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FOREWORD

Under the auspices of the NEA Nuclear Science Committee (NSC), the Working Party on Scientific
Issues in Partitioning and Transmutation (WPPT) was created in June 2000 to examine and provide
information on the status and trends of scientific issues in partitioning and transmutation (P&T). In line
with the scope of the WPPT and in order to cover a wide range of different disciplines in the P& T
field, four subgroups were formed, each delegated with the task of producing a state-of-the-art report
in its specialised field. The four subgroups address:

e accelerator utilisation and reliability;

e chemical partitioning;

o fuelsand materials;

e physics and safety of transmutation systems.

The mission of the Subgroup on Physics and Safety of Transmutation Systems is to: 1) organise
theoretical and experiment-based benchmarks on minor actinide burner systems, 2) evaluate beam-trip
consequences on accelerator-driven systems, 3) perform sensitivity studies on the main parameters and
4) propose a safety approach for new P& T systems. In carrying out its mission, the Subgroup carried
out several benchmark studies and produced the corresponding reports.

This status report begins by providing a clear definition of P&T, and then describes the state of
the art concerning the challenges facing the implementation of P&T, scenario studies and specific
issues related to accelerator-driven system (ADS) dynamics and safety, long-lived fission product
transmutation and the impact of nuclear data uncertainty on transmutation system design.
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Chapter 1
P& T AND THE ROLE OF ADS

This chapter will be devoted to a survey of partitioning and transmutation (P& T) and the role of
ADS. Many previous publications have discussed these issues; however, it is worthwhile to revisit the
subject in light of recent progressin the field. Section 1.1 of this chapter deals with defining P& T and
its associated challenges. The physics basis and methods of transmutation will be recalled. In Section 1.2
the intercomparison of different transmutation concepts and modes of recycle will be summarised.
Section 1.3 is devoted to systems dedicated to transmutation and to the role of ADS. Finaly, Section 1.4
will provide an overview of the issues related to the practical implementation of P&T: scenarios,
potential benefits and challenges.

1.1 P&T definition and challenges
1.1.1 Spent fue from current reactors and therole of partitioning and transmutation (P&T)

The spent fuel (or some of its constituents) discharged from nuclear power plants constitutes the
main contribution to nuclear waste.

Figure 1.1 gives the composition of the spent nuclear fuel of a standard PWR with UO, fuel and
irradiated up to a burn-up of 33 GWd/t. Extended burn-ups or the use of MOX fuel increases the
amount of minor actinides (Np, Am, Cm) produced (see Table 1.1).

Figure 1.1. Composition of spent nuclear fud (standard PWR 33 GW/t, 10-year cooling)
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Table 1.1. MA build-up in various commercial reactors

Coretype PWR PWR PWR PWR
Fuel material uo, uo, MOX MOX
Burn-up

(GWd/) 33 60 33 60
Cooling time 5 5 3 3
(years)

MA build-up

(kglyear /IGWe) 22.2 26.3 77.9 78.0

Most of the hazard from the spent fuel stems from only a few chemical elements— plutonium,
neptunium, americium, curium and some long-lived fisson products such as iodine (half-life:
15.7 x 10° y) and technetium (half-life: 0.21 x 10° y) at concentration levels of grams per tonne.

These radioactive by-products (see Table 1.2), although present at relatively low concentrations
in the spent fuel, are a hazard to life forms when released into the environment. As such, their disposal
requires isolation from the biosphere in stable deep geologica formations for long periods of time.

Table 1.2. Radioactive isotope characteristics

udid Half-life Specific activity T ef[?_oge t
ucliae . eutron coerricients
(years) (Ci/g) (Wig) i mg?) | (107 Sv/Bq)
ZNp 2.14 x 10° 7.07 x 107 2.07 x 10° <7x10° 1.1
“py 87.404 17.2 0.570 155 2.3
2py 24413 x 10* | 6.13x102 | 1913x10° | 1.35x 107 25
20py 6580 0.227 7.097 x 107 53.7 25
21py 14.98 99.1 4.06 x 10°° 47
22py 3.869 x 10° 3.82x10°° 1.13x 10™ 95.3 2.4
Am 432.7 343 0.1145 3.55x 107 2.0
N 144 10.3 3.08 x 1072 1.9
2BAm 7370 0.200 6.42 x 10°° 2.0
#2Cm 0.445 3.32x 10° 122 1.21 x 10° 0.13
#4Cm 18.099 80.94 2.832 6.87 x 10°° 1.6
Cm 8 265 0.177 5.89 x 10°° 3.0
22ct 2.64 537 38.3 2.3 x 107 0.98

A measure of the hazard of these elements is provided by the toxicity and in particular the
radiotoxicity arising from their radioactive nature rather than their chemical form. A reference point is
the radiotoxicity associated with the raw materia used to fabricate 1 tonne of enriched uranium,
including not only the uranium isotopes but also al their radioactive progenies. The radiotoxicity of
the fission products dominates the total radiotoxicity during the first 100 years. Thereafter, their
radiotoxicity decreases and reaches the reference level after about 300 years. The long-term
radiotoxicity is solely dominated by the actinides, mainly by the plutonium and americium isotopes
(see Figurel.2). The dose coefficients (in Sv/Bg) for most actinides, used to caculate the
radiotoxicity, are aso givenin Table 1.2.



Figure 1.2. Radiotoxicity evolution in time and its components
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The reference radiotoxicity level is reached by spent nuclear fuel only after periods of more than
100 000 years.

Partitioning and transmutation is considered as a means of reducing the burden on a geological
disposal. As plutonium and the minor actinides are mainly responsible for the long-term radiotoxicity,
when these nuclides are removed from the waste (partitioning) and then fissioned (transmutation), the
remaining waste loses most of its long-term radiotoxicity.

It can be shown (see Section 1.4), that the radiotoxicity inventory can be reduced up to a factor
of 10 if all the Pu is recycled and fissioned. Reduction factors higher than 100 can be obtained if, in
addition, the minor actinides (MASs) are burned. A prerequisite for these reduction figures is a nearly
complete fissioning of the actinides, for which multi-recycling is a requirement. Losses during
reprocessing and refabrication must be well below 1% and probably in the range of 0.1%.

Moreover, the partitioning and transmutation strategy allows in principle a combined reduction of
the radionuclide masses to be stored, their associated residual heat, and, as a potential consequence,
the volume and the cost of the repository (see Section 1.4).

Non-proliferation resistance of the overal fuel cycle, including the final repository, is also
potentially enhanced by the same partitioning and transmutation strategies. In this field, athough
difficult to quantify, the proliferation risk is related to the mass of Pu in the overall fuel cycleandisa
time-dependent function.

The drastic reduction of masses associated with partitioning and transmutation results in a drastic
reduction of the proliferation risk, in particular if TRU are not separated from each other.

1.1.2 Thephysicsbasis of transmutation

The “transmutation” concept in a neutron field applies to the physical phenomenathat transform a
fresh fuel into anirradiated fuel.



The description of such phenomena is obtained by the solution of the set of Bateman equations
(see Figure 1.3) which alow to obtain the vector of the nuclei densities N at atime t = tg, starting

fromaninitial value n_, .

Figure 1.3. Paths of minor actinide formation in the U-Pu cycle
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Any type of transmutation is a function of the neutron cross-sections and their spectral
dependence. In the transmutation of nuclear wastes, the physics process to be privileged is obvioudy
fission. The competition between the capture and fission processesis then of high relevance.

An inspection of ratios o =6, /G, of the average capture and fission cross-section of different
isotopes (Table 1.3) shows the clear advantage of fast neutron spectra, where o values are the smallest.

Table 1.3. Average cross-section (barn): o = Io(E)<|>(E)dE/I¢(E)dE

| sotope PWR spectrum Fast neutron spectrum
Of C. o Of C. o
“Np 0.52 33 63 0.32 1.7 5.3
“Np 134 13.6 0.1 36 0.2 0.05
8py 24 27.7 12 1.1 0.58 0.53
“py 102 58.7 0.58 1.86 0.56 0.3
2Opy 0.53 210.2 396.6 0.36 0.57 1.6
21py 102.2 40.9 0.40 2.49 0.47 0.19
22py 0.44 28.8 65.5 0.24 0.44 1.8
2Am 1.1 110 100 0.27 2.0 7.4
2Am 159 301 1.9 3.2 0.6 0.19
22MAm 505 137 0.23 33 0.6 0.18
BAm 0.44 49 111 0.21 1.8 8.6
22Cm 1.14 45 39 0.58 1.0 17
Cm 88 14 0.16 7.2 1.0 0.14
4Cm 1.0 16 16 0.42 0.6 14
“Cm 116 17 0.15 5.1 0.9 0.18
U 38.8 8.7 0.22 1.98 0.57 0.29
=y 0.103 0.86 8.3 0.04 0.30 75
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For afull understanding of the transmutation potential of different neutron fields a new parameter
has been defined [1], the neutron consumption/fission of isotope J, D;.

The “neutron consumption/fission” D; for nucleus J is defined as the number of neutrons needed
to transform the nucleus and its reaction products into fission products.

To evaluate D;, the following scheme can be set up for the nucleus J and its reaction products:

Jll -

1% generation
reaction products

2™ generation
reaction products \
N J3, , —

3 generation
reaction products

From that scheme, an algorithm [1] can be obtained:

J2,

D,=> P, {Rn +Y P, >P, X [RJZK + D Py X }
Ji J3,
where Py, .y, are probabilities (functions of neutron cross-sections) to transform JNy, into J(N + 1)
and R, is the neutron loss (or gain) due to the appearance of “X":
1for atransmutation by neutron capture
Ofor radioactive decay
R, =41-vforfission

-1for (n,2n) reactions
etc.

Positive D means “consumption” and negative D means “production”. For a mixture of isotopes:
Dy = ZSERU DJTRU
J

where £ are the fractions of the different transuranium isotopes present, e.g. in the irradiated fuel

unloaded by a standard PWR. A Dp, can be defined as:
DPu = Z gsu D.;Du
J

where €7 and D" are the corresponding fractions and D values for the Pu isotopes of, e.g. the same
irradiated fuel.

11



The new “D” concept helps to understand if transmutation is feasible in a particular type of
reactor. In fact, each reactor type is characterised by its neutron “energy spectrum” and by its neutron
“economy balance” that we have defined as follows:

G =S« —Drue. — (L + CM)

where G is the neutron surplus (if G>0); S is a potential external neutron source (e.g. in a
source-driven system), expressed in neutrons/fission:

DrueL =2 & Dy

and i isthe component of the nuclear fud with g; fraction, L + CM is the neutrons lost (per fission) due
to leakage and “parasitic” captures in structural materials and fission products (CM = Cpy + Cep).
If G> O, then transmutation isfeasible in that particular system.

The hardest spectra are the most suitable, if, as we have indicated, fission is to be privileged.
Inspection of Figures 1.4 and 1.5 makes this point clear. These figures show the fission cross-sections
of the Am and Cm isotopes, respectively, most of them being of the threshold type.

1.1.3 The*equilibrium” e-method [2]

The standard Bateman equations can be generalised to account for the characteristics of specific
fud cycles and solved for the equilibrium concentrations of the actinide nuclides. This method computes
the equilibrium composition and associated globa neutron production potential of a simplified model
of the nuclear reactor coreif al “externa” conditions (such as the neutron flux level, the fuel feed, the
discharge and reprocessing rates) stay unchanged during sufficient time.

Figure 1.4. Fission cross-sections of americium isotopesin the mega-electron-volt region
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Figure 1.5. Fission cross-sections of curium isotopesin the mega-electron-volt region
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If acoreisfed by asource § of J-nuclides, under neutron flux @, the fuel concentrations N; the
J-family are time-dependent and described by the following matrix-type GFC equation:

oN,
at

~(Mx®-A,-A,)Ns -5, (1)

where S, is the nuclei feed vector with a single non-zero component J, and N is the vector of the

atomic concentrations of the J-family members, including its “father”. M is the matrix related to all
nuclear interaction processes, which is composed of the one-group absorption cross-section on the
diagonal and off-diagonal terms representing the transmutation to different isotopes.

The A, and A, termsin Eq. (1) are matrices of the family natural decays and of fuel discharge

losses. The Aq elements of the matrix /\dl are defined by the ratio of nuclides loss (the transfer to a

repository or reprocessing technology wastes, nuclear decay during fuel “cooling” time interval teoq)
and it also depends upon the discharge “frequency” tere. A general expression Ay for each nuclide and
for al fuel cyclesis given by:

Ay = Ti {loss+ (1—loss) [1—exp(- &, 1, )] 2

core

where “loss’ could be assessed as the fraction of the nuclide inventory which is lost during
reprocessing or sent to a repository (i.e. which does not return back to core) and the term
(1-loss)[1-exp(- A, 1., )] describes the isotopic decay during storage and processing. The
asymptotic (t — o) solution (if all operators are time independent) corresponds to the “equilibrium”

case, i.e. when % =0in Eq. (1). This equilibrium solution can be presented in the following matrix

13



fom: N=A'S where S includes al “father” nuclei contained in the core feed and
A=M + A, +A, asdefined for Eqg. (1). For this equilibrium actinide concentration in the core, the
neutron balance can be computed for a specified composition consisting of i-components with

proportions x;:

- Dg® =v-1-a (neutron/fission) (3
where:
in v, 6/ in c’

The D in Eq. (3) is consistent with the definition of Section 1.1.2.

V:

1.1.4 Neutron balance (D-factor) intercomparison

The physics approach shown above can be used to compare standard PWRs (moderator-to-fuel
ratio = 2) with MOX fuel with variation in the LWR moderator-to-fuel ratio, r, and also fast reactors
with differing fuels and coolants. The D values for mgor actinides in Table 1.4 are for a closed fuel
cycle for each individual TRU isotope with repeated recycle (no fuel cycle losses). In the case of
LWRs, there is a significant dependence of the D; on the level of the flux. This is aso shown in
Table 1.4, where the standard PWR D; values are shown for two different flux levels (1 x 10" and
2.5 x 10" n/cm?.s). This effect is due to the competition between absorption rates, which depend on
the flux level, and decay (independent of the flux level).

Table 1.4. D (neutron consumption/fission) value for different isotopesin different systems

MOX- MOX- MOX- MOX- | He-cooled SUPER- L ead-cooled | Na-cooled | Na-cooled

Isotope | LWR® | LWR® | LWR® | LWR® | carbide PHEN] x@ | Nitridefuel | oxidefuel | metal fuel
r@=14] rP=2 | (P=2 | 1@=4 | fud FR® FR® FR® FR®
25y -0.31 -0.38 -043 -0.55 -0.84 -0.86 -0.92 -0.95 -1.04
8y 0.104 0.068 -0.06 -0.007 -0.63 -0.62 -0.71 -0.79 -0.90
ZINp 0.91 0.93 0.75 0.96 -0.51 -0.56 -0.65 -0.73 -0.88
28py 0.014 0.024 -0.16 0.038 -1.25 -1.33 -1.36 -1.41 -1.50
py -0.60 -0.64 -0.79 -0.73 -1.44 -1.46 -1.58 -1.61 -1.71
20py 0.65 0.56 0.14 0.38 -0.93 -0.91 -1.02 -1.13 -1.27
21py -0.26 -0.37 -0.80 -0.58 -1.25 -1.21 -1.26 -1.33 -1.39
22py 1.27 1.22 0.73 1.13 -0.65 -0.48 -0.73 -0.92 -1.13
2Am 0.92 0.93 0.71 0.95 -0.56 -0.54 -0.65 -0.77 -0.91
22MAm -1.55 -1.56 -1.66 -1.56 -2.03 -1.87 -2.08 -2.10 -2.16
2BAm 0.44 0.36 -0.15 0.25 -0.84 -0.65 -0.85 -1.01 -1.15
22Cm 0.004 0.014 -0.18 0.026 -1.26 -1.34 -1.37 -1.41 -151
24Cm -0.51 -0.60 -1.12 -0.71 -1.54 -1.44 -1.53 -1.64 -1.71
5Cm -2.46 -2.46 244 -2.44 -2.70 -2.69 2,71 -2.74 -2.77

(1) ©=1 x10%n/cn.s

(2) r = moderator-to-fuel ratio

(3) @= 1 x10% n/en?.s — sodium-cooled burner configuration, GFR and LFR conventional concepts
(4) @= 25 x10* n/ent.s
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The results allow comparison of the feasibility of transmutation of the different isotopes in each
reactor concept. As an example, in the case of the Am isotopes, the **Am transmutation is a
neutron-consuming process in any LWR concept, relatively independent of the moderator-to-fuel ratio
(r). For a flux value of 1 x 10" n/em?s, **Am is also a neutron-consuming process in a LWR, but a
higher r value is preferable because the corresponding D value is positive but smaller than with lower
values of r. However, at ¢ = 2.5 x 10" n/cm?’s, the transmutation of ***Am becomes a neutron
production process. 2*Am transmutation is a neutron-production process, whatever the spectrum, with
adight advantage for fast neutron spectra.

Significant variations in the D-factor are observed between the fast reactor concepts. In generd, a
harder neutron spectrum leads to a more favourable neutron balance; thus, the metal-fuelled SFR
provides the most excess neutrons for every actinide isotope. However, all of the fast reactor systems
exhibit a significantly more favourable neutron balance compared to the MOX-LWR resuilts.

1.2 Intercomparison of specific concepts and fuel cycle systems

The physics approach described in Section 1.1.3 allows comparing a large variety of fuel cycle
strategies. Three significant scenarios are provided.

1.2.1 PU multi-recyclingin LWRs

In this case, plutonium is multi-recycled in PWRs using the MOX-UE concept [3]. Minor actinides
(MAYs) are separated at the end of each cycle and sent to arepository, asillustrated in Figure 1.6. It is
assumed that uranium is discharged and not further recycled. The mass of U + Pu loaded in the coreis
2.0425 t/TWhe and the mass of fission product build-up is 0.125 t/TWhe. In this strategy, the average
Pu content of fresh fuel is fixed at the maximum targeted value of 10% and **U is added to maintain
criticality; the average burn-up is set at 60 GWdJ/MT. The feed requirement at equilibrium is chosen
such that the fixed Pu content (10%) is preserved. The **U enrichment in the feed is determined by
the criticality condition:

'DFUEL '(I—core + Cpar + CFP) =0

with atotal loss of neutrons per fission (Leyre + Coar + Crp) estimated at 0.38; thus, D, ~ 0.38 is needed.

Figure 1.6. Scheme for Pu multi-recyclingin a PWR with burn-up equal to 60 GWd/t

) FEED : STORAGE OR REPOSITORY
[M(Puf® — M(PuP* ¢ Pus MA
+ 20425 M[Pu]“‘]r U ) 0.125 t FP
2.0425-0.125—- M(Pu)™" JrU
MOX-UE PWR )
v Put = 10 % MA, U
A s d REPROCESSING
M(Pu)™
(1 - LOSS) M(Pu)™
M{Pu)™® —] mass (t) of loaded Pu
M(Pu)™ = mass (t) of unloaded Pu at the end of the equilibrium cycle
pu™ = average Pu content in the core
LOSS = 0.1 %
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The neutron balance and mass flow results are shown in Tablel.5 for the same three
moderator-to-fuel ratios evaluated in Table 1.4. The results show an increase in Pu consumption by a
factor of ~3 from 38 kg/TWh to 108 kg/TWh as the moderator-to-fuel ratio isincreased. However, the
MA build-up roughly doubles from 13.9 to 24.8 kg/TWh as the moderator-to-fuel ratio is increased;
the Cm build-up is particularly evident (10.6 kg/TWh) when the neutron spectrum is over-moderated
(r = 4). Overdll, theratio of the quantity of Pu burned over that of MA produced is clearly in favour of
high moderator-to-fuel ratio. The feed values aso show the reduced need for 2°U enrichment in cores
with high moderator-to-fuel ratios.

Table 1.5. Plutonium multi-recycling in MOX-UE PWRs

Closed cyclefor Pu — average Pu content 10%

r=14 r=2 r=4
Pu/U + Pu in feed 2.00% 3.03% 5.67%
U5/U in feed 5.90% 4.90% 2.53%
Drue -0.380 -0.380 -0.380
Dy -0.416 -0.316 +0.016
M (Pu)" (kg/TWhe) 217 226 252
M (Pu)™" (kg/TWhe) 179 170 144
AM (Pu) (kg/TWhe) 338 56 108
Pu™ (%) 10.6% 11.1% 12.3%
Pu® (%) 8.78% 8.30% 7.06%
MA®™ (kg/TWhe) 0 0 0
MA©® (kg/TWhe) 139 17.1 24.8
Np©Y (kg/TWhe) 1.50 1.38 0.901
Am©® (kg/TWhe) 8.40 9.89 134
cm® (kg/TWhe) 3.97 5.87 10.6
AM (Pu)/ AM(MA) 2.73 3.27 435

r = moderator-to-fue ratio

1.2.2 Puand MA multi-recycling in LWRs

A similar fuel cycle approach to that shown in Figure 1.6 can be applied for multi-recycling of the
minor actinide species in addition to the Pu in a MOX-UE PWR with moderator-to-fuel ratio of two.
Successive cases are analysed with Pu + Np, Pu+ Np + Am, and Pu + Np + Am + Cm recycle. In each
case, the average content of Pu+ MA in the core is set at 10% (7.7% Pu and 2.3% MA when al MA
arerecycled: 0.3% Np, 0.6% Am and 1.4% Cm). The results are shown in Table 1.6.

