
marks the longest cycle length for which the M/F = 5 core can be critical
at BOC. Table 5.9 summarizes the maximum attainable cycle length and
burnup for selected M/F ratios. It is observed that even with AIROX recon-
ditioning the additional burnup B&B reactor used fuel can accumulate in an
increased moderation PWR core exceeds the ~ 55 GWd/MTyy of contem-
porary enriched uranium fueled PWRs. This burn-up is, however, smaller
that attainable using the melt-refining process.
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Figure 5.14: k,, evolution in the reference PWR unit cell using 18% FIMA
TWR fuel reconditioned using ATROX process for various moderator-to-fuel

ratios

125



5. RECYCLING B&B DISCHARGED FUEL IN PWRs

115 . . |. . . .
------- M/F=4 EOC
11} | —  MF=4BOC |
' s g | ——M/F=2.8 BOC
105l L. 2 eEm M/F=2.8 EOC |
' Y ——M/F=5BOC
; Loy e M/F=5 EOC
5 005} |
B I:. |
09} |
0.85 I I
038 |
| :
| J

0.75

0 100 200 300 400 500 600 700
cycle lenght (days)

Figure 5.15: k... at BOC and EOC as a function of cycle length in the refer-
ence PWR unit cell using 18% FIMA TWR fuel reconditioned using AIROX
process for various moderator-to-fuel ratios. The vertical line indicates the
maximum burn-up for M/F = 5.
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5.6 Reactivity coefficients

To ensure safety, the PWR cores fed with discharged B&B fuel must have
negative temperature coefficients of reactivity over the entire cycle. Of most
concern is the coolant temperature reactivity coefficient; it is the focus of
this section. As PWRs use soluble boron for excess reactivity control, the
effect of soluble boron on the coolant temperature reactivity coefficients is
accounted for. For melt-refined fuel, the maximum excess reactivity and,
hence, maximum boron concentration, are at the beginning of cycle. How-
ever, with AIROX treated fuel the core excess reactivity peaks at the central
part of the cycle. Figure 5.16 shows the k... variation over a cycle calcu-
lated using Equation (5.3). The highest reactivity points are identified for
each M/F examined. The coolant temperature reactivity coefficient of the
melt-refining case is also calculated at the EOC, when there is no boron, but
the fuel composition is significantly different compared to BOC.
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Figure 5.16: k... evolution over a cycle for AIROX fuelled PWR for various
M/F ratios. The highest reactivity points are identified with squares.

The coolant temperature reactivity coefficient at a given time in the cycle
is deduced by simulating a unit cell the fuel composition of which is an
average of the fuel composition in each of the five batches at the same time
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in the cycle. Natural boron is added to the water at the amount required to
compensate for the maximum excess reactivity - between 1100 ppm to 1490
ppm. The water density is varied over a range of 50 degrees from 0.68 g/cm3
(325 °C) to 0.76 g/cm3 (277 °C) considering 15 MPa pressure. Reactivity
coefficients from a variation from state 1 to 2 is calculated as:

k1 — ko pem

_ 10000 (<™ 5.7
T M AT %) (5.7)

Figure 7 shows the reactivity coefficients inferred from these calculations.
It is concluded that the permissible PWR design space for ATIROX treated
TWR fuel is ~ 4 < M/F<5.4, while for melt-refined fuel it is 1.7 < M/F <
4.5, by extrapolation from Figure 5.17. The maximum attainable burnups
are about 70 GWd/MTIHM for AIROX and 105 GWd/MTIHM for melt-
refined fuel. Both burnups are higher than the ~ 55 GWd/MTU of typical
enriched uranium fuelled PWR.
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Figure 5.17: Coolant temperature reactivity coefficient for ATIROX and melt-
refining fuelled PWR cores for various M/F ratios.