To counterbalance the “poison” effect of MA, a higher percentage of U is needed with Np and
Am recycle; the enrichment steadily increases from 4.9% with Pu recycle (Table 1.6) to 6.45%
(Pu + Np) to 9.0% (Pu+ Np+ Am). A reverse trend is observed (down to 6.45% “*U enrichment)
when the Cmis also recycled. However, note that the MA inventory is dominated by Cmwhen all MA
elements are recycled; and this fuel would be very difficult to handle. The Pu consumption is
drastically reduced from 56 kg/TWh for Pu recycle to 43 with Np recycle to ~20 with Pu+ MA
recycle, and O with Pu+ Np + Am. This behaviour is attributed to the transmutation of some of the
MA isotopes (especially *Am and *’Np) into Pu isotopes. The minor actinide production is reduced
from 17 kg/TWh (Table 1.5) to 10 with Np recycle and 4 in the Am recycle case. However, only with
full MA recycle can the MA inventory be stabilised, with the in-core destruction balanced by the
2Py decay source during recycle. However, as indicated previously the high Cm content of this case
will severely complicate fuel handling.
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Table 1.6. Pu + MA multi-recyclingin MOX-UE PWRs

Closed cyclefor Pu + Np, Closed cyclefor Closed cyclefor Pu + MA,
avg. Pu + Np content ~10%, Pu + Np + Am, avg. Pu + MA cont. 10%,
MOX-UE withr =2 avg. Pu+ Np + Am MOX-UE withr =2
content ~10%,
MOX-UE withr =2

Pu/(U + Pu+ MA) in feed 2.31% 1.64% 1.10%
MA/(U + Pu + MA) in feed 0.17% 0.22% 0.16%

US5/U in feed 6.45% 9.0% 6.45%

Drue -0.380 -0.380 -0.380

Diog -0.343 -0.397 -0.299

M (Pu)" (kg/TWhe) 211 190 163

M (Pu)*" (kg/TWhe) 168 189 142

AM (Pu) (kg/TWhe) 43 1 21

Pu™ () 10.3% 9.3% 8.0%

Pu®? (%) 8.2% 9.3% 6.9%

MA®™ (kg/TWhe) 105 26.2 477

MA®Y (kg/TWhe) 20.4 30.4 445

Np‘™ (kg/TWhe) 105 10.1 7.2

Np© (kg/TWhe) 71 7.7 5.6

Am™ (kg/TWhe) 0.0 16.2 13.1

Am® (kg/TWhe) 8.4 14.2 11.8

cmi™ (kg/TWhe) 0.0 0.0 27.3

cm® (kg/TWhe) 4.9 8.5 27.1

AM (Pu)/AM (M A) 434 0.24 -6.56

r = moderator-to-fuel ratio

Another important indicator of the feasibility of the different recycling options is given by the Pu
vector at equilibrium, as shown in Table 1.7. An inspection of the results indicates a strong increase of
the ®Pu content when any MA is recycled; and the fuel cycle consequences of associated increases in
decay heat must be investigated.

Table 1.7. Plutonium vector s at equilibrium (%) in MOX-UE caseswithr =2

Pu isotope Closed cycle Closed cycle | Closed cyclefor | Closed cyclefor
for Pu for Pu + Np Pu+ Np + Am Pu+MA
“8py 75 12.8 16.6 15.1
“py 34.3 327 339 35.6
“Opy 24.9 22.2 22.0 225
21py 16.1 14.1 13.6 13.6
22py 17.2 145 13.9 13.1

1.2.3 PU and PU + MA recycling in fast reactors

The following cases can be compared in the case of fast reactors:

e Puand Pu+ MA multi-recycling in a sodium-cooled oxide-fuelled burner reactor, as considered
in Section 1.1.4. Thefeed isamixture of Pu and natural U.

e Pu and Pu + MA multi-recycling in the sodium-cooled SUPERPHENIX-type reactor
self-sustaining regime with aPu (or Pu + MA) recycle. The feed is natural U.
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The results are summarised in Table 1.8. Significant Pu burning (53 kg/TWhe) is obtained in the
burner case together with alimited MA production (6.75 kg/TWhe). These features can be compared
with the LWR cases (Table 1.5). In the case of standard MOX-UE, a comparable Pu consumption
(56 kg/TWhe) induces a much higher (factor ~3) MA production, in particular Cm. The higher Pu
consumption of a MOX-UE with r = 4 (108 kg/TWhe), induces an even higher MA production, and
Cm production isincreased by more than afactor 10 compared to the Pu-burner fast reactor case.

Table 1.8. Pu and Pu + MA multi-recycling in fast reactors

. SUPERPHENI X-
Oxide Na-cooled O)gde & Ealer SUPSEBIF;PHENIX' type, self-sustaining
burner, avg. Pu urner, avg. type, sdli-sustaining Pu + MA regime,

content 35% el [ FUIEEINGE, GH6L il avg. Pu+ MA
content 35% content 16.1% )
content 16.9%

Pu/(Pu + U + MA) in feed 54.3% 42.1% 0 0

MA/(Pu + U +MA) in feed 0% 6.0% 0 0

Diua -1.162 -1.089 -0.796 -0.801

Duyoided -1.252 -1.190 -0.914 -0.919

M (Pu)™ (kg/TWhe) 286 247 127 124

M (Pu)®* (kg/TWhe) 233 206 127 124

AM (Pu) (kg/TWhe) 53 41 0 0

Pu™ (%) 36.2% 31.3% 16.1% 15.7%

PUC (95) 29.5% 26.2% 16.1% 15.7%

MA®™ (kg/TWhe) 0 35.8 0 4.69

MA©®Y (kg/TWhe) 6.75 29.9 1.36 4,69

Np™ (kg/TWhe) 0 7.19 0 0.939

Np© (kg/TWhe) 0.354 4.27 0.389 0.939

Am™ (kg/TWhe) 0 184 0 2.77

Am©Y (kg/TWhe) 5.47 16.0 0.875 2.77

cm™ (kg/TWhe) 0 10.1 0 0.979

Ccm® (kg/TWhe) 0.930 9,69 0.097 0.979

AM (Pu)/AM(MA) 7.85 -6.96 0 0

In the case of a Pu + MA burner, the fast reactor considered can burn 41 kg/TWhe of Pu and
5.9 kg/TWhe of MA. In the corresponding case, a MOX-UE with r = 2 (Table 1.6), the Pu consumption
isdrastically reduced (21 kg/TWhe) and the MA consumption is only 3.2 kg/TWhe. The Cm inventory
is higher by afactor of ~3 in the MOX-UE with respect to the fast burner case.

An important distinction of the second set of fast reactor cases (self-sustaining) is the ability to
operate at equilibrium with a natural uranium-only feed. Thisis possible due to the large neutron surplus,
-0.8t0 -1.2 in afast spectrum, avoiding the need for fissile make-up. Furthermore, the build-up of minor
actinidesis quite small, roughly an order of magnitude less than the thermal reactor casesin Table 1.5.
1.2.4 Homogeneous and heterogeneous recycling and their consequences on the fuel cycle
1.2.4.1 Homogeneous recycling [4]

The “homogeneous’ recycling mode consists of a system capable to recycle not-separated Pu and

minor actinides (MA), to reach equilibrium, stabilising both Pu and MA mass flows, and sending to
the wastes only avery small fraction of the radiotoxic isotopes (losses at reprocessing).
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The appealing aspects of the “homogeneous’ recycle are:

e The concept is mainly designed to produce energy, making an optimised use of resources and
using arobust reactor and fuel cycle layout.

e Thefuel cycle does not imply the separation of Puand MA.

e The concept can accommodate in principle severa options in terms of reactor size and fuel,
reactor coolant, waste forms, etc.

In general, homogeneous recycling has equivalent performances for whatever the type of fuel in
the fast reactor. In fact, if the losses at reprocessing are assumed to be of the order of 0.1%,
homogeneous recycling allows to reach a reduction of the potential radiotoxicity with respect to the
open cycle scenario by afactor of 200 and more, and this over the entire time scale (10° — 10° years),
as will be shown in Section 1.4.2. This reduction is such that the radiotoxicity in deep geological
storage becomes comparable to that of the initial uranium ore, after less than a thousand years

One can also envisage a multi-recycle of both Pu and MA in PWRs. However, even if a specific
core assembly design can in principle allow acceptable core performances, the impact on the fuel cycle
(e.g. at fuel fabrication) should be taken into account. In fact nuclei evolution under irradiation has to
be evaluated, accounting for very high mass nuclei production.

Table 1.9 shows the increase of decay heat, y and neutron doses, when a multiple recycle is
performed in a LWR, loaded with Pu and minor actinides. The presence of Cm in the fuel is at the
origin of the observed results, and this effect is related to the very high capture cross-sections of
actinides in a thermal neutron spectrum. In fact, most of the neutron source comes from the build-up
of %2Cf, which is much higher in a thermal spectrum reactor with respect to a fast spectrum one, as
shown in Figure 1.7.

To overcome this potential difficulty, a compromise must be reached in terms of minor actinides
to be recycled, the number of recyclings and the mode of recycling.

The obvious first step is to limit the recycling to Am and Pu. The Cm initially produced in
UOX-PWRs and further produced during the multi-recycling of Pu and Am should be managed
separately.

Table 1.9. Impact on somefuel cycle parameters of the multiplerecycleof all TR inan LWR

Fuel cycle parameter® | ncr ease factor @ Comments
Decay heat ~10 “4Cm ~70%; “*Pu ~30%
Neutron source ~5 000 #2Cf ~90% — if cooling time = 20 years,

Z2Cf ~40%, the rest is due to 2*Cm;
ZSOCf, 250Cm, 24GCm, 24BCm

Gamma source ~10 2LAm, 2*Cm, Z®pu, ®°Cf, **Cm are
major contributors

@ At fuel loading of seventh cycle, after fabrication and 5 years cooling.
@ |Increase in parameter, taken asthe ratio to the corresponding parameter in a Pu-only MOX-LWR.
® When Pu only is multi-recycled in MOX-LWR, 8Pu is the major contributor to all parameters.
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Figure 1.7. ®2Cf inventory comparison

Cf-252 inventory in the core. Case of full TRU multirecycling in a LWR
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One possihility, explored several years ago and reported in Evaluation of Possible P& T Strategies
and Means to Implement Them [EUR 19128 EN (2000)], isto store the Cm temporarily, waiting for its
decay in order to process it further to separate the Pu produced by decay (see Figure 1.8), which can
be successively transferred to future fast reactors or future dedicated systems. We will come back to

this scenario in Section 1.4.

Figure 1.8. Cm decay in intermediate storage
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1.2.4.2 Heterogeneous recycling

That option, explored, mainly in Europe [5] and at JNC in Japan [6], consists in performing the
transmutation of MA in the form of targets to be loaded in critical cores of a “standard” type. The
mode of recycling has been called “heterogeneous’, the potential advantage being to concentrate in a
specific fuel cycle the handling of a reduced inventory of MA (separated from plutonium). The major
obstacles to this approach are:

e The very high irradiation time needed to fisson a significant (> 90 + 95%) amount of MA
(which implies very high damage rates).

e The need to separate Am and Cm from Pu and to keep them (Am and Cm) together, in order
to reach high values (~30) for the radiotoxicity reduction.

e The need to load the MA targets in a very large fraction (~30 + 50%) of the reactor park,
possibly made of fast reactors, which provide high neutron fluxes and can be easily tailored in
energy to increase fission rates.

e Control of the power distributions and their evolution with time. In fact, local variations of the
power can be significant, creating high gradients which can evolve strongly with time.

e Asfar as targets, the minor actinide matrix support can be U-free (e.g. MgO) or can be U
itself. This last approach could be the most favourable one, in terms of target fabrication and,
if needed, reprocessing.

The most relevant point is represented by the fact that, for heterogeneous recycling the limiting
factor is the fission rate value which can be reached under realistic conditions, and for homogeneous
recycling the limiting factor is the separation chemistry performance.

Finaly, the presence of Cm in the targets will have a strong impact on the target fabrication, asis
shownin Table 1.10.

Table 1.10. Influence of Cm for target fabrication

Material in the target 100% Am 90% Am+ 10% Cm | 80% Am + 20% Cm
Heat 1@ x 2.3 x 3.6
ydoseat 1 m 1 x 1.5 x 2
Neutronic source 1 x 120 x 240

@ Reference value.

1.3 Dedicated systemsand therole of ADS[7]

A possible approach to keep the MA fuel cycle and the transmutation technology separated from
the eectricity production, is the one which calls for the use of “dedicated” cores, where the fuel is
heavily loaded with MA, the rest being plutonium. In principle critical “dedicated” cores can have
difficulties related to the degradation of safety parameters. In particular, these cores can present a very
low delayed neutron fraction (< 0.2% Ak/K) due to the low delayed neutron fraction of Am, Cm, Np
(see Table 1.11), and a reduced Doppler effect (due to the absence of afertile isotope like 2U). These
characteristics have helped to promote the concept of accelerator-driven subcritical systems (ADYS)
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Table 1.11. Delayed neutron fractions g for selected nuclei

Nuclide B
=8y 0.0172
“Np 0.00388
“8py 0.00137
“py 0.00214
“Opy 0.00304
2y 0.00535
“2py 0.00664
“Am 0.00127
2BAm 0.00233
*2Cm 0.000377

and the so-called “double strata”’ fuel cycle concept which will be described in Section 1.4. In fact,
ADS systems offer the feature of the subcriticality (Ket ~0.95+ 0.99), to overcome some of the
drawbacks due to low B« and low Doppler effect.

In order to develop an idea of the characterigtics of a typica ADS, certain simplified
considerations can be made as discussed below.
Hypothesis

e Proton beam energy E, = 600 MeV.

neutrons
proton

e Heavy metal spalation target providing z = 16.

e T (number of neutrons/fission produced in the core due to the external source, if al the energy
produced in it is used to feed the accelerator) = 1.06.
e Thermal power of the accelerator-driven core W= 500 MWi.

e Minor actinide/Pu ratio in the fuel ~1, to which corresponds a Ak/cycle ~1%/Ak/k/year and
Berr ~ 0.15%/Ak/k

e * (ratio of theimportance of the source neutrons to the importance of fission neutrons) ~1.

Energy requirements

The fraction f of energy produced in the subcritical core used for feeding the accelerator depends
on the subcriticality level:

1-k

f-Y
N A ¢
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If v (average number of prompt fission neutrons per fission) = 2.8, one has:

f=2.6% if 1-k=0.01
f=5.3% if 1-k=0.02
f=13% if 1-k=0.05

Current (power) of the proton beam i, (W)
If E (energy released/fission) ~200 MeV, then:

43mA if 1-k=0.01
T 1~

i :—WE— Z__ 86mA if 1-k=0.02
z
"N 2 mA if 1-k=005
which correspond, respectively, to:

2.5 MWt
w, =" smwt
N\ 125 MWt

A few comments on the outcome of these simplified evaluations:

e Thesubcriticality level choiceisacrucial parameter.

e |nfact, itisprobably difficult to envisage a deep subcriticality level (e.g. k < 0.95), in view of
the demanding characteristics of the required accelerator (> 12.5 MWt in the beam) and the
cost of the energy to feed it.

e The appropriate choice of the minor actinide/Pu ratio can help to optimise the reactivity swing
during irradiation (down to < 1%/Ak/k), and reduce the accelerator current requirement.

e The stringent requirementsin terms of accelerator reliability have to be met whatever the type
of the accelerator-driven system.

e |f the subcritical level is chosen in the range k=0.97 =+ 0.98, it will be very relevant to
demonstrate the safe operation of an accelerator-driven system in the “transition” from
“source-dominated” to “feedback-dominated” regime.

e The continuous and effective monitoring of the subcriticality level will be mandatory, and
appropriate experimental techniques should be developed and demonstrated.

1.4. Implementation of P& T
1.4.1 Major scenarios

One can define four major scenarios to implement P& T:
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a) Sustainable development of nuclear energy with waste minimisation. One type of reactor, one
fuel type, one reprocessing process (see Figure 1.9).

b) “Double-strata’ fuel cycle [8]: 1) commercia reactors with Pu utilisation 2) separate MA
management. Two separate fuel cycles (see Figure 1.10). This is the typical scenario using
ADS.

¢) Temporary scenario using existing reactors with a partial management of MA (e.g. in case of
delay in implementation of scenario a) [see Figure 1.11].

All three previous scenarios imply the continuous use of nuclear energy, the stabilisation of the
TRU stocksin the fuel cycle and the minimisation of wastes in arepository.

d) Reduction of TRU stockpiles (e.g. as a legacy from the past operation of power plants; see
Figure 1.12).

All four scenarios go beyond the strategy of “once-through” (“open”) fuel cycle (i.e. the fina
storage of irradiated fuel), and imply fuel reprocessing.

Asfar as scenario a), it can be implemented in Gen-1V fast reactors, with homogeneous recycling
of not-separated TRU (Pu and MA). It allows a drastic minimisation of ultimate wastes in terms of
volume, radiotoxicity and heat load (see Section 1.4.2). It preserves resources (Pu is an essential
resource) and provides enhanced resistance to proliferation (Puand MA are kept together).

As far as scenario b), the main interest is to keep the management of MA independent from the
commercial fuel cycle. The expected reduction of radiotoxicity is similar to that expected in
scenario a), if the separation performance (e.g. losses during reprocessing, or TRU recovery rate) is
approximately the same in the two scenarios. The implementation of this scenario will be described in
detail in Chapter 2.

Figure1.9. Scenario a): Reference scenario for sustainable
development of nuclear energy with waste minimisation
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Figure 1.10. Scenario b): “Double strata” — Pu still aresource, Gen-1V FR deployment delayed
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Figure 1.11. Scenario ¢): Temporary scenario before Gen-1V FR deployment
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Figure 1.12. Scenario d): Reduction of Pu + MA stockpile (Pu considered aswaste)
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In fact, the “second” strata transmuter will have a core with a U-free, MA-dominated fuel. Such a
type of core can present unacceptable safety features, and core subcriticality can offer a potentia
solution.

Asfar as scenario ¢), two major points have already been underlined (see Section 1.2.4.1):

1. The recycling of MA should be limited to Np and Am, since the full TRU recycling
(i.e.including Cm), even if theoreticaly possible from the physics point of view, has an
unacceptable impact on the fuel cycle, e.q. at fuel refabrication. In fact, the build-up of %*Cf
(see Figure 1.7, where the *Cf build up is compared in a LWR and in a FR) gives riseto a
neutron source (due to its spontaneous fissions, see Table 1.2) which is~10" times higher than
the neutron source at the refabrication of standard MOX fuel.

2. If Cm is not recycled, it is necessary to implement the separation of Am and Cm (both at
valence I11) and to manage the storage of Cm, which should last more than hundred years, to
alow it to decay (in **°Pu). These extra installations of the fuel cycle are not straightforward
to design and can have relevant cost and environmental impact.

Finally, scenario d) offers a potential means of reducing stockpiles of Pu and MA in spent fuel,
e.g.in the case of phase-out of nuclear power plants. However, this scenario implies a substantial
deployment of new installations (fuel reprocessing and fabrication, ADS). This point will beillustrated
in Chapter 2.

1.4.2 Potential benefits of P& T

P& T offers significant potential benefitsto the fuel cycle:
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e Reduction of potential source of radiotoxicity in deep geological storage (“intrusion” scenario).

e Reduction of the heat |oad: larger amount of wastes can be stored in the same repository.

e |f TRU are not separated (e.g. in the homogeneous recycling in a fast neutron reactor),
improved proliferation resistance is expected.

Examples related to each point are given in

Figures 1.13, 1.14 and 1.15.

Figure 1.13 shows that, as for as radiotoxicity, the same reduction is obtained with a reactor park
where homogeneous recycling is performed (in fast reactors or in thermal reactors) or with a reactor
park of the double-strata type, if the same performance of the chemica separations (e.g. recovery
factors at all reprocessing steps and ingtallations, of the order of 99.9% for Pu and < 99.5% for MA) is
assumed. The reduction is such that, at equilibrium, the potential radiotoxicity of the wastes sent to a
repository is reduced to the level of the radiotoxicity of theinitial uranium ore, after <1 000 years.

Dose (Sv/ TWh . )

Figure 1.13. Radiotoxicity reduction
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¢ Radiotoxicity reduction is comparable (i.e. higher than a factor 100) in transmutation

scenarios a), b), and depends on losses during reprocessing. In cases presented here a
0.1% value is taken for all TRU.

e However, the impact on the fuel cycle is different. It becomes unacceptably high if all

TRU isrecycled in LWRs, due to the high neutron doses at fuel fabrication.

In the case of the homogeneous recycling, al the reactors can be loaded with MA. In the Pu case
of the double strata power park, the MA are loaded in a very limited number of dedicated reactors
(e.g. corresponding to ~5% of the overall power fleet, as will be shown in Chapter 2).
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Figure 1.14 shows the expected reduction of heat load in a repository. The multiple Pu recycling
and MA disposal has limited benefits (factor < 2). The multiple Pu and Am recycling associated with
Cm disposal has a more favourable impact (e.g. factor ~5-6 at 1 000 years after disposa). If Cm is
stored and not disposed, the heat load theoretical reduction is comparable to what is achievable when
TRU arefully recycled in afast reactor.

Figure 1.14. Heat load in arepository
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Finally, Figure 1.15 (provided by R. Wiegland and co-workers at Argonne National Laboratory)
shows the benefits of P& T in terms of loading increase in a repository of the Yucca Mountain type.
As expected from the results quoted above, the separation of Pu and Am allows an increase by afactor
of ~6. The further separation of Cm, Cs and Sr alows for the reaching of a loading increase factor
~50 and higher.

Figure 1.15. Potential repository drift loading increase
Courtesy of R. Wiegland and T. Bauer, Argonne National Laboratory
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1.4.3 Challenges associated with P& T

The physics of transmutation is well understood; experiments have been performed irradiating
pure TRU isotope samples in power reactors, and transmutation rates have been compared
successfully to calculations.

Asfar astechnical challengesto actinide separations, it should be recalled that:

Concentrations in either spent fuel or in tank high-level wastes (HLW) will vary widely;
separation processes must be robust enough for a wide range of feeds.

Feed characterisation requires significant analytical capability.

Chemistry of actinides is complex; actinides form multiple valence states, similar to that of
lanthanides. The separation of trivalent Am and Cm from lanthanides is a challenging task.

“Grouped” separation of TRU has to be demonstrated.
Processing of the U-free fuels foreseen in ADS or of the targets of a heterogeneous recycle;
the impact of the choice of the support/matrix on dissolution and extraction has to be carefully

evaluated.

Production and management of secondary wastes is also a concern related to the previous
point.

Aqueous and dry (pyrochemical) processes can be used and are being developed, mainly in the
USA, Europe, Japan and Russia. Significant results have been obtained mostly at laboratory scale, but
have to be trandated to industria plants.

There are technical challengesto fuel development:

Large decay heat and high neutron emission of several higher-mass TRUs (see Table 1.2)
present new problems with respect to standard fuel manufacturing.

However, problems are smaller if the fuel contains U and small amounts of MAs [(as in the
case of scenario @)] with respect to U-free fuels [as in the case of scenarios b) and d)] with
large amounts of MA.

The presence of a significant amount of Am induces a high He production (see Figure 1.16),
and should be accommodated to avoid atoo-large pressure and swelling of the fud pin.

In the case of U-free fuels, the choice of the support/matrix (e.g. for oxide fuels: MgO, ZrO,,
Mo...) iscrucial for agood thermal behaviour under irradiation.

Fabrication processes are challenging (should avoid contamination, etc.), in particular for a
significant content of Cm.

In any case, remote handling is needed.
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Figure 1.16. Helium production during Am irradiation
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Finally, in the case scenarios b) and d), the implementation of ADS requires the validation of this
new concept: high intensity proton accelerators with 5+ 20 MW in the beam and high reliability,
spallation target with solid or liquid metal, and a full coupling of the different ADS components, to
validate the dynamic behaviour at power of a subcritical system in the presence of an external source,
the subcriticality monitoring and control, etc. Some of these aspects will be discussed in Chapter 3.

Finaly, no P& T strategy can be implemented without a careful cost/benefit evaluation.

1.4.4 Conclusions

P& T technologies offer the potential for a significant radioactive waste minimisation.

P&T can be applied to widely different fuel cycle strategies:

— Sustainable development of nuclear energy.

— Minimisation of the waste arising from alegacy of spent nuclear fudl.

P& T does not eliminate the need for deep geological storage whatever the strategy, but allows
increasing its capacity, drastically reducing the burden and potentially improving public
acceptance.

Fast reactors offer the most flexible tool in order to implement P& T. The use of ADS can be
seen as an option or a potential back-up solution, and Chapter 2 will provide quantitative
examples of their implementation.

Demonstration of P& T implies the demonstration of al the “building blocks™ of the strategy:

adapted fuels, adapted reprocessing techniques, reactor behaviour when loaded with significant
guantities of MA.
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Chapter 2
SCENARIO STUDIESFOR P& T

The relevance of scenario studies to assess the performance of a particular transmutation strategy
was discussed in Chapter 1.

Two major approaches can be used, namely a steady-state approach, relevant to an equilibrium
situation, or a full dynamic, time-dependent approach. The relevance of the time-dependent approach
is extensively discussed in Section 2.1 in the context of P& T studies. Section 2.2 presents an overview
of available software. Section 2.3 is devoted to the application of the scenario studies to the ADS-based
transmutation. In this section, parametric scenario studies at equilibrium are first presented, in order to
characterise the use of ADS-based transmutation from two different perspectives: a) the use of ADSin
a “double-strata’ strategy in order to transmute essentially minor actinides, b) the use of ADS in a
“double-component” strategy, in order to transmute both Pu and minor actinides. Successively, two
“images’ of ADS are presented in more detail, the first representative of a “minor actinide” burner
(as relevant to the double-strata strategy) and the second of a “TRU burner” (as relevant to the
double-component strategy).

Finally, Section 2.3 presents time-dependent scenarios in order to anayse the practica
implementation of ADS-based transmutation, according to the two strategies mentioned above.

2.1 Time-dependent P& T studies
2.1.1 Introduction

Steady-state studies can yield a useful initial guide to the performance of a particular P&T
scenario and are relatively easy to construct [1,2]. As they do not consider start-up or shutdown of
various reactors within the cycle they are therefore valid only when continuoudy operating reactor
parks are considered over long time scales.

There are, however, some shortcomings in using a steady-state approach, the most important of
which is the fact that long time scales and multiple recycling are required to validate the approach and
to produce the desired reduction in radiotoxicity. This essentially means that no account is taken of the
scenario shutdown in this infinite steady-state approach. If the assumption is made that at some point
operations must end then the total reduction factor achieved by P& T must take into consideration what
isin the cycle in addition to waste already generated. Under equilibrium operating conditions this can
represent a significant inventory which will seriously erode the toxicity reduction factor achieved for
the cycle as a whole. Given these shortcomings it seems sensible to perform time-dependent P& T
studies to alow explicitly for shutdown and to allow for a physically correct comparison of inventories
from a common time origin.

In addition to fully accounting for shutdown scenarios there are further advantages to considering
time-dependent P& T scenarios. Studies have shown that if a finite total operation time is considered
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and that a uniform cycle operation is adopted, the time taken to achieve a given reduction factor is
typically severa thousands of years [3]. If, however, a more optimal approach is made, where P& T
requirements are tailored to specific inventory evolution, then a similar reduction can typically be made
in an order of magnitude less time. This requires reactor operations to be afunction of time and cannot
be considered in a steady-state approach. Further, if losses are considered it has been demonstrated
that maximum reduction factors exist that can never be exceeded. There is therefore a trade-off
between overall operation time and process lasses which require dynamic analyses to evaluate.

There are further advantages to be gained when considering the composition of the fuel material
for practica manufacturing. For example, curium recycle is problematic due to the high heat
production and high spontaneous neutron emission. The introduction of recycle delays would alow for
significant decay to plutonium which is easier to convert to fuel. Again, such a delay will have an
impact on the inventory at shutdown. In addition, the progressive change in inventory composition
may have an impact on reactor operation and performance. This will limit loading possibilities for
current designs, or may point to essentia requirements for future reactor designs.

As afinal addition to the advantages of a time-dependent scenario, it is also worth noting that
commercial nuclear power stations have been operational since the mid 1950s. There is, therefore,
aready a significant inventory of spent nuclear fuel in existence. A time-dependent explicit inventory
tracking approach alows this material to be considered in addition to the inventories that will be
generated from future power production, thus taking into account any material “backlog”.

2.1.2 Theoretical studies

The commonly used fuel cycle scenario for analytic P& T studies consists of a closed loop system
in which a nuclide or actinide of interest is continually manufactured into fuel, irradiated and
reprocessed for recycling, as shown in Figure 2.1. Note, this figure depicts the situation after the initial
core transients (see Section 2.1.2.1). Let an actinide store hold an instantaneous mass, Mg, of a single
actinide. Let this feed a manufacturing plant of efficiency of g, meaning that for every tonne of
actinide fed to the manufacturing plant, amass €, is processed into fuel and the fraction (1 —e,) islost
from the system and ultimately is disposed of. The manufactured fuel batch feeds a reactor at f tonnes
per year, where a burn-up of B% is achieved. The spent fuel is cooled and reprocessed with an
efficiency ¢, which is analogous to €, and then returned to the store for recycling.

Figure 2.1. Idealised massflow diagram
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The exact performance of a system is dependent upon the exact nature of operations, with the
prime variable being the amount of material fed to the reactor per year, f. In theory this may be
continuously variable, however in practice an engineered design will usually specify a fixed amount
determined by the physics of the reactor. Two simple extremes may be considered: a uniform
deployment and a variable size deployment. In the former, a single reactor design is fixed and run for
its operationa life. Upon shutdown it is replaced by an identical unit. This continues until a prescribed
reduction factor is obtained. In the variable size deployment scenario an initia reactor is constructed to
run for afixed number of years. At shutdown, this is replaced by a potentially different design that is
optimised for the inventory existing at that time. These scenarios are analysed and compared below.
No assumption is made as regards the details of the reactor type — only that some reduction in massis
achieved during irradiation.

2.1.2.1 Sngle nuclide model with uniform reactor deployment

Consider a single nuclide example, in which decay is assumed to be slow compared with
operational timescales. Further, let the only destruction mechanism for the actinide be by fission to
produce short-lived fission products. The number of batches is Ng, so that the refuelling fraction of the
core is (1/Np) of its inventory. The burn-up is assumed to accumulate linearly so that an incremental
burn-up of b = B/Ng is achieved in each year of dwell. Defining the total time for which reactors
operate as Tr and the equilibrium refuelling mass as f tonnes per year, the total mass of materia
removed from the store over Tr years of operation is given by:

Mr:L(NB+TF— ) @)
€

m

which isan initial core of Ngf tonnesin the first year followed by (Tr — 1) reloads of mass f each year.
The mass fraction that is irrecoverably lost from the fuel cycle over Tg years of operation due to
manufacturing, M, is given by:

=i(1—sm)(NB +T. -1) 2
€

m

I\/IL

m

Defining the total time required for materia leaving the store to return in a useable form as Tg,
where T is the sum of the manufacturing lead time, t,,, the reactor dwell time, t4, and the cooling and
reprocessing time, t:

Tr=tm+tg+1tc (3)
the mass of material returned to the store up to year Tg, Mg, iS given by:

M, =(T. -T.)J1-B)fe, + Ni:l(l—ib)fs, )

where the first term represents fuel that has achieved full burn-up, while the second accounts for the
partial burn-up of discharged batches from the initial core. Note, this expression allows for the
manufacturing lead time so that t years of reactor operation is accompanied by exactly t years of
manufacturing time, although the two operations may be offset in time. Simplifying the second term
yields:
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S (- ib)fe, = fe, (N, —1)(1—%} ®)

The mass |eft in the reactor and cooling ponds after Tr years, Mg, is given by:

M. =(T, - N, +1)1- B)fe, + fsr(NB—l)(l—gj, ©)

where the first term represents fuel that has had a full burn-up, while the second represents part-burned
fuel discharged at shutdown. Note the symmetry with the start-up fuel.

Assuming all fuel is cooled and reprocessed, the total irrecoverable losses due to reprocessing
over T years of operation, M, is:

B (7)

M, =(T. -N, +1)1-B)f(1-¢,)+2f(@1-¢, (N, _1)(1_EJ

It can be argued that fuel that could not be returned to the reactor should not be reprocessed,
however this study considers all mass |eft after operations and as such expressions (2), (6) and (7) will
be summed. By not reprocessing, expression (6) will be altered by an equal and opposite correcting
amount to (7) as mass is conserved. It is therefore not necessary to complicate the algebra with this
refinement.

If the store has an initial mass My, the mass in the store after T yearsis given by:

M,=M,-M, + M, (8

Substituting for terms gives:

e,(My—Mg)= f{T.A+T} 9)
where:
A=1-(1-Bk,g, (10)
r=(N, —1){1—%8(1—%]} +(1-B)T.e,¢,

Physically, A may be interpreted as the total removal fraction from the cycle through irreversible
process inefficiencies and burn-up destruction, i.e. the fraction of material leaving the store that cannot
return after a single complete run through the fuel cycle. The expression I" represents the combined
effects of delays in the cycle which delays material from re-entering the store in time for manufacture

of fuel, and the effects of batch operation in which some initial core fuel does not achieve a full
irradiation. It therefore represents the start-of-operations penalty for batch-operated start-up.

The residual material in the system after shutdown of the last operating reactor, M, is:
M,=M__,+M_+M_, +Mg (11

where the mass of unused materia remaining in the store is included along with irrecoverable losses
and material resident in process plant and the reactor.
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Introducing the reduction factor, o, as the tota residual fraction of the initiad mass,
i.e. o = M¢/M,, expression (11) can be re-written as:

.M, (12

f{T.(A—¢,B)+T}+e Mg
(04

Eliminating f from (9) and (12) yields the time Tr required to achieve a specified reduction factor as:

M (o —2) (13)
T =
F My{A-a(A-¢,B)—Mae, B

Ms and Tr must be positive real to be physical, therefore Tr is minimised in Eq. (13) when the
denominator is as large as possible, which occurs when Mg = 0. This makes physical sense as this
indicates that all the material in the store at the end of reactor operationsisjust used for the last reload.
It also maximises the reload mass f, through Eqg. (9), i.e. the reactor is taking as much materia as
possible per year to achieve the given reduction factor. This gives the final expression for Tr as:

T - (o —1) (14)
FOA- oc(A -€, B)

A plot of Eq. (14) for a target reduction factor of oo =50 and various batch operation and
efficiency values is shown in Figure 2.2. In this figure, T" has been expanded to alow plotting of Tr
versus the number of reactor batches. A one-batch scheme burn-up of 10% is assumed, which gives a
three-batch burn-up of 15% when constant end-of-cycle Kesemive 1S @ssumed (see Appendix 2.1); the
value used for the multi-nuclide numerical case. Manufacturing lead time was taken as one year and
post-irradiation cooling was taken as two years [1]. It is noted that the derived times are several
thousands of years, and arguably much too long to be feasible. The reason for the behaviour is the
single-sized reactor assumption. The reactor refuelling size must be such that the recoverable residual
in the system does not result in more that /o of the starting inventory. This means small reloads over
many years. However, this has the drawback that irrecoverable losses accumul ate over alonger period,
which requires a smaller recoverable residual to compensate. The optimal balance between the two
effects results in the time given by Eq. (14).

Figure2.2. Timetaken to reach a 50-fold reduction
in inventory for a uniformly sized reactor deployment
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Figure 2.2 also shows that the value of Tr is very sensitive to small changes in process efficiencies
and, further, that high efficiencies are required. It is aso observed that the curves demonstrate a
tendency to go to infinity for some value of batches, or, equivaently, burn-up. To anayse this
behaviour, Eq. (14) isre-writtenin terms of o to give:

T A+T (15)
T.(A-¢,B)+T

o =

With all parameters positive real it is obvious that Eq. (15) approaches an asymptotic limit as
T|: —> 0 Of:

A (16)

while for Tr — 0, it is seen that oo — 1. Thisimplies that for given process parameters the maximum
reduction factor achievable has an upper limit which cannot be exceeded over any time scale. The
variation of the upper limit on, oy, 1S compared for the three process efficiency cases above in
Figure2.3. It can be seen that manufacturing efficiency has a greater impact than reprocessing
efficiency as any manufacturing losses are applied to the pre-irradiated mass which is by definition
larger than the post-irradiated mass. It is aso noted that with the burn-ups and efficiencies used in
these examples, oy < 100, the stated target reduction factor for many P& T study cases[1].

Figure 2.3. Sensitivity of maximum theor etical reduction factor to
changesin process efficiency for a uniformly sized reactor deployment
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We now seek to prove that o approaches the above limiting value monotonically with time to
ensure that it is a global maximum. Finding the first derivative of o with respect to operating time
from Eq. (15) gives:

dat I'(e,B) (17)




The denominator is aways positive. Inspecting the numerator and using the bounds,
0<e,., ,B<1,itis seen that the derivative follows the sign of I', which is always positive. This

means that do./dT is positive for al Tr and so the limiting value of o is reached monaotonically.

2.1.2.2 Amore optimal variable size reactor deployment scenario

The above calculations have studied a single reactor (or repeated identical units operating one
after the other) operating on a fixed reload mass over a given period of time. Example calculations
show that operation times can be very long for this approach due to the requirement to keep the
residual material at the end of operations to a suitable level in order to prevent unusable material from
violating the desired reduction factor. A more optimal approach is to assume that a number of separate
reactor generations operate, each being optimised for the material available to that generation and to
specify that only the material left after the end of operation of the last generation meets the reduction
criteria, asshown in Figure 2.4.

Figure 2.4. Schematic of massflow individual P& T loop generation scenario
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To formulate a more optimal operation, consider the scenario where a reactor generation operates
for a fixed time Tp < Tg, and that over this time the reactor just uses all the material available to it,
i.e. Mgt = Tn) = 0. Further, assume that each generation of reactor has the same burn-up and that
process efficiencies are constant throughout operations. Eq. (9) can then be used to determine the
equilibrium feed mass for the fist generation of reactors as:
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f(l) — 8m'VIO (18)
TA+T

The mass | eft for use in a second-generation reactor is given from Eg. (6) as:
MO = fOA (19
where:

A=Te (1-B)+g, (N, —1)2 (20)

Eliminating f from Eq. (20) using Eq. (18) yields:

MO = _EnMoA (21)
= (TA+T)

which then becomes the initia inventory for the second generation. By induction it can be shown that
the equilibrium feed mass for the N generation reactor is given by:

eNM AN (22)

f(N) _
(T,A+T)"

and the residual mass useable for fuel in the next generation will be:

M, (&, A)" (23)

MW =
(TAA + F)N

E

The total irrecoverable material arising in generation N is given from Egs. (2) and (7) with the
substitution of Eqg. (22) as.

v () _ DM, (ae, )" (24)
t (TAA+F)N
where:
D=T,(A-¢,B)+ (N, —1fl-¢,¢,) (25)

Thetotal residual material after N generations is given by:

, 26

N
i=1
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The summation is evaluated by noting that Eq. (24) is a geometric progression of the form
M = ar'* with:

DM, (27)
- (T,A+T)
_ Ae
- (T,A+T)
so that the sum is given by:
ZN:M(i) — a(l_rN)
i=1 ) 1-r
Substituting into Eqg. (26) gives:
M (N) — Mo(Agm)N (28)
! (TAA + F)N
. DM, (TA+T)" —(Ag,)"
(TA+T -Ag,) (T.A+T)"

Recalling the definition of the reduction factor o, o = Mo/M,, the number of generations required
to achieve the reduction factor is then given by:

N :In{a(TAAJrF—Asm—D)}/In{TAAnLF} (29)

TA+I'—Ag —oD Ae

m

The total timeisthen ssimply given by:
T. =N(T, +T) (30)
Solutions to Eq. (29) exist if:
TA+T —Ag, —aD>0 (31)
asalimiting case. Expanding I', A and D in Eq. (31) and solving gives:

TA+(N, -1)1-¢.¢,) (32)

TR o) N, -5

which is similar to the single-sized reactor case. This limit is slightly less than the single-sized reactor
case due to the fixed fraction of batches that do not achieve full burn-up. For a single batch case this
limit reduces to the single-sized reactor limit. It is also noteworthy that Eq. (32) indicates that oo — 1
as Ng — oo, suggesting that high batch numbers are not the most efficient for this operational
approach. Any penalty on operating limits imposed by the adoption of an optimal reducing reactor size
approach is offset by the vastly reduced times required to achieve a given target, as discussed in the
following paragraph.
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Assuming that each reactor has afixed operationa life of 60 years and that the burn-up achieved
is afunction of the number of batches, Figure 2.5 shows a comparison of the predicted T values for
the stated number of batches and process efficiencies to achieve a target reduction factor of o = 50.
The values may be compared directly with thosein Figure 2.2 for a single-sized reactor case. It is seen
that the times required are reduced by an order of magnitude.