128



5. RECYCLING B&B DISCHARGED FUEL IN PWRs

5.7 Discharged Fuel Characteristics

Table 5.10 compares selected characteristics of the fuel discharged from PWRs
for different feed fuel compositions and several M/F ratios. It is observed
that the fissile Pu to total Pu ratio can decrease via additional irradiation
in PWRs from 81% in the fuel discharged from the TWR core down to 38%
for melt-refined fuel or 52% for AIROX treated fuel. Both values are smaller
than the 68% of enriched uranium fueled PWR. The same applies to the total
amount of plutonium discharged per unit of electricity generated by the fuel
in the TWR and PWR cores 209 and 248 versus 281 kg/GW,Yr. Likewise
for the total TRU discharged per unit of electricity generated. Table 5.10
compares the Figure Of Merit (FOM) for proliferation resistance, described
in 3.6.

It is observed that for all the studied M/F ratios, except for the melt-
refining M/F = 1.7 case, the FOM is negative; for certain designs even more
negative than of the reference PWR. The additional irradiation step is there-
fore highly effective in making the final discharged fuel proliferation resistant.

Table 5.10: Summary of characteristics of TWR-PWR fuel cycle options

TWR | PWR melt-refining AIROX
M/F - 1.6 1.6 2.8 4.1 4.1 5

burnup GWd/MTygy | 171.0 55.0 49.5 94.8 105.6 47.4 66.1
Pu/HM 12.28% | 1.54% | 10.73% | 7.27% | 5.46% | 9.45% | 7.77%
Fiss. Pu/Pu 81.81% | 67.93% | 72.43% | 52.87% | 38.16% | 64.45% | 52.26%

Kg Pu/GWeY 597 281 360 209 148 309 248

Kg TRU/GWeY 608 312 369 221 161 317 258
FOM 0.90 -0.38 0.09 -0.57 -0.76 -0.29 -0.49

5.8 Conclusions

Based on this preliminary study it is concluded that it is feasible to op-
erate PWRs with B&B used fuel that underwent a proliferation-resistant
reconditioning using either the melt-refining or AIROX-like process. The ad-
ditional burnup the TWR recycled fuel can achieve in the PWR is up to 70
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GWd/MTgy for ATIROX treated or 105 GWd/M Ty for ideal melt-refining
treated fuel. The burnup reactivity swing is significantly smaller than of con-
ventional PWR cores due to a combination of several phenomena: high initial
concentration of fission products and fissile fuel, small relative reduction in
the fissile fuel content with burnup, and depletion of certain fission products
that function as burnable poisons. In order to achieve initial criticality of the
PWR core that is loaded with AIROX treated B&B discharged fuel it will be
necessary to add fissile fuel. The fissile plutonium fraction discharged from
the PWR is smaller than in standard PWR used nuclear fuel, and so are the
total amount of plutonium and of TRU per unit of electricity generated. The
B&B fuel that underwent irradiation in PWR can be even more proliferation
resistant than a standard PWR used nuclear fuel. However, due to the large
water-to-fuel volume ratio required, these benefits may have to come on the
expense of reduced PWR power density.
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Chapter 6

Conclusions

6.1 Options evaluated

In this work, the fuel cycle of B&B reactors was studied, examining various
options to maximize B&B fuel utilization. First, it was found in Chapter
3 that B&B reactors working at the minimum discharge burnup ~ 18-20%
produce a significant quantity of plutonium (~ 10%) in discharged fuel, of
which ~ 80% is fissile. Using limited separation reprocessing to bring the
discharge burnup up to 55%, it was found that the fissile plutonium content
can go down to 66% of total plutonium and the discharge plutonium has a
4-fold reduction.