Figure 2.5. Timetaken to reach a 50-fold reduction
in inventory for an optimised reactor deployment
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An analysis of the sensitivity of Tg with process efficiencies is also shown in Figure 2.5 for
combinations of e, and €;. These plots show that the value of Tg is sensitive to small changes in
process efficiencies, however as the magnitudes of the time scales are smaller, the absolute impact is
less than the uniform-sized case. It is aso apparent that there exists an optimal number of batches
which isafunction of the process parameters.

In Figure 2.6, the variation of the upper limit, e, iS compared for the three process efficiency
cases. Asin the uniform reactor case it can be seen that manufacturing efficiency has a greater impact
than reprocessing efficiency.

Figure 2.6. Sensitivity of maximum theor etical reduction factor to
changesin process efficiency for an optimised reactor deployment
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2.1.2.3 Impact on performance due to reactor operations

The evolution of the reduction factor for different numbers of batches is shown in Figure 2.7,
where end-of-generation statepoints are plotted. This demonstrates that the bulk of the reduction is
carried out by generations 4 to 8 for the chosen parameters. Generations 1, 2 and 3 have too large a
residual inventory to have a large impact on the reduction factor, while generations 9 and later use
small reloads so the incremental reduction is less. The batch scheme that gives the best performance at
a particular point in time changes throughout the comparison, i.e. any performance optimisation must
take into account the planned time horizon of operations.

Figure2.7. Variation of cumulative reduction factor for
each successive generation in an optimised reactor deployment
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An example of the variation in required reactor size for each of the generations and the accumul ated
destruction observed is shown in Table 2.1 for the parameters g, = & = 99.90%, Tr=9years,
B =17.1%, T, = 60 years, Ng = 6 and an initial actinide inventory of 100 tonnes. This table shows that
the last generation of reactor is on a scale of approximately 67 times less than the first generation and
loads only 81 kg per year. There could be technical and commercial difficulties when designing and
operating a plant to operate over such avariation of through-put requirements, although to some extent
these could be ameliorated by deploying alarge number of small unitsto handle large early-stage mass
throughput requirements.

Table 2.1. Multi-gener ation characteristics

: End of generation
Generation Reload mass (kg) reduction factor (a)
1 5469 2.3
2 2357 5.1
3 1015 11.0
4 438 21.9
5 189 38.2
6 81 56.1

Another aspect of performance that is of operational importance is the behaviour of the reduction
o over afixed overall operating time, Tg, with variations in the number of generations employed. The
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variation of o with N for parameters g, = &, = 99.90%, Tr = 3 + Ng years, Tr = 300 years and a
variation in number of batchesis shown in Figure 2.8. It is observed that there is an optimal number of
generations for a given number of batches.

Figure 2.8. Variation of reduction factor over afixed
operating period with the number of generations used
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Figure 2.8 also indicates that the optimal reduction over a 300-year operation time is achieved for
a two-batch scheme operating over 11 generations. This equates to an individua reactor generation
operation time of ~22 years, which is much shorter than typically quoted reactor lifetimes of 60 years
and will have a detrimental impact on economic performance.

2.1.2.4 Impact on performance due to manufacturing and reprocessing operations

Both the single-sized reactor scenario and the more optimal approach show that upper limits on
the performance of the system are set by the three basic removal mechanisms from the fuel cycle
burn-up, manufacturing efficiency and reprocessing efficiency. The ultimate upper limit on reduction
factor possible for both the uniform deployment and a variable size deployment is given by Eq. (16).
Given this relationship, the important question “what process and cycle characteristics need to be
achieved in order to obtain a destruction factor of...?" may be asked. The answer may be plotted as a
three-dimensional surface of constant o where burn-up, manufacturing efficiency and reprocessing
efficiency provide the three axes. If the simple assumption is made that manufacturing efficiency and
reprocessing efficiency are equal, then the plot shown in Figure 2.9 is obtained. This figure indicates
that tight control on process efficiencies must be maintained if the target reduction factor of oo = 100 is
adopted [1], with a minimum manufacturing and reprocessing efficiency of 99% required. If it is noted
that average irradiation beyond 15% has not been proven using known fuel technologies [1], the
efficiencies increase to the more stringent value of at least 99.92%. While current separation
techniques can achieve this performance for uranium and plutonium, further development work is
required to meet this target for other actinides [1]. Conversely, any development work that enables
increased burn-up will allow some relaxation of required process efficiencies.
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2.1.2.5 Examination of the mixed reactor case

The previous cases describe the situation where a P& T scenario is detached from the primary
power production of the initial reactor. It is unlikely that the potentially useful generating capacity of
the P&T cycle would be unaccounted for. Where P&T is used in a waste management scenario for
phase-out, this additional power generation could be seen as a useful byproduct that helps offset the
cost. For an ongoing mixed-generation scenario, this capacity must be accounted for as an integral part
of the total generation potential installed. In this case, the P& T loop is modified to include the arisings

from a co-running LWR, as show in Figure 2.10.
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To account for a mixed scenario the fractions of the total generation due to LWR and P&T
operations must be determined. Let the PWR have an annual loading of M wr tonnes and let the
specific power density of the LWR be p_wr If the number of fudl batchesin the LWR is Ny wg, the tota
inventory of the LWR is Ng .wr x M_wr tonnes, and the total power due to the LWR is P yg, given by:

P

e = N M (33)

B.LWR'V! LwrP Lwr

The fraction of the fuel loaded into the LWR that becomes the external feed for the P& T cycleis
¢, so that:

MExt :(I)MLWR (34)

As stated previoudly, the reactor in the P& T loop loads f tonnes per year. For Ngpe 1 batches then
the total core inventory is Ngpgt X f, @nd this operates at a power density of pper MWIt, giving the
power due to the P& T loop as:

PP&T =Cpgr NB,P&T fp P&T (35)

where gpg 7 IS the fraction of the P& T reactor that is not used to operate any dedicated plant such as a
beam accelerator.

The equivalent reload mass of an LWR only system, M/, , (of equal generating power) is given
by Pr. Balancing the installed generating capacity means that:

PT = NB,LWRM I,_\NRpL\NR = NB,LWRM WwrRPLwr T €per NB,P&T pr&T (36)

For such a system, the reduction factor is calculated as the ratio of the arisings from an LWR only
system with those from an LWR and P&T system. In genera, the LWR only system will run for at
least one generation to account for current operating practices. This means that there is a pre-existing
stockpile of material for the P& T loop.

The behaviour of this system is complicated and is not trivialy susceptible to generalised
analysis. The principal causes of the complication arise from the requirement for a continuous supply
of generation and that start-up and shutdown cores are of different mass than the reload mass. When
considering the P& T loop, there are two critical times at which material inventory limits the size of the
P& T loop reactor: the manufacturing of the first core and the manufacturing of the last reload.

The first core is Ngpgr times larger than the reload mass, f, and so sufficient material must be
available to meet this. As materia from both the LWR and the P& T reactor take a finite amount of
time to become available, the fina few reloads of both reactor types and the larger fina core cannot be
relied on to supply the start-up mass for the first core of the next generation of P&T reactor. This
consideration provides the first limit of f.

The second limit on f arises from the requirement to run for a fixed number of years. The reload
must be sized, therefore, to ensure that the P& T mass store does not empty prior to the end of the
operation of the current P& T generation.

A numerical analysis using a spreadsheet to track mass flow and accumulation for an example

mixed reactor case with constant, uniform power production and scenario parameters, given in
Table 2.2 [1], predicts the reload mass and reduction factor shown Figures 2.11 and 2.12, respectively.
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Table 2.2. Example mixed generation parameters

Parameter Value
Pr 4 000 MW
PLWR 40 MW/t
NB,LWR 4
Ta 60 years
€m 99.90%

& 99.90%

EpeT 90.00%

B 15.00%

tm 1year

ty 3 years

te 2 years

NB,P&T 3

PreT 250 MW/t (metal fuel)
o 1.40%

Figure2.11. Variation of reload massfor an example mixed reactor case
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Figure 2.11 shows that the sizes of the LWR and P& T reactor oscillate between two fixed values
after an initial transition of about six generations (360 years in this example). The reason for thisis
that the two limits on the P& T reactor reload size, f, tend to exclude each other. Where there is a
sufficiently large initial mass of material, the initial core can easily be manufactured and f is limited by
the requirement to manufacture the final reload. This strategy minimises the end of generation inventory
and so in the following generation the production of the initial core becomes limiting on f. However,
this does not minimise the end of generation materia left over so that in the following generation the
requirements for the initial core can easily be met and it is again the final reload that limits f. This
cycle continues into equilibrium.

The different operating approaches for the odd and even generations have a significant impact on
the reduction factor achieved, as depicted in Figure 2.11. Where the final reload is limiting on f, the
reduction factor is minimised. Where the initial core is limiting on f, there is a larger inventory of
material at the end of a generation and the reduction factor decreases. In equilibrium, alternating
between the two states, the fractiona change between any two adjacent generations remains constant.
However the absolute val ue oscillates with increasing amplitude while the mean increases.

The question arises as to whether the mass oscillations could be smoothed out. Analysis shows
that if this is done by forcing a reload mass that is the average of the odd and even generations, the
system is stable in the future but with a reduced performance. The performance can be improved by
increasing the P& T loop reload mass; however, this does not ensure steady-state performance into the
future — a some point in time the material store for the P& T loop runs dry. Further, the aternate
generation reload masses appear to be basins of attraction; any variation after an arbitrary set of reload
conditions that seeks to maximise performance will bring the system back to the aternating reload
mass scenario shown in Figure 2.10.

The mixed generation scenario places constraints on the operation of the P& T loop. As a result,
the scenario operates in a similar manner to the fixed size reactor scenario described in Section 2.1.2.1,
i.e.long time frames are required to achieve a useful reduction factor. This is clearly seen in this
example where areduction factor of lessthan 20 is achieved only after ~700 years of operation.

An aternative strategy could be to use the cascade approach described in Section 2.1.2.2. For this
scenario the first level P& T loop could be sized to use just the material from the previous generation
of LWR. The arising from this at the end of operations is fed to a smaller second level P&T loop, and
so on until enough loops have been implemented to achieve a desired reduction factor. In this scenario,
for the parameters used in the above example, the first level P&T loop will contribute ~5% to the total
generation, the second level ~0.8% with subsequent loops generating ever decreasing amounts. Such a
scenario would require a number of generations of the order of the number of P&T loops to reach
equilibrium. Also, an eventual future shutdown of LWR generation may require running of the P&T
loops several generations further to obtain atarget reduction factor.

2.1.3 Example behaviour of a time-dependent scenario
The previous sections have demonstrated that a simple model predicts bounds on performance for
P&T schemes. The next step is use simulation software to perform a similar anaysis for the more

realistic multi-nuclide case that incorporates decay. In this case, MEEMS software was used.

In areal waste inventory there will be a mixture of a number of actinides which will all decay at
some natura rate while being processed and which in general will be part of a family of decay chains
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leading to potential for in-growth as well as decay. Furthermore, while in the single nuclide case mass
and toxicity may be interchanged as a reduction measure, thisis not true for a nuclide mixture, where a
reduction of mass does not necessarily equate to an identical reduction in toxicity.

The example considered here is a multi-generation P& T loop with a fixed initia inventory.
The starting inventory may be taken, for example, as the transuranic arisings of a PWR burning UO,
fuel [1]. A normalisation to 100 tonnes of material was made which represents the arisings from
~3.84 x 10° TWh(e) operation. Thisinitial inventory is shown in Table 2.3.

Table 2.3. Initial inventory [1]

Nuclide I nitial mass (t)
“Np 6.63853E+00
“Bpy 2.87797E+00
“py 4.87721E+01
2Opy 2.20087E+01
2py 9.28626E+00
22py 5.06523E+00

2Am 2.34075E+00
BAm 1.45817E+00
24Cm 6.13968E-01
Cm 3.83730E-02
TOTAL 1.00000E+02

The operational approach adopted was the use of optimised generations, as shown previoudly in
Figure 2.4, where each generation of P&T reactor is sized to use the inventory available to it. After a
short inter-generation time to allow material in the system to return to the store, the next generation of
P& T reactor is brought online. This next generation will be smaller that the previous as burn-up in the
reactor will have reduced the nuclide store available. A three-batch fast neutron reactor (FNR) operating
for 60 years and loading inert matrix fuel was considered with a fixed flux of 1.5 x 10" ncm™s™,
which gave a full-dwell burn-up of ~15% depending on the exact fuel mixture. This is taken as a
sensible upper bound for known fuel technologies [1]. Depletion was performed using a one-group
fast moddl integral to MEEMS. Initially all transuranic nuclides were recycled through the system and
no limits were set on the composition of the fuel materials. No fission product effects were considered.
Manufacturing lead time was taken as one year. Post-irradiation cooling was taken as two years [1].

2.1.3.1 Performance results

The predicted reduction factors for both mass and toxicity (calculated using ICRP 68 dose
coefficients [4]) are shown in Figure 2.13 for a range of manufacturing and reprocessing efficiencies
(it is assumed that the manufacturing and reprocessing efficiencies are numerically equal). In this plot
the comparison is made with the reference case in which the initial inventory is aged naturaly to an
equivalent time. This prevents any over-prediction of the reduction factor from decay that would have
occurred naturally, ensuring all effects are due to FNR irradiation only.

Figure 2.13 shows that, as predicted in the smple single nuclide case, even small changes in
process efficiencies can have large impacts on performance. It also shows that the toxicity reduction is
less that the mass reduction. Thisis to be expected as the FNR will not only destroy material by fission,
it will also shift the distribution of surviving nuclides towards heavier nuclides, which tend to have
higher toxicities.

49



Figure 2.13. Comparison of cumulative mass and toxicity reduction
factorsfor 99.85%, 99.90% and 99.95% process efficiencies
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The plot for mass reduction at 99.9% process efficiencies indicates an asymptotic approach to a
maximum value approaching 80. The theoretical single nuclide limit on the mass reduction factor given a
burn-up of 15% and 99.9% manufacturing and reprocessing efficiency is 79. Similar agreement between
the theoretical single nuclide limit is seen for the other two mass reduction cases. Thisindicates that, if
mass reduction is considered, the idealised single nuclide analytical results can give a good indication
on performance limits, sensitivity to parameter variation and the order of time scales required.

The long-term behaviour of the inventory, post FNR operations, is shown in Figure 2.14 for times
up to 1 x 10° years. The mass reduction factor is constant to about 1 x 10° years after which it increases
dightly. This increase is due to *Pu, which is present in dightly elevated proportions in the FNR
scenarios due to neutron capture during irradiation. The toxicity plot shows an even more marked
variation in reduction factor, where the value increases over ~1 x 10* years followed by a reduction.
This increase is initially due to the decay of the higher actinides curium and americium. The peak
occurs when #°Pu is the dominant contributor in the FNR scenarios. Note that the absolute values for
the mass of these species are lower in the FNR cases than the reference case, however the distribution
is shifted towards the heavier and more toxic species.

The nominal process efficiencies of 99.9% quoted as achievable for uranium and plutonium (but
ambitious for other actinides [1]) give an overall reduction factor of less than 80 for both mass and
toxicity over the 1x10° year time horizon considered here. It is clear that if the often quoted target
reduction factor of 100 [1] is to be met, then higher performance is required for process efficiency,
and/or methods for improving net burn-up must be demonstrated. With the assumed burn-up, a
quadratic interpolation indicates that efficiencies of at least 99.937% must be achieved on both
manufacturing and reprocessing in order to produce a factor 100 reduction in mass at the end of FNR
operations.
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Figure 2.14. Comparison of long-term mass and toxicity reduction
factorsfor 99.85%, 99.90% and 99.95% process efficiencies
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2.1.3.2 Impact on operation

The results presented so far have been based on the prompt recycle of al materials. While thisis
optimal in terms of materia irradiation it may not be practical in terms of manufacturing, handling and
storage. Specifically, the trend in nuclide distribution towards curium in multi-recycle schemes leads
to highly active feed materials that produce both large amounts of decay heat and spontaneous neutrons.

To prevent difficulties arising from curium, two additional curium management techniques can be
considered. The first is the most straightforward and involves the removal of curium from the cycle as
it is produced. The second involves the storage of the curium for the life of a single generation of FNR
for introduction into the next generation. This alows for the decay of curium to plutonium for 66 years
(the inter-generation time) before being reintroduced into the cycle. A comparison of the effects these
management strategies have on spontaneous neutron emission and heat production of fresh fud is
shown in Figures 2.15 and 2.16, respectively.

Figure 2.15 shows that specific neutron emission rate from fresh fuel is reduced by two orders of
magnitude when curium is excluded from the cycle. However, even when curium is excluded the
promotion of even isotopes of plutonium due to extensive multi-recycle leads to emission rates that are
an order of magnitude higher than current LWR MOX fuels which have typical upper limits of
1 x 10° ns'kg™ [1]. When curium is delayed, the neutron emission rate is between the full curium and
no curium values. There is, however, a steady increase as the re-introduction of curium into the cycle
allows for build-up of other neutron emitting species, for example *Pu. Significant shielding would
be required for manufacturing and transport of any fuel described in this study. The very high emission
rates where curium is fully recycled would also lead to concerns for criticality during transport and
storage.
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Figure 2.15. Comparison of spontaneous neutron emission for variousrecycling options
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The variation of heat production of in the fresh fuel is compared for the three curium management
strategies in Figure 2.16. It is seen that delaying the re-introduction of curium into the cycle can
remove virtualy all the heat production associated with curium, reducing heat production by up to
almost 50% in later generations. Typical heat production for LWR MOX is 2 W/kg, so even the best
case scenario with no recycled curium is 10 times higher when multi-recycle FNR operations are
considered. Given the high levels of heat production predicted, specia care would be required during
handling and transport to ensure safe working temperatures are maintained. This may necessitate the
use of active cooling techniques.

Figure 2.16. Comparison of decay heat production for various recycling options
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It is obvious that while the use of different curium management techniques has an impact on
operational viability of manufacturing, handling and transport, it will aso have an impact on overall
performance. A comparison of the mass and toxicity reduction factors during operation for the three
curium management strategies is shown in Figure 2.17. It is seen that the delayed re-introduction of
curium into the cycle has a dight detrimental effect on performance. This is to be expected as the
curium fractions of the fuel will have one less generation of irradiation and so proportionately less will
be destroyed by fission. When curium is excluded from the cycle entirely, the performance of the
scenario fals by more than a factor 2, giving an upper limit of about 30 on mass reduction and of
25 on toxicity reduction. These values are much lower than the commonly stated target of a factor
100 reduction [1], and demonstrate that some form of curium recycle is vital if P&T is to be an
effective method of inventory reduction.

Figure 2.17. Comparison of cumulative mass and
toxicity reduction factorsfor variousrecycling options
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2.1.4 Summary

Time-dependant fuel cycle analysis gives insights into the key parameters required for P&T of
nuclear fuel waste. While steady-state P& T studies can provide a useful guide to the likely performance
and mass-flow characteristics of particular scenarios, they show some limitations when compared with
the engineering realities of implementation.

The general treatment of the topic in this chapter has shown that the achievable reduction factor
(either in terms of mass or radiotoxicity) is a sensitive function of fuel manufacturing or recycling
process efficiencies, P& T reactor burn-up and P& T reactor operating strategy. In addition these factors
determine the time scale required to implement the required reduction factor which could be severa
centuries. This has a further political implication in the establishment of the required institutional
control over relatively long time scales.

Therefore time dependence, along with reduction factor requirements imposed by technical or
political restrictions, can help define devel opment targets for manufacturing loss, reprocessing separation
factors and P&T reactor burn-up. Optimisation of reactor management factors such as refuelling
strategy and operational lifetime must also take the planned time horizon of operationsinto account.
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A further important aspect of time dependence is the ability to study transitions from current
nuclear generation to future scenarios. These will indicate deployment scales for P& T based on the
process and operating parameters chosen or targeted over a given period of time, and will also indicate
how current stockpiles of actinide materials will behave over such transition periods.

2.2 Scenario studiesfor P& T: Overview of software availableto perform analyses

The simplified analysis given in the previous section can provide indications of performance and
useful anaytic tools. While detailed physics analyses are used to generate reactor loaded to discharge
mass ratio these are generally for equilibrium conditions and so do not explicitly take into account
the large fuel composition variations that are characteristic of higher order multi-recycle schemes.
In particular, nuclear decay chain relationships are not explicitly accounted for within the mass flow
calculation. Further, when operational performance is evaluated, it is obvious that for a nuclide
mixture a reduction in mass does not equate to an equivalent reduction in toxicity due to differencesin
specific toxicity values. Thus, in order to evaluate more realistic models, numerical smulation using
software is required. A number of organisations are presently active in the development of such
software. A brief overview of some of the systems currently available is provided below.

2.2.1 MEEMS (BNFL)

MEEMS is a software package designed to simulate the operations of general nuclear fuel cycles
with a view to assessing both short- and long-term impact [5,6]. The software is designed around a
graphical user interface that allows “dragging and dropping” of various plants and rapid connection of
the plant items. This is intended to alow an intuitive approach to complex scenario modelling.
Component details may be inspected, defined or updated through an edit window that “pops up” as
required. MEEMS tracks 26 actinides and 22 long-lived fission products on an individual nuclide
basis. Implementation of the decay chains is used to alow accurate prediction of inventory change
during storage. This is particularly important for plutonium-based fuels, where significant changes to
Py and *"Am can occur over relatively short time scales, and also for systems that consider curium
recycle. Material flow is tracked through a number of process nodes, which have the ability to store,
ater and delay material, and which are connected via user-defined streams. Process components can
either force materia into the system, afeed source for example, or pull materia through as required, a
reactor for example. Material change and diversion within a process to simulate chemical/mechanical
separation or nuclear transmutation is generally captured through the use of transformation coefficients
that are derived from either experiment or higher-definition calculations. In addition, MEEMS contains a
one-group reactor model to allow for explicit nuclear transformation calculations to be made where
flux and cross-section data are available. Thisis particularly useful for studying multi-recycle scenarios
where material compositions may undergo considerable evolution during operations. Streams may
either be mixed as a feed to a process or kept separate to allow tracking of different downstream
pathways. Streams may be inspected to give an indication of nuclear characteristics such as activity,
toxicity, neutron emission and heat production, all of which help characterise the viability for use of
material and an indication of likely safety, shielding or criticality implications. MEEM S runs scenarios
on a discrete year-by-year basis and calculates storage and stream evolution both during scenario
operation and to any future year after shutdown. The primary metric used is mass, although toxicity,
activity, neutron emission and heat production data may also be requested. Results can be presented as
a combination of a number of nuclides or given individually. All output is graphical, though the data
may be exported for numerical analysis. Execution is relatively quick with atypical example taking of
the order of minutes to run. Each case constructed in MEEMSS can be used to produce a thorough QA
document that lists al the physical parameters and linkages to alow verification that a model has been
correctly defined.



2.2.2 DANESS (LISTO/ANL)

DANESS [7] is an integrated nuclear process model intended for the dynamic analysis of today’s
and future nuclear energy systems on a fuel batch, reactor, and country, regiona or even worldwide
level. The model alows simulating up to 20 different reactor types and up to 20 different fuel typesin
one simulation. The fuel cycle consists of 21 steps in the fud cycle chain wherein severa fuel cycle
facility technologies can be characterised in the model. In its current version, DANESS v1.0, it is
intended to deliver a systems view on future nuclear development paths. It therefore emphasises the
actinide and fission product mass flows in the system and the economics of the components and the
system as awhole. Detailed isotopic compositions of fuels are not calculated but are based on associated
databases of typical fuel isotopic compositions. Starting from today’s nuclear reactor park and fuel
cycle situation, DANESS will simulate energy-demand-driven nuclear energy system scenarios over
time and allows the simulation of changing nuclear reactor parks and fuel cycle options. The energy
demand is given as an energy-demand scenario for electricity or any other energy form demanded
from nuclear, e.g. hydrogen production. New reactors are introduced based on the energy demand and
the economic and technological ability to build new reactors. The technological development of
reactors and fuel cycle facilities is modelled to smulate the delays in technology availability.
Levelised fuel cycle costs are calculated for each nuclear fuel batch for each type of reactor over time
and are combined with capital cost models to arrive at bus-bar costs per reactor and, by aggregation,
into a cost of energy for the whole nuclear energy system. More detailed cost analysisis performed to
obtain an evolution of expenses for utilities, taking into account taxes, depreciation policies, average
cost of capitd and other factors. A utility sector and government-policy model may be activated
to simulate the decision-making process for new generating assets and new fuel cycle options. The
government policy model is still under development and will allow simulating different actions that
governments may exert through, for instance, tax rates, regulation, R&D funding and others. Extension
to life cycle analysis data, non-proliferation metrics and ecological impact for the system as a whole
and/or subelements of the system is foreseen in future versions of DANESS. An additional advantage
of DANESS is the implementation on standard PC/Mac platforms. A typical full-scale DANESS
simulation covering a timespan of 100 years calculated in time steps of one month takes about 15 to
30 minutes on a modern PC or Mac. Shorter calculation times of the order of a minute are obtained
with reduced problem sizes. DANESS is currently implemented using the I Think-Analyst software of
High Performance Systems. DANESS has been extensively verified with other calculations of nuclear
energy systems and this verification has indicated error margins inferior to a few per cent, depending
on the quality and detail of data delivered by the user.

2.2.3 ICECAT (AEN/NEA)

The ICECAT (Integrated Costs and Needs of Fuel Cycle Analysis Tool) model is designed to
simulate installed nuclear capacity. It operates under the IThink commercial software environment
(supplied by High Performance Systems Inc.). Visual programming of IThink alows the user to
manage the flow of materials, cash, personnel, etc. Provision of a graphical interface makes the model
invisible to the user, thereby creating a simple but powerful tool. Data can be processed either under
IThink using tables and graphs available on the interface, or under Excel by means of semi-automatic
links. ICECAT is driven by energy demand, that is to say the construction of new reactors and fuel
production/consumption is based on a scenario of demand for nuclear energy which the model must
accommodate as well as possible. The installed capacity and fuel cycle chosen are semi-independent,
which offers users considerable freedom of choice. Data on existing reactors and scenarios for energy
demand are stored in a database (MS Access format) and are therefore easy to consult or modify, even
on a computer without 1Think. To allow the model to be updated with the most recent data available
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(for example annual updates), the database output files are formatted in Excel. These Excel files are
therefore linked to the tables in ICECAT. ICECAT has limited, coarse splits for material flow; for
example, the number of elements separated in reprocessing is fixed to three (U, Pu, actinides).

2.2.4 NFCSim (LANL)

The NFCSim model [8] simulates complex nuclear fuel cycle (NFC) scenarios characterised by a
large array of interacting components of the NFC. A nuclear economy in NFCSim may consist of any
number of reactors. The model’s reactor and fuel cycle modelling capabilities include fuel cycles
oriented toward water reactors with the option of actinide recycling and a suite of fast reactors or
accelerator-driven systems for closure of the NFC. A demand function for nuclear energy is specified,
and NFCSim deploys new facilities as needed, subject to additional exogenously specified constraints
such as limitations on the capacity of reprocessing facilities. Using a database of the current US
nuclear infrastructure (mines, conversion, fabrication and enrichment plants) as the point of departure,
NFCSim determines the time-dependent demand for these services. Unit costs for individua processes
plus amortised capital costs for new facilities are assessed; a default cost database is provided. With the
aforementioned information NFCSim calculates a system-wide time-dependent annual cost of eectricity
(COE) as well as a discounted life-cycle cost. LACE is a criticality and burn-up engine developed to
provide life-cycle material balances for the diverse, mutualy interacting, evolving reactor fleets treated
by NFCSim. Given the appropriate cross-section libraries, LACE obtains fluence-dependent burn-ups
as well as neutron production and destruction rates for each actinide present in the initial fuel. Given
these data, a piecewise linear, reactor-specific reactivity model is formulated with fluence, rather than
burn-up, as the independent variable. The model generalises to arbitrary reactor types and initial fuel
compositions. These cycle-by-cycle capabilities are used to determine reactor fuel compositions upon
charge and discharge and at various times after discharge (e.g. upon entering separations, fuel fabrication
or a repository). LACE operates under transient and equilibrium fuel management regimes at the
refuelling batch level and invokes ORIGENZ2.x for burn-up and decay calculations.

2.25 COSl (CEA)

COsl, a software developed by the Nuclear Energy Direction at CEA, the French Atomic Energy
Commission [9], is a code simulating a pool of nuclear electricity generating plants with its associated
fuel cycle facilities. This code has been designed to study various short-, medium- and long-term
options for the introduction of various types of nuclear reactors and for the usage of associated nuclear
materials, with due consideration for the isotopic composition essentially of uranium, plutonium,
minor actinides and some fission products.

The simulation that can be performed with the COSI code is shown schematically in Figure 2.18,
and includes:

o Facilitiesthat are part of the fuel cycle (mines, enrichment, fabrication, reactors, reprocessing,
stockpiles, waste storage).

e Input datafor the simulation (energy demand, fuel and nuclear material s requirements).
e Transfer of nuclear materias.

e Steps in which the change in the isotope composition of the fuel is important (irradiation,
cooling time, aging time).
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Figure 2.18. Schematic structure of the COSI code
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The general mechanism is illustrated by the requests; the study is supervised by the date of
commissioning of reactors.

From this, the requests of the upline fuel cycle (fud eements, nuclear materials, and so on) can

be deduced.

For the downline cycle, the results are then evaluated (irradiated stockpiles, reprocessing flux,
plutonium, uranium from reprocessing, wastes, and so on).

The request of plutonium, uranium or minor actinides from reprocessing closes the cycle.

The main features of the COSI code are:

o A detailed analysis of the fuel cycle with the possibility of taking into account:

Conversion, enrichment (natural and/or reprocessed uranium), fuel fabrication (uranium
oxide, MOX, fuel with minor actinides, targets) and reprocessing plants, each with its
technical characteristics: operating time, annual capacity, losses.

The various types of reactors (gas-graphite, PWRs, SFRs, GFRs, advanced reactors,
incinerator reactors) together with their technical characteristics: date of commissioning,
electrical power, load factor, lifetime, core management: time history, reload fuel
management, type of fud (UOX, UOX+MOX, MOX ...), characteristics of reload (mass,
cycle path).

Stockpiles before and after each operation.

Transport.
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e A detaled analysis of nuclear materias, taking into account:

Ig)topic content: 232U, 234U, 235U, 236U, 238U, 237Np, 239Np, 236PU, 238Pu 239PU 240PU 241PU,

242PU, 241Am, 242mAm, 243Am, 242Cm, 243le 244le 245le 99TC, 127|, 129|, 134CS, 135CS, 137CS.

Constraints in the operation of the fuel cycle facilities: **Am maximum acceptable
concentration in MOX fuel fabrication, reprocessing plant capacity in heavy metal and in
plutonium, minimum cooling down period prior to spent fuel reprocessing.

The possibility of aternative choices by the user for the reprocessing of spent fud:
“firstin”, “first out”; burn-up min, burn-up max; ***Pu min, **Pu max; Pu content min, Pu
content max.

The selection by the user of the various dilutions available in the reprocessing of the
irradiated fuels.

Partitioning of minor actinides.

e A detailed computation of the materials balancesincluding:

Computation of the plutonium content or **U enrichment entering fuel fabrication is
based on: composition of the various batches of plutonium used, the origin of uranium
(natural, depleted or reprocessing uranium), core management and burn-up.

Computation of the fuel isotopic content in and out of the reactor at any time and for each
step inthe fuel cycle. The evolution calculations are performed for the following systems:

PWR (UOX): 1.4% < *°U < 9% 0 < burn-up < 100 GWd/t
PWR (MOX): 5% < Pu content < 12% 0 < burn-up < 70 GWd/t
PWR (MOXUE) 5%< Pu content < 12%, 0.25% < 2°U <5% 0 < burn-up < 70 GWd/t
SFR (core and blanket): Phénix, SPx1, EFR, CAPRA

GFR

Np, Am and Cm transmutation in PWR, SFR or GFR

¢ An economic balance on reactors and fuel cycle facilities in order to obtain a levelised cost
for the kWh.

For each scenario, COSI allows to obtain:

o A material balance (mass, isotopic composition) at any time and for each step of the fuel cycle.

e Aneconomic balance with decomposition for cycle cost, reactor operation cost, KWh cost.

e A waste radiotoxicity inventory (ingestion and inhalation).

Finally, the COSI code allows for the exploration of different electronuclear scenarios involving:

e A pool of reactors (PWRs, SFRs, HTRs, GFRs ...).

e Thefull set of the fud cyclefacilities.

e Thedifferent types of fuels (UO,, MOX, fuels with minor actinides, targets ...).
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Treatment of the isotopic content of nuclear materials (U, Pu, minor actinides) allows for the
calculation of the following:

e Evolution of initial Pu content or 2°U enrichment entering in fuel fabrication.
e Evolution of fuel composition.

o Material balance at any time and for each step in the fuel cycle.

2.3 Scenario studiesfor P& T: Applicationsto ADS
2.3.1 Introduction

Innovative fission systems able to efficiently burn plutonium and/or minor actinides (MAS) are
investigated here. There are two basic means of achieving a massive transmutation: either to perform
multiple irradiation runs with limited burn-up for each run, and reprocessing, topping and re-fabrication
between each run (this will be called multiple recycling) or to perform a single irradiation run with a
very high burn-up, in order to limit as much as possible the amounts to be reprocessed and fabricated
into fuel elements (thiswill be called once-through recycling). Only the first way isinvestigated here.

In this section “equilibrium” scenarios are analysed, i.e. to assess the asymptotic proportions of
the different reactor types in the reactor fleet, the asymptotic composition in the burner reactors and in
the waste stream (a given loss level at reprocessing being assumed).

2.3.2 Scenarios at equilibrium

Multiple recycling of actinides is considered in all the parametric studies presented in what
follows. In that way, only reprocessing losses go to the waste. These losses are assumed here to be
0.1% for all actinides. The core concepts studied are dedicated to the transmutation of actinides,
i.e. their fuel is made only of plutonium and minor actinides, and they can be critical or subcritical
reactors (ADS).

In the so-called “double-strata’ scenarios (see Chapter 1), afirst stratum of reactors is devoted to
plutonium (and neptunium) recycling, and a second stratum of reactors is dedicated to burn the other
minor actinides, i.e. Am and Cm (see Figure 2.19). The “double-component” scenarios involve two
types of reactors. standard reactors to produce electricity, based on PWR and uranium fuel, and
innovative reactors burning Pu and MA together (see Figure 2.20). In both cases, the burner reactor
compositions are given at equilibrium, i.e. at the asymptotic regime when isotopic compositions are
stabilised from aloading to the next one.

The innovative concepts used to compare critical reactor and subcritical reactors (ADS) are based
on fast reactors using different coolant technologies: sodium (Na), lead or lead-bismuth (Pb, Pb/Bi) or
gas (He). The critical coresfor MA transmutation in double-strata scenarios cooled by heavy metal are
small units (150 MWth, see Table 2.4). The choice of a small core size is suggested in order to
improve reactivity coefficients strongly affected by the large MA fraction in the fuel (see Table 2.5).
The ADS systems are medium size (1 500 MWth) for al types of scenarios. However, “twin” ADS
with respect to critical cores (i.e. same core volume and power) have been studied in order to allow for
a comparison due to subcriticality alone.

All calculations were performed using the ERANOS neutronic code system [10], with nuclear
data based on JEF2 evaluations.
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Figure 2.19. Double-strata scenario
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Figure 2.20. Double-component scenario
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Table 2.4. General data for double-strata cores

| l Losses (0.1%)+ FP.

Coretype Critical “Twin” ADS ADS
Coolant Na Pb He Na Pb He Na Pb He
Core power (MWth) 156 138 | 1000 || 156 138 1000 || 1500 | 1500 | 1500
Fuel volume fraction (%) 22.7 22,0 144 22.7 22.0 14.4 14.4 11.9 154
Actinide load (kg) 1267 | 1116 | 3336 | 1378 | 1213 | 3497 || 6376 | 5422 | 4798
Fuel residencetime (efpd) || 1500 | 1500 | 900 1500 | 1500 | 900 | 1500 | 1500 | 900
Average power (W/cm?) 274 243 441 276 244 442 406 406 407
Average BU (%) 18.3 18.3 26.7 17.0 17.0 255 34.6 40.4 27.8
Table 2.5. Reactivity coefficientsfor double-strata cores
Coretype Critical “Twin” ADS ADS
Coolant Na Pb He Na Pb He Na Pb He
APeoolant (PCM) 2060 | 1290 - 2540 | 2950 - 4360 | 5440 -
Kpoppler (PCM) -211 -181 -253 -178 -119 -311 -422 -393 -485
Bett (PCM) 162 155 148 213 142 121 121 140 133
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2.3.2.1 Double-strata scenarios

The firgt stratum is made of UOX PWRs and standard, EFR-type, sodium-cooled fast reactors
(FR); the PWRs feeding the FRs with the plutonium they produce. The second stratum is made of MA
burners fed by the MA output of both PWRs and FRs, and possibly with some amount of plutonium
which is diverted from the Pu stream directed to the fast reactors, in order to support the reactivity
level if needed. The asymptotic composition for the MA burner fuel results in a non-negligible
plutonium content due to both the Pu feed (if any) and the transmutation of minor actinides (mainly
captures on *’Np, capture + decay on **Am, and decay of 2**Cm). Table 2.6 shows the Pu content in
the fuel, characterised by a very degraded isotopic composition, i.e. high content in even Pu isotopes:
%8Py and *Pu (due to the capture + decay on **Am) and *°Pu (due to the decay of **/Cm).

Table 2.4 gives some general data on the double-strata cores. The main assumptions concern core
power (global and specific) and fuel residence time. The low power for liquid-metal-cooled critical
cores and their associated twin ADS is motivated by reactivity coefficient mitigation; it is worth noting
then that the critical core contains some amount of hydrogenated moderator such as ZrH, (a volume
fraction roughly 5%) in order to reduce the coolant void reactivity and increase the Doppler feedback,
and that the particle fuel for the gas-cooled reactors is placed within graphite-based subassemblies that
provide some moderation as well. Residence times are assumed to lie between three and five calendar
years. The fuel volume fraction results directly from the subassembly geometry for the critical cores.
It was adjusted for ADS in order to obtain the prescribed reactivity level (k=0.98 at beginning of
cycle); some dilution of the fuel with an inert matrix isthen assumed.

The main reactivity coefficients are given in Table 2.5. This table shows that with a degraded
Pu + MA fuel composition, the coolant void reactivity is high, even for very small liquid-metal-cooled
cores, the absolute value of the Doppler constant is low despite the presence of moderator; and the
delayed neutron fraction is very small. In order to have a reference for comparisons, typical values for
a standard LMFBR core, such as Super Phénix or EFR are approximately 2 200 pcm for the sodium
void reactivity, -800 pcm for the Doppler constant and 360 pcm for the delayed neutron fraction. The
advantage of ADS isto be much better able to cope with very the poor reactivity coefficients due to
Pu + MA fuel than the corresponding critical cores.

Table 2.6 shows how the plutonium content in the fuel, the reactivity loss and the accelerator
requirements (intensity, fraction of the gross electrical power of the ADS devoted to feed the
accelerator) are correlated. The lower reactivity level for ADS with respect to critical reactors allows
for the decrease of plutonium content; this reduction is amplified by a size effect (Ieakage reduction
for larger cores). The larger size should in principle lead to a reduction of the reactivity loss, but this
effect is somewhat offset by the increase in specific power (for the liquid metal cooled cores). The
reactivity evolution vs. time, characterised by an increase at low burn-ups followed by a decrease at
higher burn-ups, may lead to very small accelerator requirements for the equilibrium batch.

Table 2.6. Pu content, reactivity loss and accelerator requirementsfor double-strata cores

Coretype Critical “Twin” ADS ADS
Coolant Na Pb He Na Pb He Na Pb He
Pu/(Pu+MA) (W%) B5.5 48.5 38.6 44.0 39.2 36.0 325 29.7 37.7
Ap (pcm/efpd) -6.2 -4.2 2.4 -2.8 -1.1 -14 -4.2 -6.0 -1.4
| ace/Pin (MA/GW) - - - 115 11.6 11.7 37 ~0 11.7
P oo/ Peec (%0) - - - 7.2 7.2 7.2 2.3 ~0 7.3
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Finally, Table 2.7 shows global scenario parameters for a fixed-size reactor fleet, i.e. 60 GWe
installed power, producing 400 TWhe a year. These parameters are the fraction of the reactor fleet
electricity produced by the second stratum burner reactors, the TRU inventory in reactors and cycle
plants (i.e. for reprocessing and fuel fabrication), the annual amount of TRU wastes when an elementary
loss rate of 0.1% is assumed, and finally the reduction in TRU waste inventory or radiotoxicity, taken
at 10 000 years after storage, with respect to what is called the “open cycle’, i.e. a reactor fleet of the
same global power made only of (once-through) PWRs. The figures show that there is very little
difference between scenarios involving critical or ADS TRU burners. This is not surprising, since the
basic spectrum average reactions (capture, fission) are very similar in both cases.