Alternatives to high-burnup B&B reactors were studied with the goal of
increasing fuel utilization. First, in Chapter 4 a second tier breed and burn
reactor (2TB&B) working with double cladded fuel was designed. It was
found that this reactor can bring fuel utilization up to 30% FIMA. Second,
a Accelerator Driven Reactor (ADR) was studied, bringing fuel utilization
up to 40% FIMA. Lastly, in Chapter 5 the possibility of recycling the spent
fuel in PWRs was studied. It was found that it is possible to burn the
B&B discharged fuel up to 105.6 GWd/MT; g and 66.1 GWd/MT 4, for
melt refining and AIROX, respectively. Table 6.1 gives a summary of the
options studied in Chapter 4 and 5. For TWR AIROX and melt refining, the
highest burnup case with negative reactivity coefficients has been chosen. It is
observed that only the B&B-PWR fuel cycles are able to reduce the fraction
of fissile plutonium to levels lower than PWR. It is also observed that all
B&B options have a higher production of fissile Pu per GWeY. Only the
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TWR melt refining cycle is able to bring fissile Pu production to essentially
the same levels of PWR. Therefore when looking at reduction of plutonium
content, an additional burnup step in a softer spectrum should be preferred.

Table 6.1: Comparison of selected fuel cycle characteristics of the 20%B&B
and additional burnup steps. DU means depleted uranium; DC means double

cladding.

Characteristic PWR 20%B&B | TWR AIROX | TWR melt | 2TB&B | ADR
fuel Enriched DU DU+ DU+ DU+ | DU+
type U AIROX melt ref DC DC

U utilization (%) 0.6 20 25 29 30 40
Fis. Pu (Kg/GWeY) 143 388 248 148 235 153
Fis. Pu/Pu (%) 63.7 81.4 52.3 38.2 72.5 67.4
FOM -0.32 0.77 -0.49 -0.76 0.31 0.16

The ingestion radiotoxicity, defined in Section 3.4, is plotted in Figure 6.1
for the fuel cycles analyzed in Chapter 4 and Chapter 5. Ingestion radiotox-
icity and decay heat have been calculated with ORIGEN 2.2.

It is observed that the long term radiotoxicity of the fuel cycle with TWR
discharged fuel that underwent an additional step in a PWR is higher than
the initial B&B 20% radiotoxicity. This is due to the fact that minor actinides
content increases in soft spectrum, though 23°Pu effectively decreases. It is
also observed that the double cladding reactors, ADR and 2TB&B, yield a
lower radiotoxicity than the 20%B&B. It is therefore preferable to choose a
fast spectrum for additional burning rather than soft spectrum for radiotox-
icity. However, for a reduction of the fraction of fissile Pu, the soft spectrum
is more effective as can be noted from the summary Table 6.1.

Finally, Figure 6.2 reports the decay heat for the various fuel cycles. The
same radiotoxicity observations can be made in regards of decay heat, as it
follows substantially the same evolution of ingestion radiotoxicity.

In conclusions B&B reactors operating at the minimum burn-up have
strong drawbacks in terms of discharged plutonium content and proliferation
resistance. The addition of a further burnup step, is successful in utilizing
the plutonium produced in the B&B reactors. This can be done with lim-
ited separation fuel cycles, but also with innovative strategies to reduce the
plutonium content. Innovative strategies can involve a minimal recondition-
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Figure 6.1: Ingestion Radiotoxicity for the various fuel cycle analyzed
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Figure 6.2: Decay Heat (W/GW,Yr) for the various fuel cycle analyzed
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ing, double cladding, or a re-utilization of the fuel in PWR. These processes
can utilize the fuel in a proliferation resistant fuel cycle. However, future
studies are needed to assess the feasibility of these recycling processes such
as double-cladding process and to assess the feasibility of AIROX and melt
refining for oxide and metallic fuels.

Moreover, new design options still need to be explored. The double
cladding process, which is a novel solution of this work, could be used in
the same B&B reactor in place of melt-refining, designing a reactor that uses
single and double clad assemblies. Moreover, the reduction of plutonium con-
tent in a soft spectrum could also be carried out in the same Breed and Burn
reactor, with an additional blanket that uses a moderator such as graphite,
producing a soft spectrum environment. Fuel could be discharged from the
main B&B and then load into the soft spectrum blanket.
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