Table2.7. Scenario data for double-strata cores

Coretype Critical “Twin” ADS ADS
Coolant Na Pb He Na Pb He Na Pb He
Fraction of

electricity prod. (%) 53 4.3 3.6 35 32 3.2 35 3.7 34

Inventory (t)

Pu 492 492 473 499 498 478 471 466 474
Np 10.8 11.0 105 11.3 11.2 10.6 105 104 | 105
Am 448 | 43.6 262 | 441 | 435 | 26.2 24.7 226 | 245
Cm 145 14.1 10.8 14.9 14.7 116 10.9 9.7 115
Wastes (kgly)
Pu 379 | 377 | 365 || 382 | 381 36.8 | 35.9 355 | 365
Np 084 | 084 | 0.80 0.9 0.9 0.8 0.8 0.8 0.8
Am 350 | 340 | 225 35 3.5 2.4 2.0 18 2.2
Cm 1.19 1.15 1.10 1.2 1.2 11 0.9 0.8 11

Waste TRU mass

reduction 271 273 290 269 270 287 308 313 328

Radiotox. reduction

at 10"y 228 228 239 225 225 236 271 255 264

The ADS detailed nuclide inventories are given in Appendix 2.3.

2.3.2.2 Double-component scenarios

These scenarios involve PWRs that send their TRU output into burners, plutonium not being
recycled in separate units as in the double-strata scenarios. In these scenarios, plutonium represents
roughly 90% of the feed to TRU burners. As a consegquence the fuel is much more reactive (fissile),
and a further reduction in the fuel volume fraction is required (see Table 2.8). In these scenarios, the
TRU burners are He-cooled reactors, either based on pin or particle fuel design. For pin design, no
moderator is present, while for the particle fuel design, the main subassembly support materia is
graphite. The fuel is made only of plutonium and minor actinides (no uranium).

Table 2.8 shows that the fuel volume fractions have to be decreased dramatically in order to
maintain an acceptable reactivity level. This means that an inert matrix would have to be used. Due to
a smaller core volume and correlatively a higher specific power for the same fuel residence time, the
burn-up is much greater for the particle fuel design.
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Table 2.8. General data for double-component cores

Coretype ADS

Fuel design Pin | Particle
Core power (MWth) 1500 | 1500
Fuel volume fraction (%) 7.6 8.8
Actinide load (kg) 6094 | 2828
Fuel residence time (efpd) 900 900
Avg. power (W/cm®) 176 407
Average BU (%) 21.3 43.4

Table 2.9 shows that in the pin fuel ADS core, with no moderator inside, the Doppler constant is
quite low, whileit is high for the particle fuel core due to the large amount of graphite present. On the
contrary, the delayed neutron fraction is much lower in the particle fuel core, which has the softest
spectrum, due to the higher degradation of the plutonium isotopic composition, while it remains fairly
high in the non-moderated core which allows the lowest degradation of the Pu isotopic composition.

Table 2.9. Reactivity coefficientsfor double-component cores

Coretype ADS
Fuel design Pin | Particle
APcoolant (DCm) - -
KDoppIer (pcm) -99 -845
Bet (pcm) 238 70

The plutonium content is much higher than for the double-strata core, as shown in Table 2.10, due
to the very large content of the Pu + MA feed (roughly 90%). This means a higher reactivity loss
(effect mitigated in the pin fuel design by the lower specific power), due to alower Pu (re)generation
from captures on minor actinides. Consequently higher beam intensities are needed for a given core
energy output than in double-strata cores.

Table 2.10. Pu content, reactivity loss and accelerator requirementsfor double-component cor es

Coretype ADS
Fue design Pin | Particle
Pu/(Pu + MA) (wt.%) 80.8 79.3
Ap (pcm/efpd) -8.56 -21.4
| ac/ Pin (MA/GW) 36.5 63.5
Paco/Patec (%0) 228 | 397

Since the ADS have to fission all TRU nuclides coming from PWRs, the fraction of electricity in
the overall reactor fleet produced by the TRU burners is much greater than it was for the MA burners
in the double-strata scenarios. The mass inventories are clearly dependent on the average burn-up
achieved in the core: the greater the burn-up, the lower the inventory and the waste produced by
reprocessing, as shown in Table 2.11. For the double-strata scenarios, this effect was somewhat masked
by the inventory and waste stream due to the Pu burnersin the first stratum, operating at fixed burn-up
for al the scenarios.
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Table 2.11. Scenario data for double-component cores

Coretype ADS

Fud design Pin | Particle
Fraction of electricity prod. (%) 184 16.1
Inventory (t)

Pu 387 206

Np 19.7 8.8

Am 44.6 17.8

Cm 115 18.8
Wastes (kgly)

Pu 36.4 18.9

Np 1.8 0.7

Am 4.3 1.6

Cm 1.1 1.7
Waste TRU mass reduction 302 514
Radiotox. reduction at 10*y 252 455

The ADS detailed nuclides inventories are given in Appendix 2.3.

2.3.2.2 Conclusions

In conclusion, the parametric scenario studies presented in this section indicate the size of the
“transmuter” reactor fleets needed to stabilise (at equilibrium) the minor actinide or minor actinide
plus plutonium inventories. In the double-strata strategy, a fraction of 3 to 5% (in terms of the total
reactor fleet power) of transmuter coresis needed. In the case of the double-component strategy, under
the most favourable conditions, a fraction of 25% of transmuter cores is needed. These results are
relatively independent of the type of transmuter core, and in particular of the core coolant.

In the parametric scenario studies, small (i.e. ~150 MWth) or relatively large (i.e. ~1 500 MWth)
ADS cores have been used. This choice does not affect the order of magnitude of the main results.
However, in the international community there has been the tendency to focus on a somewhat
intermediate core size (~800 MWth) with liquid-metal cooling, and in the next paragraph two typical
ADS core images of that class will be described.

2.3.3 Two examples of ADS of intermediate size with liquid-metal cooling

The characteristics of two ADS cores are described here. The first one is a ~800 MWth ADS
core, Pb/Bi cooled, devoted to TRU transmutation (Pu/MA ratio in the fuel ~4), developed at the
Royal Institute of Technology of Stockholm (KTH) [11]. The second is a Na-cooled ADS core of
similar power, also devoted to TRU transmutation, developed at Argonne National Laboratory [12].
The KTH core has anitride fuel, and the ANL core ametal fudl.

2.3.3.1 The*“KTH” Pb/Bi-cooled ADS
The following tables from Ref. [11] display the major characteristics. Table 2.12 gives the pin

and pellet specifications of the (TRU,Hf)N fuel, Table 2.13 gives the core specifications and
Table 2.14 gives a summary of the core performances. Finaly, Figure 2.21 shows a core layout.
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Table 2.12. Reference system, pin, and pellet design specifications

A triangular pin lattice is adopted. Maximum allowed internal gas pressure in the fuel pinis 20 MPa.

Pellet density (% TD) 0.85
Pellet outer radius Rfuel (mm) 2.4
Cladding inner radius Rgap (mm) 2.5
Cladding outer radius Rpin (mm) 3.0
Active pin length (cm) 100
Length of upper fission gas plenum (cm) 150
Length of lower fission gas plenum (cm) 10
Length of bottom plenum spacer (cm) 10
Length of radial reflector SAs (cm) 140
Thickness of radial reflector (cm) 150
Length of upper reflector (cm) 200
Length of lower reflector (cm) 230
Spallation target radius (cm) 20
Radius of accelerator beam tube (cm) 15
Distance of target window from centre plane (cm) 20

Table 2.13. Design specifications of the conceptual core

Parameter conceptual design

SA outer flat-to-flat (cm) 10.8
SA pitch (cm) 11.0
Duct thickness (cm) 0.25
Pins per SA 91

Pitch-to-diameter ratio 1.75
Number of core SAs 294
Thermal power (MW) 800
Averaged linear power (KW/m) 29.9
Pb/Bi spallation target outer radius (cm) 225
Radius of accelerator beam tube (cm) 15

Table 2.14. Neutronic, safety and burn-up performance of the
conceptual coredesign. A capacity factor of 0.75 isassumed.

Parameters Unit Conceptual design
En (1%/2"/3" enrichment zone) keV 164/183/166
Proton efficiency ¢* (BOC/EOC) 26.9/26.0
Coolant void worth at BOL pcm -270
Cladding and duct worth at BOL pcm +6 390
Flooding of the accelerator tube pcm +200
Doppler TAK/AT pcm -47
Axial fuel expansion Ak/(AH/H) Pc/10™ -0.21
Grid expansion Ak/(AP/P) Pc/10™ -0.52
Coolant density change AK/AT pcm +0.13
Ber a BOL pcm pcm 230
M,q at BOL kg 2 140
Burn-up rate %FIMA/fpd 0.036
Reactivity loss pcm/batch -3300
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Table 2.14. Neutronic, safety and burn-up performance of the
conceptual coredesign. A capacity factor of 0.75 isassumed (cont.).

Parameters Unit Conceptual design
AKegd YoOFIM A pcm/% -850
Doubling of the accelerator power Ip fpd 100

“’Cm fraction in fuel Y%I%FIMA 0.12
Number of batches 5

Batch length days 100
Average burn-up without initial core reshuffle %FIMA ~20

M aximum radiation damage at EOL dpa-NRT 100

Net Pu consumption kg/efpy 188

Net MA consumption ka/efpy 21

Figure 2.21. Cross-section of the conceptual core design

The core consists of three enrichment zones with different matrix fractions. Radial sted reflector subassemblies are
depicted in grey. The thickness of the radial reflector was optimised so that the coolant void reactivity is minimised.

2.3.3.2 The* ANL"” Na-cooled ADS[12]

A sodium-cooled blanket system point design was developed based on the results of a series of
parametric studies. The proposed SubCritical MultiplyerSCM core layout, shown in Figure 2.22,
consists of an LBE target/buffer that occupies the space equivalent to the 19 central assemblies along
with 132 fuel assemblies. The fuel assemblies are surrounded by two rows of steel reflector assemblies
and one row of B4C shield assemblies. The principal design parameters of the proposed design are
summarised in Table 2.15.

The main performance parameters for the selected point design are summarized in Table 2.16.
The average discharge burn-up of 275 MWd/kg (29.5 at.%) is achieved with a 3.5 to 4-year fuel
residence time. The burn-up reactivity loss is ~5% with the adopted half-year cycle duration. The
volume fraction of fuel particles in the matrix required to achieve the targeted subcriticality level at
BOEC is 20% in the inner zone and 26% in the outer zone, which is significantly lower than the
dispersion fuel limit. The peak fast fluence value of 4.06 x 10®n/cm? in the inner zone assemblies is
close to the assumed fluence limit.
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A remarkable feature is the TRU annual consumption rate comparison: results shown in
Tables2.14 and 2.16 indicate a substantial equivalence of the two systems, despite the difference in
fuel and coolant types.

Figure 2.22. Core configuration selected for sodium-cooled ADS
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Table 2.15. Design parameters of selected ADS sodium-cooled SCM design

B

Proton energy (GeV) 1.0
Target materia LBE
Fuel material (TRU-10Zr)-Zr
Pin diameter (cm) 0.744
Cladding thickness (cm) 0.056
Pitch-to-diameter ratio 1.197
Number of pins per assembly 271
Fuel smear density (%) 85
: Fuel (smeared) 0.377
Volume fractions
: Structure 0.257
(esfabricated) Coolant 0.366
Hexagonal assembly pitch (cm) 16.14
L BE target/buffer 19
Inner zone 42
. Fuel Outer zone 90
Number of assemblies Tot 132
Reflector 102
Shield 60
TRU fraction split factor (outer zone/inner zone) 1.3
Active fuel height (cm) 107
Equivalent fuel region diameter (cm) 208
Maximum blanket diameter (cm) 300
Number of fuel batches Inner zone /
Outer zone 8
Cycleirradiation time (days) 135
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Table 2.16. Performance char acteristics of selected ADS sodium-cooled SCM design

Fuel particle fraction Inner zone 19.9
(volume % in matrix) Outer zone 26.2
o BOEC 0.970
Multiplication factor EOEC 0.920
Burn-up reactivity loss (%AK) 4.94
Core average power density (kW/litre) 241
: BOEC 1.501
Power peaking factor EOEC 1508
. Inner zone 393 (at EOEC)
Peak linear power (W/cm) Outer zone 397 (a BOEC)
. Average 275
Discharge burn-up (MWd/kg) Pl 211
23 2 Inner zone 4.06
Peak fast fluence (10 n/cnm) Outer zone 397
Net TRU consumption rate (kg/year) 236
LWR TRU 236
Equilibrium loading (kg/year) Recycled TRU 565
Total TRU 801
. BOEC 2 620
Heavy metal inventory (kg) EOEC 5504

2.3.4 ADS deployment scenarios
Asfar asthe ADS deployment scenarios, two examples can help to quantify needs:

e The case of a Country A, which considers the phase-out of nuclear energy, but looks for a
minimisation of wastes to be sent to a final repository. In the case considered, the amount of
Pu and MA built-up at a hypothetical phase-out date ~2025 are respectively: Mp, = 120 t and
M MA = 20 L.

e The case of a Country B with a LWR fleet producing ~60 GWe. MOX fuel is multi-recycled
in the LWR with a specifically optimised core fuel assembly. MA are separated and sent,
together with some Pu, to the dedicated transmuters of the second stratum in a “ double-strata”

strategy.

These examples have been treated recently in detail [13] with the code NFCSim, described in
Section 2.2, and the major results are summarised in Figures 2.23 and 2.24. The ADScore is the ANL
core described in Section 2.3.3.2.

In the case of Country A, since plutonium constitutes ~85% of the TRU contained in the spent
nuclear fuel, SNF, the ADS used to transmute that TRU must necessarily employ relatively short
cycles. In fact, the burn-up reactivity gradient resulting from use of the Country A TRU inventory
limited the ADS cycle burn-up to 40 MWd/kg (with a reactivity swing Akg = 0.03) and cycle time to
dightly less than half of ayear.
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Figure 2.23. ADS:. Design parameter s and deployment strategy in Country A

The ADS s a Na-cooled, metal-fuelled facility with an LBE.

Eight 840 MWth facilities are deployed in the first generation and three in the second.

Top-level ADS parameters

Facilities deployed

Target ke 0.97 (BOC) 5000 :
094 (EOC) 200 15t G‘e;:;ah?\n .B&E AW
Coreinventory 3000 kglHM g ]
Thermal power 840 MWt g o J- l
Discharge burn-up | 200 MWd/kg E 5000 .J L
Fuel mgt. 5 batches/core = wom
Cycletime 168 days 5 J H-n 2nd Generation: 3 B40 Mt
E 3000 Ij | ADES Deployed
é 2000 }
S 1000 IJ Ll
N ]

2060
Year

2020 2040 2120

Figure 2.24. Deployment strategy in Country B (double strata)

Accelerator driven systems are deployed beginning in 2030. To maintain comparability between this scenario
and that implemented for Country A, the top-level ADS design parameters were held constant. The more favourable
feed stream, however, allows the fuel management to be changed to 210 MWd/kg discharge burn-up with a
two-batch/core reloading scheme with the charge and discharge kg values being held at 0.97 and 0.94, respectively.
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The scenario objective is to incorporate al spent nuclear fuel into the transmuting fuel cycle
within one facility lifetime. With 40-year facility lifetimes assumed, it was found that eight transmuters
are needed. The second and subsequent generations of transmuters take the final discharges of the
previous generation as their feed. Since just over half of the transuranic content of Country A’s SNF
was transmuted by the first generation of eight facilities, the remaining TRU support another generation
of three transmuters. All Country A SNF is reprocessed during the lifetimes of the first generation of
eight ADS. The second generation of ADS obtains its feed exclusively from the final discharges of the
first ADS generation.

The main result of the study isthe TRU mass reduction by afactor of five over two generations of
ADS operation.
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For Country B, as opposed to the transmutation of a fixed-size SNF legacy, a continuously
produced time-varying stream of transuranics congtitutes the ADS feed stream. Therefore, the
transmuting fleet must be sized and deployed with the aim of accepting this feed at the rate at which it
is generated.

The net electric power delivered by the Country B LWR fleet is ~60 GWe, with 2/3 UOX-PWRs
and 1/3 MOX-PWRs. Thisfleet would generate, by 2100, ~300 t of separated MA, if only Pu is used.

Accelerator-driven systems are deployed beginning in 2030. To maintain comparability between
this scenario and the scenario of transmutation of SNF produced by the Country A fleet, the ADS
design parameters are held constant. The more favorable feed stream, however, allows certain of the
fuel cycle parameters to be improved. The discharge burn-up target is changed to 210 MWd/kg with a
two-batch/core reloading scheme. Charge and discharge ke values are held constant at 0.97 and 0.94,
respectively.

The ADS deployment then represents additional capacity over and above the 60 GWe. Twelve
cores are deployed in the first generation; deployment is staggered with pairs of cores coming online
every four years. Deployment is more gradual than was the case for Country A transmutation, as the
material to be transmuted by Country B becomes available only gradually. Hence, it is necessary to
delay the deployment of new ADS until sufficient MOX SNF and separated MA become available to
provide feed for the start-up cores. Note that the second generation consists of a greater number of
facilities: 16 transmuters. A larger number of facilitiesisrequired in the latter part of the century because
the growing number of MOX-using reactors discharges an increasing quantity of minor actinides.

2.3.5 Conclusion

The elementary |oss rate at reprocessing being fixed, al equilibrium scenarios show similar waste
stream reductions with respect to the open cycle. For double-strata scenarios, the individua variations
are dampened by the first stratum waste output, specially the output from the Pu burners. For
double-component scenarios, the burn-up achieved impacts directly on the waste stream and inventory
amounts.

The fraction of the reactor fleet electrical output due to MA burners ranges between 3 and 5% for
the double-strata scenarios, and between 16 and 18% for the double-component scenarios.

Variations with the coolant used are insignificant, provided that a sufficient level of subcriticality
can be ensured (reactivity coefficients). The double-strata MA burners exhibit better fuel reactivity
regeneration properties than the double-component Pu+ MA burners, and so require smaller proton
beam intensities for similar reactor powers.

The results quoted in Section 2.3.2 are only prospective ones, because thorough fuel element
design studies may change the geometry and composition of the fue elements. In any case, the
fundamental trends have been put in evidence.

The results of the time-dependent studies of Section 2.3.4 dlow for quantifying the number and
pace of ADS deployment in two contrasting situations. The relatively large number of facilities
required to implement the respective strategies of Country A and Country B suggests the viahility of a
regiona approach to an ADS-based transmutation strategy [14] as a means of optimising resources.
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Appendix 2.1

The main text we assume that fue in a reactor achieves a burn-up of b% per year. Under the
further assumption that, to first order, alinear correlation may be made between the k-effective of the
fuel, kg, and the burn-up allows the kg of abatch of fuel after i years of irradiation to be written as:

kY = k9 - Bib (A1)

for some reactor parameter, 3, and fresh fuel K, k;?). For Ng batches, the overall ke of the reactor at
cycle shutdown is the kg averaged over al the batches:

Ng (A2)

where B is the overall discharge burn-up. Assuming k5> is fixed for a given design by operational
constraints allows Eq. (A2) to be simplified and re-written in terms of discharge burn-up to give:

A3
B = 2Ny B, (A3)
(Ng +1)
where B, is the burn-up for a one-batch scheme and is given by:
5 (k© —kE) (A4)
' p

Using a one-batch burn-up value of 10% gives the variation in burn-up with the number of
batches as shown in Figure A.1. Note, the range of burn-up values given under this assumption
provides arange of 15% on either side of the average burn-up value given in [1].
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Burnup (%)

Figure A.1. Variation of discharge burn-up with number of batches
used for areactor with fixed operating end of cycle ke constraints
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Appendix 2.2

The following symbols are used in this text.

Symbol | Definition

B Total burn-up achieved for full-dwell fuel ina P& T reactor.

b Annual incremental burn-up achieved by fuel inaP&T reactor.

D Notation simplifying symbol, D = T, (A —¢,B)+ (N, —1)1-¢,g, ).

f Annual reload massfor aP&T reactor.

Kest Effective neutron multiplication factor.

Mo Initial inventory.

Mg Residual inventory in the core and cooling after Tr years of operation.

Mg Total LWR inventory that feeds the P& T reactor in amixed LWR/P&T case.

Mim Total irrecoverable inventory loss from manufacturing.

M., Total irrecoverable inventory loss from reprocessing.

Miwr Annual reload inventory for amixed LWR/P&T case.

Mg Inventory returned to the fuel store after Tr years of operation.

Ms Instantaneous inventory in a store.

My Total residual inventory after al P&T reactor operations.

N Number of generations of P& T reactors for the case where an optimised reduction in size
isimplemented.

Ns Number of batchesin the P&T reactor. The fraction of the total inventory refuelled is
1/Ng, so that the total inventory of the P& T reactor core is given by fNg.

NBLwR Number of LWR batches for amixed LWR/P&T case.

NBpsaT Number of batchesin the P& T reactor for amixed LWR/P& T case.

PLwr Tota power produced by aLWR.

Pps.t Total power produced by aP&T reactor.

te Time taken for cooling and reprocessing.

ty Full dwell timein the P&T reactor.

Tr Y ears of operation of aP&T reactor.

tm Time taken for fuel manufacture.

Tr Timetaken for fuel to make a complete loop through the closed P& T fuel cycle.
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Symbol

Definition

Notation simplifying symbol, A = T.e, (1- B)+ ¢, (N, —1)%.

r o B
Notation simplifying symbol, T = (N, —1){1— €€, [1— Eﬂ +(1-B)T.e,¢, .

A Notation simplifying symbol, A =1-(1- Bl g, .

o Inventory reduction factor, oo = Mg/M,.

Olrrax Maximum reduction factor for a given set of fuel-cycle parameters.

B Changein kg per unit burn-up in aP&T reactor.

€m Manufacturing efficiency. Thisisthe fraction of the materia entering a manufacturing
plant that emerges as useable fuel.

EpaT Fraction of P& T reactor power that is available to the electricity grid (not used for beam
production, for example).

& Reprocessing efficiency. Thisisthe fraction of the material entering a reprocessing plant
that emerges as reusable material.

o Fraction of LWR fuel that feedsthe P& T reactor in amixed LWR/P&T case.

PLWR LWR specific power density (MW/t).

PreT P& T reactor specific power density (MWI/t).
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Appendix 2.3

Common hypothesisfor the equilibrium scenarios of Section 2.3.2

Fleet’s electrical power 60 GWe producing 400 TWhe

Reload aver age burn-up 60 GWd/t for PWR, 140 GWd/t for FNR fuels
Fuel cooling time/agingtime | 5years/2 years

Reprocessing U and Pu loss rates — 0.1%, MA loss rates — 0.1%

List of heavy nuclidein kg/TWhefor double-strata scenarioswith ADS at equilibrium

HCoretype “Twin” ADS ADS

Coolant Na Pb He Na Pb He
Fuel design Pin Pin Particle Pin Pin Particle
Fuel matrix Oxide Oxide Nitride Oxide Oxide Nitride
4 6.72 4.42 2.87 8.78 23.79 24.61
Sy 1.93 1.32 0.81 2.44 7.12 7.10
“°y 1.76 1.13 0.71 2.17 5.62 5.56
“By 0.00 0.00 0.00 0.00 0.01 0.01
“'Np 1.33 0.93 0.58 1.74 5.41 5.62
“Np 0.00 0.00 0.00 0.00 0.00 0.00
“py 46.98 34.10 25.60 54.06 79.40 82.99
“py 12.16 8.16 6.51 11.79 22.66 15.83
“Opy 52.62 32.48 23.66 57.02 117.29 106.96
“py 6.87 4.42 3.34 6.69 11.68 9.92
“2py 27.61 18.52 14.33 28.72 49.62 44.94
“IAm 34.08 23.16 15.73 43.30 88.96 94.60
“2Am 0.00 0.00 0.00 0.00 0.00 0.00
“2MAm 3.99 2.70 1.93 4.94 8.49 0.16
“SAm 25.48 17.90 13.04 31.33 57.87 62.47
“2Cm 0.01 0.01 0.01 0.02 0.02 0.03
“3Cm 1.64 0.87 0.74 1.65 0.95 0.98
“4Cm 45.06 32.13 26.76 49.18 4951 54.29
“>Cm 10.56 8.37 6.98 11.09 12.27 12.99
“°Cm 7.29 5.52 4.72 7.08 6.50 6.89
“'Cm 1.36 0.98 0.83 1.18 0.95 0.95
“%Cm 0.54 0.36 0.31 0.45 0.28 0.54
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List of heavy nuclidein kg/TWhefor the double-component scenarioswith ADS at equilibrium

HCore type ADS
Coolant He He
Fuel matrix Oxide Nitride
Fud design Pin Particle
U 2.55 0.41
U 2.82 0.56
“By 0.01 0.00
“'Np 16.61 1.78
“*Np 0.00 0.00
“py 35.76 14.01
“py 83.57 18.35
“Opy 170.30 75.32
“py 20.44 13.77
“2py 7.15 37.67
“Am 30.52 6.56
22Am 0.00 0.00
“2MAm 1.96 0.35
“SAm 18.44 9.10
“2Cm 0.01 0.00
“*Cm 0.20 0.39
“4Cm 10.43 14.85
“>Cm 1.98 4.19
“°Cm 0.87 4.24
“'Cm 0.01 114
“5Cm 0.02 0.54
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Chapter 3
SPECIFIC ISSUES

As indicated in the general introduction of this state-of-the-art report, most aspects of the ADS
physics have been treated in detail in previous reports. In the present report we have focused on three
relevant, specific issues, namely a) ADS dynamics and safety; b) transmutation of long-lived fission
products and ¢) nuclear data uncertainty impact, all of which have been less treated in recent summary
reports.

3.1 ADSdynamicsand safety

3.1.1 Different behaviour of transients induced by reactivity insertions and/or thermal-hydraulic
conditions

The neutron kinetic and reactor dynamic behaviour of accelerator-driven subcritical systems
(ADS) is known to be considerably different from that of currently operating conventional, critical
power reactor systems. It is thus of interest to examine the intrinsic differences of the kinetic and
dynamic behaviour of accderator-driven systems to typical plant transient initiators in comparison to
the known kinetic and dynamic behaviour of critical, thermal or fast systems.

The major issues in reactor dynamics of subcritical systems requiring special attention can be
summarised as follows. 1) the dynamic response of the subcritical system to changes either in
accelerator beam strength or sudden inadvertent reactivity insertions, 2) the shutdown characteristic of
an ADS without control rods from the nominal power state to the cold condition, and 3) the response
of the system to typica plant transient initiators that may have to be encountered during the normal
operation of the ADS (such as inadvertent trip of the accelerator beam, loss of flow due to coolant pump
failure, loss of primary system heat sink, etc.). The latter type of transients are usually categorised into
two types of transients, namely those transients in which the accelerator shutdown system is assumed
to function as designed (these transient are then classified as “ protected” transients), and those transients
in which the accelerator beam is postulated not to shut off on demand. The latter transients are usually
denoted as “unprotected” transients. This category of unprotected transients requires specia attention,
because the dynamic response of the subcritical systemis significantly different when compared to the
response of critical reactor systems.

For protected transients in which the accelerator beam is presumed to shut off, or the control rod
system shuts down the reactor (in the case of the critical systems), the dynamic response of both
systems is essentially similar in that the neutron flux level decreases below the decay heat level some
time after shutdown. These types of transients will thus not be emphasised aside from the special case
wherein the “protected” transient should lead to a significant under-cooling of the core configuration
(in which case one must assure that the subcritical core always remains subcritical). The latter issue
will be discussed further on, within the topic of shutdown characteristics of an ADS without active
control rod systems when taking the plant from the hot to the cold shutdown state.
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In order to demonstrate the intrinsic characteristics of subcritical systems, the influence of
temperature-dependent reactivity feedbacks that are specific to a particular reactor concept will be
neglected for the time being. This then allows for the investigation of the basic, or intrinsic, kinetic
transient characteristics of subcritical systems, corresponding to the kinetic characteristics as observed
under zero power conditions. In addition, intrinsic characteristics of subcritical systems can be best
visualised by employing simplified methods such as the point kinetic model and thermohydraulic
channd averaged reactivity feedback assessments. In reality, more complicated calculation procedures
are required, and in principa are available, when assessing the spatial neutron flux and thermohydraulic
conditions within such systems.

Figure 3.1 displays the kinetic response of a subcritical system to a change in source strength of
the accderator and Figure 3.2 displays the kinetic response to different step reactivity insertions at
different levels of subcriticality. Figure 3.3 displays the power response of a subcritical and critical
system to a specific reactivity insertion of 270 pcm, assuming athermal, LWR-like system, chosen for
display purposes. The same kinetic response will be observed for a fast system, the only difference
will be a shorter time scale of the x-axis. As can be observed in Figure 3.1, the response of the ADS to
a source strength change (source strength is doubled) is essentialy described by the prompt jump
characteristics of the system. For relatively low kg values (i.e. kg ~0.95), the prompt jump amplitude
is much closer to the final, asymptotic value than for high levels of subcriticality, namely kg ~0.995,
where the prompt jump power level is only about 50-60% of the final value. In the latter case, the time
characteristics of the delayed neutrons regain some importance since they determine the dynamics of
the transition phase between the prompt jump and the final asymptotic value. For low levels of ke
(~0.95) the delayed neutrons essentially loose their importance in subcritical systems.

The importance of a reactivity insertion into the subcritical system is displayed in Figure 3.2.
For the critical system, we observe the exponential power increase after the initial prompt jump. In the
subcritical system case, al transients eventualy approach an asymptotic power level as long as the
sum of the level of subcriticality, as expressed in kg, and the inserted reactivity p is less than unity,
i.e. (Kgt + p) < 1.0. Should the sum of (kg + p) = 1.00, then the power level continues to increase
linearly after the prompt jump. When the sum of (kg + p) > 1.0, then the power response of the
subcritical system after the prompt jump will increase exponentially, corresponding to the power
response of acritical system.

Figure 3.1. Kinetic response of ADSto doubling the beam
strength as a function of different levels of subcriticality

22

2.0 «lk_eff=0.95|
—”_"—_—
H k_eff=0.97
E.18 jkieff:O.QQ‘
°
>
2 [k_eff = 0.995|
516 Sub-critical
B Systems
(=]
a
@'1.4
Data Input:
1.2 B =386 [pcm]
A =0.0559 [1/sec]
Note: Source increased by factor 2| |_pr=4.6e-7 [sec]
1o L
0 10 20 30 40 50 60 70 80 90 100
Time [sec]

80



Figure 3.2. Kinetic response of ADS and critical sysemtoa
positivereactivity insertion at different levels of subcriticality

Reactivity inserted was selected to result in similar prompt jump behaviour
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Figure 3.3 Transient response of a subcritical and critical
system to areactivity insertion of 270 pcm (thermal system)
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Figure 3.3 summarises the response of subcritical systems and a critical system to a specific
reactivity insertion of p = 270 pcm in thermal, LWR-like systems. As can be observed, the power level
in the critical system increases exponentially after the prompt jump, whereas the power of the subcritical

systems approaches its asymptotic value shortly after transient initiation.

The second major difference of subcritical systems is their characteristics when shutting off the
accelerator. For ADS systems without control rods, special attention must be placed on the reactivity
feedback coefficients, which usually add reactivity into the system when the core materials are cooling
down in temperature. Figures 3.4 and 3.5 display the dynamic response of a subcritical system when
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Figure 3.4. Kinetic power response of subcritical and critical systemsto source
shut-off or control rod insertion assuming no temper atur e reactivity feedbacks
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Figure 3.5. Kinetic power response of subcritical and critical systemsto source
shut-off or control rod insertion assuming no temper atur e reactivity feedbacks
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shutting the accelerator beam off. In Figure 3.4, no temperature reactivity feedbacks are assumed, thus
displaying the intrinsic kinetic response of such a system. In critical systems, control rods are assumed
to shut down the reactor. The reactivity inserted by these control rods is usualy chosen in such a
manner that the power leve after control rod insertion drops to below the decay heat level, thus about
$10-$12 of reactivity are inserted in a thermal reactor to assure that the power level drops below 6%
after rod insertion. In the case of the subcritical system, shutting off the neutron source does not
automatically imply that the power level drops to below 10%. As can be observed in Figure 3.4, for a
subcritical system with alow level of kg (i.e. kgt ~ 0.95) the power level does drop relatively quickly
(<1 sec) to ~10% power after source shut-off, a response quite similar to that of the critical system (the
decay of the neutron flux after the prompt jump is governed by the decay of the delayed neutron
precursors, both subcritical and critical systems exhibit similar characteristics in this phase of the
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transient). Should however our ADS have a relatively high level of subcriticality (i.e. kg ~0.99) we
can observe from Figure 3.4 that the power level drops to only about 40% after source shut-off
(prompt jump). Thereafter, the power remains at a relatively high power level in comparison to
subcritical systems with kg ~0.95, or to the critical system. Here the question can arise if this “dow”
behaviour in the decrease in power level after source shut-off of a subcritical system with ke larger
than 0.98 is consistent with the thermohydraulic design of the system, especially under transient
conditions in which the heat removal system is assumed impaired (as under loss of flow transients due
to pump failure). For the LBE-cooled XADS design by ANSLADO, the natural convection capabilities
in conjunction with the large LBE-coolant specific thermal inertia and heat sink characteristics of the
system (pool-type design) assure that this “slow” decay in power does not lead to excessive core
temperatures. In the He-cooled XADS design with its much lower He-coolant specific thermal inertia,
this “dow” power response could lead to higher core temperatures (i.e. cladding temperatures) after
failure of the coolant pump for a short time interval after beam shutdown. However, appropriate design
measures on the system level can considerably mitigate this effect.

Figure 3.5 addresses the same issue as Figure 3.4, namely the power response of subcritical systems
to source shut-off, but the influence of temperature reactivity feedback effects are now taken into
consideration. After shutting down the source, the decreasing temperatures of the reactor materials
(i.e. fuel, coolant) insert a net positive reactivity into the core since the temperature coefficients of
these materials are usualy negative. This positive reactivity insertion counteracts the decreasing
neutron flux. Should the level of subcriticality be relatively high (i.e. kg ~0.99), only 1 000 pcm in
reactivity needs to be inserted into the subcritica system before our system actually becomes critical
[i.e. (ker + p) ~ 1.00]. In this case, the power level is shown in Figure 3.5 to level off at about 40%
within afew seconds after the prompt jump; no significant decrease in the power level can be expected
thereafter unless other means of inserting negative reactivity into the core are provided by design.
Thus the chosen operating level of subcriticality and the reactivities added into the system subsequent
to beam shutdown [going from hot full power (HFP) to hot zero power (HZP)] must be consistent to
ascertain that the subcritical system actually always shuts down to decay heat levels fairly quickly.

A similar behaviour to that depicted in Figure 3.5 must be expected when taking subcritical
configurations without active control rods systems from the normal operational (hot) state to cold
shutdown, i.e. cold zero power (CZP). Positive reactivity will be inserted during this procedure into
the subcritical core, the only difference being the time scale. It is absolutely mandatory to ascertain
that the level of subcriticality at the hot state is always consistent with the positive reactivities that will
be added into the core while taking the system from hot (HFP) to cold shutdown (CZP). It must be
absolutely assured that (Kt + Precdoacks) Will always remain less than 1.0. Thus particular attention must
be placed on the assured knowledge of al the various temperature reactivity feedback components
which impact subcritical systems, especially when operating at relatively high levels of subcriticality,
i.e. kg > 0.98. In this case, less than 2 000 pcm in reactivity margin is available when the system is
taken to CZP. Under redlistic conditions, at least 1500 pcm of reactivity must be expected to be
released into the subcritical system during this procedure (both LBE-cooled and He-cooled 80 MWth
PDS _XADS designs release about 1 400 pcm). The reliable and ascertained predictability of al the
different temperature feedback mechanisms thus becomes an essentia requirement when operating a
subcritical system without active control rod systems.

The third major issue associated with subcritica systems is their response to so-called
“unprotected” transients in which it is arbitrarily postulated that the accelerator beam does not shut off
upon demand. For this category of transient, two different classes of transients must be considered:
1) those transients during which positive reactivity is inserted into the core (i.e. due to a geometric
rearrangement of core configuration, etc.), 2) those transients, during which negative reactivity is
inserted into the core.
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Figure 3.6 displays the kinetic response of subcritical and critical systems to a positive reactivity
insertion without temperature feedbacks. It is well known that the addition of +$1 in reactivity in
critical systems leads to a prompt critical configuration in the zero power state, implying a power
excursion. For subcritical systems, substantially larger positive reactivities need to be inserted into the
system before the power level rises significantly. For example, in case the level of subcriticality
should be kg ~0.95, about +$7 of reactivity needs to be inserted into the subcritical system before the
power level doubles. This benign behaviour of subcritical systems to unprotected positive reactivity
insertions is clearly the major advantage of subcritical systems. Thus for unprotected transients with a
positive reactivity insertion, subcritical systems show a clear advantage compared to critical systems
because significantly larger amounts of reactivity can be inserted before the power level rises
significantly. In addition, the delay in time before the power rises tranglates into an increased “grace
period” that is available for manual operator intervention to shut off the source. Under realistic
conditions, these types of transients are, however, considered to have a very low probability of
occurrence because of the inherent system design features protecting against these types of events.
These transients are therefore classified as so-called “hypothetical” transients.

Figure 3.6. Kinetic response of subcritical and critical systemsto
positive reactivity insertions without temper atur e feedbacks
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During the course of an unprotected transient in either subcritical or critical systems, a net negative
reactivity is normally expected to be inserted into the core due to increasing core temperatures.
For example, during an unprotected loss of flow transient (failure of the coolant pump), core
temperatures (fuel, coolant) will increase because cooling is impaired. Increasing core temperatures
will lead to a negative reactivity insertion due to the temperature coefficients being negative
(i.e. Doppler coefficient). Figure 3.7 displays the kinetic response of subcritical systems and critical
systems without temperature feedbacks to such transients. For the critica system it is known that
adding $1 of negative reactivity into the system will decrease the power level to 50%, while inserting
-$5 will decrease the power level to below 20%. As observed in Figure 3.7, the power level will
however remain at relatively high levels for subcritical systems. Inserting $10 of negative reactivity in
a subcritical system of kg ~0.95 decreases the power level to only 60%, while if the system were
critical, the corresponding power level would drop to below 10%. Thusin order to decrease the power
level of a subcritical system during unprotected transient conditions to below 10%, excessively large
reservoirs of negative reactivities (~ -$60) will be required. Thus for al unprotected transients with
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Figure 3.7. Kinetic response of subcritical and critical systemsto
negative reactivity insertions without temper atur e feedbacks
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negative reactivity insertions (most unprotected transients will proceed in this direction), subcritical
systems exhibit a clear disadvantage in comparison to critical systems because of the very large
negative reactivities that must be inserted into the system before the nuclear power level drops
significantly. For current ADS designs (i.e. PDS XADS), the effect discussed above is clearly observed
by the much higher power level and corresponding higher core temperatures in the case of the
subcritical system compared to the critical system, as was demonstrated by the exhaustive transient
analyses performed over the last two years within the PDS XADS project when the two ADS designs
(LBE-cooled, He-cooled) were exposed to postulated unprotected, negative reactivity transients.

The above discussion briefly summarised that the dynamic response of subcritical systems is
significantly different from the dynamic response of critical systems. The level of subcriticality is a
very important parameter that substantially determines the dynamic response of the subcritical system.
The level of subcriticality ke requires careful, continuous monitoring during the entire operational
power phase of subcritical systems. In addition, temperature reactivity coefficients play the most
dominant role controlling the operational level of subcriticality, especialy in those subcritical systems
that are designed without active control rod systems. Reactivity coefficients alone determine the
course and direction of transients (in systems without active control rods) since there are no other
reactivity means available to influence the system. During the shutdown procedure of subcritical
systems from hot to cold state, careful attention must be paid to all of the different reactivity effects
that might add positive reactivity into the system, not only those relevant to the thermal feedback
effects but also accidenta (external) reactivity insertions occurring possibly before or after the ADS
shutdown. Moreover, a high degree of confidence in the assured predictability of all the different
reactivity coefficientsis therefore absolutely mandatory before such a system can be operated safely.

From the phenomenological point of view, it is well known that reactivity insertions induce
effects on the ADS [1,3] power much lower than those induced in critical systems [4]. Therefore, it
appears evident that in principle the system subcriticality may compensate for the lower delayed
neutron fraction due to the higher concentration of minor actinides in nuclear waste incinerators. For
analogous reasons, thermal-hydraulic transients in ADS are less sensitive to the thermal feedback
effects [5]. Practically, in highly subcritical ADS, neutron kinetics and thermal-hydraulics are much
less coupled than in critical reactors. In general, this can be an important asset for ADS safety, as
during transients the system is largely driven by the external source intensity [6]. In Ref. [7], Venneri
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stressed these concepts as follows. “...sufficiently subcritical nuclear systems containing arbitrary
mixtures of fissionable material will behave neutronically in the same way, independent of the internal
fuel composition. Power control of subcritical systems is not linked to delayed neutrons, reactivity
feedbacks or control rods, but solely to the externally operated accelerator beam”. Actualy, at least in
principle, there is no problem to mitigate accidental transients in largely subcritical ADS by reducing
the accelerator beam power. However, if the external operation of the accelerator beam would fail, the
reduced feedback effects in ADS become a disadvantage. In particular, if source shutdown fails, the
temperature rise during ADS unprotected transients can be much larger than in critica reactors [8-20]
without scram (WS). Therefore, the ADS dynamics specificity can have a negative impact on the
system safety in the case of unprotected accidents. Although the probability of this kind of accident is
extremely low, they must be carefully considered as concerns highly subcritical ADS. The natural
convection of the coolant may effectively mitigate such an accident, as well as the source jump (also
called beam dumps) accidents, in well-designed, small-size liquid-metal-cooled ADS[13-15]. A low
value of the fuel power density can further help the natural convection mitigation of unprotected
accidents, asin the PDS-XADS experimental ADS[16,17].

Much more complex dynamics are relevant to less subcritical ADS [20]. In fact, in this case the
field of open design parameters is increased for ADS systems compared with critical systems.
Practically, the level of subcriticality becomes a very important parameter that determines the dynamic
behaviour and the safety margins [20].

Thus, it is clear that the level of subcriticality is a key parameter that requires careful monitoring
in ADS. In order to detect any unexpected reactivity variation and allow the continuous verification of
the subcriticality margin during the operation, the level of subcriticality must be continuously monitored
in ADS. With this goal in mind, experimental techniques have been proposed and investigated in the
specific case of ADS[21-32]. Most of the experimental techniques are being tested in the MUSE [33-37]
pulsed-ADS experimental campaign at the MASURCA facility at Cadarache. Optimised neutron
detectors have also been proposed [38-39]. A functional definition of the core instrumentation and
reactivity monitoring has already been formulated for the PDS-XADS experimental system [40-43].
However, it must be underlined that many of the experimental methods for monitoring the ADS
subcriticality level would require further tests and validation which should be carried out at the
TRADE [44-47] and in the MY RRHA [48] experimental ADS.

As concerns the methodological point of view, methods are being developed and tested to allow
improved analyses of some particular systems or aspects of ADS dynamics [49-53].

3.1.2 Transientsinduced by variations of the external sourceterm

Transients induced by variations of the external source term are specific of ADS because they do
not occur in critical systems.

Concerning this ADS-specific type of transient, the source jumps (called also beam dumps) were
briefly mentioned above. This transient must also be taken into consideration during the “start-up” phase
of an ADS, in particular if the ADS system is designed without active control rods. It was previousy
mentioned that the coolant natural convection can mitigate these accidents in LBE-cooled systems,
and that alow fuel power density (i.e. low fuel temperature) facilitates this mitigation [13-15].

A second kind of transient, induced by (fast) variations of the accelerator beam intensity, cannot

aways be classified as an accident in ADS systems. The problem of frequent accelerator beam trips
that could induce thermal stresses in the case of ADS, in the fuel or in the regions above the core and
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in the intermediate heat exchangers structures, was first pointed out during the NEA Workshop on the
Utilisation and Reliability of High-power Proton Accelerators at MITO (Japan), 13-15 October 1998
[54-55]. Ever since this MITO meeting, the experts in the accelerator community have been working
to improve the reliability of accelerators for ADS, to drastically reduce the frequency of unexpected
beam trips, or to recover the beam in as short atime interval as possible thereby reducing the number
of reactor trips.

During the same period, dynamic ADS investigations were carried out to evaluate the impact of
the duration time of the beam trip in terms of fuel and coolant temperature variations [56,57].

More recently, a NEA/WPPT computational benchmark entitled “Beam Interruptions in a
L ead-bismuth-cooled and MOX-fuelled Accelerator-driven System” was started in 2003 [58].

Table 3.1 summarises the list of the benchmark participants and the codes they used to calculate
the beam interruption transients.

Table 3.1. Participation in the beam interruption transient benchmarks

1 Antonio D’Angelo ENEA Casaccia (Italy) TIESTE-MINOSSE
2 Gert Van den Eynde _
and Baudouin Arien SCKeCEN Mol (Belgium) SITHER-PKS
3 Kazafumi Tsujimoto JAERI Toka (Japan) EXCURSM
4 Marcus Eriksson Royal Institute of Technology SASSY SISASAA
(Stockholm, Sweden)
S Michael Schikorr FZK Karlsruhe (Germany) SIM-ADS
6 Paul Coddington and _
Konstantin Mikityuk_1 PSI (Switzerland) TRAC-M/AAA
7 Paul Coddington and _
Konstantin Mikityuk_2 PSl (Switzerland) LOOP2
8 Pieter Wakker _
and Jim Kuijper NRG Petten (The Netherlands) TRAC (Modif. lead)
9 Ron Dagan
and Cornelis Broeders FZK Karlsruhe (Germany) SASAADS
10 Y onghee Kim KAERI Dagjon (Republic of Korea) DESINUR

The first two phases of the computational benchmark were carried out in 2003 [59-61]. The first
phase of calculations was devoted to the comparative assessment of the different computation tools
and methods used to evaluate power and temperature transients induced by beam interruptions. In this
aim, the first phase of the benchmark was successful, because the differences among the ten sets of
results provided by the nine participants were practically negligible. The good agreement (within
about 3%) among all the calculated temperatures considered relevant to the benchmark’s first phase
alowed the definition of a second phase with the gaol to investigate the impact of different and more
complex calculation assumptions on fuel and coolant temperatures.

In particular, the beam interruption investigation was extended to cases characterised by larger
fuel power densities. In particular, the assessment was no longer limited to the Ansaldo-XADS design
but extended to include the MYRRHA experimental ADS design. The benchmark participants
calculated four sets of beam interruption solutions, by assuming models and data as close as possible
to those recommended in the benchmark specification:
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e Ansaldo-XADS system-type average fuel pin (~80 W/cm).

¢ Ansaldo-XADS system-type hottest fuel pin (~115 W/cm).

e MYRRHA-XADS system-type average fuel pin (~220 W/cm).
e MYRRHA-XADS system-type hottest fuel pin (~320 W/cm).

Moreover, to evaluate the uncertainty on the calculation results, the benchmark was also extended
to “sensitivity analyses’ of the main results to assumptions (on models and data) different from those
recommended in the benchmark specification. Practically, the participants aso evaluated the impact
on the benchmark main results of any assumption they thought to be a valid alternative or improvement
upon the recommendations given in the benchmark specifications. The calculated steady-state and
transient coolant temperature results as calculated by the various benchmark participants do not show
significant dispersions for both low- and high-power density cases. From sensitivity analyses, al the
investigated variations of calculation assumptions lead to negligible or relatively limited effects on the
calculated coolant temperatures. The dispersion of the calculated fudl centreline temperatures increases
going from low- to high-power density cases (roughly, by a factor 2). Fuel temperature variations
depend on the fuel thermal conductivity, the fuel-to-clad heat transfer and the fuel specific heat. The
sengitivity analysis confirms that the benchmark’s main results (temperature variations induced by
beam interruptions) are largely independent of feedback effects on neutron kinetics, mainly because of
the large subcriticdlity level (8%). The report on the second phase of cal culations was published in 2004.

Following the increased interest in beam trip issues in member countries, possible continuations
of the benchmark were discussed. Severd lines of research were suggested, including:

e Evauation of fuel and internal structures response to the beam trips using the corresponding
stress analyses.

e Refinement of calculation with spatial kinetic effects.
e Evaluation of trip response with irradiated MOX fuels.

e Response with transmutation dedicated fuels and evaluation of dynamic responses of ADS
with different subcriticality levels.

3.2 Long-lived fission product (LLFP) transmutation
3.2.1 Introduction

The long-term risk of a geologic repository of nuclear waste is usually dominated by fission
products such as I, ¥*°Cs, *Tc, *Sn and “Se, which are generally more mobile than actinides.
Those LLFPs also have a relatively high radiological toxicity. In most repository designs, the early
dose contribution is mainly from those LLFPs and their order of importance is dependent on the
characteristics of the repository. To reduce the long-term dose, it has been suggested that LLFPs
should be transmuted into stable or short-lived isotopes, or that they should be specially conditioned
for disposal [62-64].
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R&D activities on LLFP transmutation are mainly tuned to the transmutation of *Tc and **,

since they can be rather efficiently transmuted in nuclear reactors. Other LLFPs are evaluated to be
very difficult to transmute due to very small neutron absorption cross-sections, and some LLFPs such
as *Cs require a costly isotope separation [64,65]. Nevertheless, it has been shown that **Cs could be
incinerated without isotope separation in a specia nuclear system with a very high neutron flux [66,67].
Table 3.2 shows some basic properties of mgjor LLFPs.

Table 3.2. Propertiesof major LLFPs

Isotope | Decay type | Half-life, yr YU ENEE Al | Remark
Fast Thermal
"se B 6.5 x 10 0.002 0.33 Non-transmutable
*Tc B 2.1x10° 0.45 9.32 Transmutable
1255 B 1.0 x 10° 0.007 0.03 Non-transmutable
129 B 1.6 x 10 0.35 312 Transmutable
35Cs B 2.3x10° 0.07 2.48 Transmutable

* ORIGEN2 library (standard PWR spectrum).

A general description on the LLFP transmutation can be found in Refs. [62,63]. In this chapter,
the status of R&D on the LLFP transmutation is reviewed once again. Technical developments and
findings were assembled and described in the broad field of the topic.

3.2.2 Neutronic consideration of *Tc and *°I transmutation

Figure 3.8 shows the transmutation process of *Tc and *°I in a neutron field. A neutron capture
of *Tc forms '®Tc, which shortly decays to stable *“Ru with a half-life of 15.8 s. *Ru is transmuted
only to stable or short-lived nuclides by further neutron captures. The capture cross-sections of *Tc
and *Ru are shown in Figure 3.8. ®Tc has a large resonance at 5.6 eV and a series of smaller
resonances at higher energies. The resonance integral is ~340 b. The relatively large resonance of *Tc,
in conjunction with its high density, usualy results in substantial self-shielding effects when a rod-type
target is used. This indicates that **Tc might be effectively transmuted in the epithermal energy range.
Since '®Ru has a much smaller capture cross-section than *Tc, ®Tc is mainly transmuted to *Ru
with slow conversion ratiosinto ***Ru and '®Ru. It is worthwhile to note that an extremely small fraction
of ®Tc is converted to another long-lived isotope *Tc (Ty, = 4.2 x 10° yrs) viaan (n,2n) reaction.

Elemental iodine in spent fuel consists of */I and **I, and their typical composition is 23% *'I
and 77% 2! in the case of PWR. Since the half-lives of the unstable nuclides 21, ¥, Y| and **?| are
very short, **’I and **°| are primarily converted by a neutron capture to *®Xe and **Xe, respectively.
The conversion of *'| to **| is very small, since | quickly decays to *®Xe. As aresult, both **'I and
129 are transmuted into stable xenon isotopes through neutron capture reactions. In the thermal energy
range, the capture cross-sections of ?’| and I, and **Xe are inversely proportional to the neutron
velocity, and | has a much larger capture cross-section than the other two isotopes (see Figure 3.9).
19| has a series of resonance, and the resonance integral is ~36 b, much smaller than that of **Tc. Inan
iodine target, the self-shielding effects are generally small.
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Figure 3.8. Transmutation process of *Tc and *|
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3.2.3 Selection of target materials for *Tc and **°I
3.2.3.1 Fundamental properties

It is very important to select an appropriate LLFP target material from the viewpoints of material
properties such as melting temperature, compatibility with cladding material and irradiation behaviour.

Additionally, the target should fulfil the requirements of fabrication, recycling and re-fabrication.

Normal densities of Tc and Ru are 11.5 g/cm® and 12.4 g/cm® at room temperature, respectively.
Important material properties of Tc and Tc-Ru alloy have been revealed by some researchers [68,69].
Both Tc and Ru have very high melting temperatures, 2 157°C and 2 334°C, respectively. The two
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elements form a complete solid solution. Thermal expansion of Tc and Tc-Ru aloy are much smaller
than that of stainless steelsand Tc has slightly larger thermal expansion than Ru. Thermal conductivity
of Tc is quite good, ~50 W/mK with a weak temperature dependency and the Ru metal has a much
higher thermal conductivity than the Tc metal. A Tc-rich Tc-Ru aloy has a therma conductivity
comparable to that of Tc. The effective neutron capture cross-section of *®Ru is about a quarter of that
of ®*Tc. The beta decay energy of *®Tc is about 3.2 MeV; consequently, a considerable heat may be
generated in the Tc target. Based on the known material properties and some irradiation results, it is
expected that a metallic Tc would be a good target material, and no serious showstoppers regarding
the target behaviour are envisioned for a high Tc burn-up, even in a high-temperature reactor.

A repeated recycling of Tc is required since a complete transmutation of a Tc target is amost
impossible. Thus, separation of Tc from the irradiated target is essential. The irradiated target is
primarily composed of Tc and Ru and some impurities. Recalling the Tc separation from the spent
fuel, it is expected that the Tc recovery from the irradiated target would be feasible. The recovery rate
should be as high as possible in order to minimise Tc lossinto waste.

Unlike Tc, there is no general consensus concerning an iodine target material. lodine is highly
volatile (melting point of 386.8 K and boiling point of 457.7 K) and the iodine nuclides are transmuted
into Xe gas, which may lead to a target with high interna pressure. Additionally, iodine is very
corrosive. Table 3.3 shows the properties of some potential candidates for the iodine target [68,70,71].

Table 3.3 Properties of iodine compounds

Melting point | | density Production of . -
Sohedhd (°C) (10%/em®) | long-lived nudlide Crerie] el iy

Nal 660 (98)* 1.47 No Deliquescent
Mgl 634 (649) 184 No Deliquescent
Cal, 779 (839) 1.62 “Ca Deliquescent, light sensitive
Cel, 760 (798) 1.97 YL a Deliquescent, light sensitive
Cul 505 (1 085) 1.78 8Zn, ©Ni Stablein the air
Crl, 793 (1 857) 2.05 No Hygroscopic

* Melting point of metal.

As in the Tc target, an iodine transmutation generates a considerable amount of energy since the
beta decay energies of **| and **I are high. In general, the thermal conductivity of metal iodides is
known to be rather small and shows roughly a 1/T behaviour. For Nal, thermal conductivity decreases
from 3.9 W/mk at 120 K to 0.9 W/mK at 400 K, and it is 1.7 W/mK at 290 K [72]. It is expected that
thermal conductivities of other iodides would not be much different from those of Nal and Cul.
Adequate cooling must be provided when a high iodine transmutation rate is expected, as most iodine
targets under consideration have a relatively low fusing temperature. The cooling requirement may be
important in a high-temperature reactor.

As shown in Table 3.3, most iodine targets under consideration are chemically unstablein the air.
On the other hand, Cul is stable in the air, which is very favourable from the viewpoint of fabrication
and handling of the target. However, the Cul target was found to be quite corrosive and has a
relatively high vapour pressure [70,72]. To mitigate the corrosion behaviour of Cul, a Cu metal liner,
which is compatible with Cul, was proposed [70]. In this approach, some crucial issues need to be
addressed: substantial dissociation of Cul at high temperature, deleterious impact of Cu on neutron
economy.
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Some iodine targets like Cal, produce long-lived radionuclides. However, it is recognised that
the net reduction of radiotoxicity is still significant and the by-product radionuclide would not be
problematic in a repository [68,73]. The resulting radionuclides could be reutilised as the target
repeatedly, thus this seems not to be a serious disadvantage.

When a large fraction of iodine is transmuted in a metal iodide target, a metal phase would be
formed. In a target such as Nal, the liberated metallic Na would melt in most reactor environments,
and may cause some concern about the target integrity if the iodine burn-up is high.

3.2.3.2 Irradiation studies

In 1989, an irradiation study on *Tc and '*| was performed in the reflector region of the Fast
Flux Test Facility (FFTF) with an aim to validate computational methods and nuclear data[74].
A metallic Tc target and a Nal iodine target were used and the transmutation rates were fairly low.
The experiments showed that the self-shielding effect was significant in the case of *Tc, while the *°|
target had a negligible self-shielding effect. The calculation to experiment (C/E) reaction rate ratios
were reasonably good, 0.7~0.9.

Within the framework of the EFTTRA (Experimental Feasibility of Targets for Transmutation)
collaboration between European countries, extensive experimental works have been performed for
the transmutation of *Tc and I in the thermal high flux reactor (HFR) at Petten in the
Netherlands[71,75-78].

In the EFTTRA-T1, metallic Tc rods were encapsulated in a 15.15 Ti stainless sted capsule and
were irradiated for eight reactor cycles (192.95 full power days). The Tc burn-up was ~6 a/o. The flux
level was about 1 x 10" n/cmPsec. The EFTTRA-T1 experiments revealed that there are virtually no
problems with the metallic Tc targets. After the successful EFTTRA-T1, EFTTRA-T2 experiments
were continued, in which a much higher Tc transmutation was targeted. In the EFTTRA-T2, two of
the six samples from EFTTRA-T1 were re-encapsulated in the same 15.15 Ti stainless steel capsule
and they wereirradiated in HFR for 579.3 full power days. Total neutron fluence was 5.4 x 10% n/cr?.
From the post-irradiation examination, it was found that the Tc burn-up was 15~18 a/o and there were
no noticeable changes in the microstructure compared to the un-irradiated samples. The volumetric
changes were observed to be very small, as shown in Table 3.4. The temperature in the vicinity of the
sample was measured to be around 700 K and the central temperature of the Tc metal was cal culated
to be about 1 100 K. Based on these irradiation studies, it is expected that there is no technical limit to
the use of a metalic Tc target even for a much higher Tc burn-up. In France, metallic Tc targets were
irradiated in a local moderated zone of the Phénix reactor (ANTICORP-1 experiment) [79]. It was
reported that a high Tc burn-up of ~25% was achieved in ANTICORP-1. Unfortunately, detailed
results of the experiment are not available at the time of publication.

Table 3.4. Dimensional changes of the Tcrodsin EFTTRA-T1, -T2 experiments

Dimension Sample Pretest | EFTTRA-T1 | EFTTRA-T2
. A 480+001| 483+0.01 4.83+0.01
Diameter, mm
B 481+001 | 4.84+0.01 4.83+0.01
A 25.05 25.09 25.14
Length, mm B 25.05 25.12 25.16
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In the EFTTRA-TL, iodine targets were also irradiated in HFR. Three metal iodides, Nal, Cels
and Pbl, were fabricated and encapsulated in a 15.15 Ti stainless steel capsule with a He filling gas.
In the experiment, *’l was used, as its transmutation is similar to the transmutation process of *|. The
samples were irradiated up to an iodine burn-up of 5~5.9 a/o. From the EFTTRA-T1 experiments, Nal
was recommended as the best target and Pbl, was identified as unsuitable due to its corrosive
behaviour, although Nal does not meet all the requirements satisfactorily.

After EFTTRA-T1, Schram, et al. [72], in the Project | irradiation, also performed irradiation
tests for Nal, Mgl,, Cal, and Cul in HFR. The calculated iodine transmutation rates were in the range
6.6-7.3 &0. In the study, it was pointed out that Nal and Cal, show a good material compatibility with
316 steel, while Cul has a serious corrosion concern. The Project | tests also showed that volumetric
expansion was quite significant in the four targets primarily due to the production of Xe, and al the
targets except for Cal, showed aless-dense central region.

One of the concerns in an iodine target is build-up of the Xe pressure. The Xe release rate is
dependent on the target material and irradiation conditions. A powder-type target has a much higher
Xe release compared to a pellet-type one [82]. Even with a pellet-type target, irradiation study showed
that the xenon release rate would be high at a high-temperature condition. Consequently, a large gas
plenum should be provided for the transmutation of iodine [71,82].

Based on the experimental studies, it may be said that none of the candidates (Nal, Mgl,, Cal,,
and Cul) can be disgualified, although some design measures would be required to prevent corrosion
in the case of Cul. Making a choice between the metal iodides will strongly depend on the transmutation
scenario. Studies for a better target material should be performed with a much higher iodine burn-up
condition.

3.2.4 LLFP transmutation in fission reactors
3.2.4.1 Overview

LLFPs are basically neutron absorbers, and a reactor system needs to have a high neutron surplus
as much as possible for efficient LLFP transmutation. As shown in Figure 3.9, both *Tc¢ and **I have
relatively high absorption cross-sections in the thermal and epithermal energy ranges. Thus a high flux
thermal reactor has a good transmutation potential for the two nuclides. Nevertheless, it is recognised
that the LLFP transmutation in existing thermal reactors (PWR and CANDU) is quite limited due to
the relatively poor neutron economy. It is generally known that afast neutron system is more favourable,
either critical or ADS (accelerator-driven system), from the viewpoint of the LLFP transmutation
potential due to a better neutron economy. It is also known that a critical reactor and ADS have a
similar LLFP transmutation capability. Table 3.5 compares the Tc transmutation capability of a fast
reactor, a PWR and a HWR [62-64,83,84].

Table 3.5. Ranking of reactorswith respect to *Tc transmutation capability

Reactor Configuration Inventory | Transmutation | Half-life
(kg) (kglyr) (yr)
Fast M oderated assembly in inner core 2741 122 15
Fast Non-moderated assembly in inner core 2 662 101 18
PWR | Pinin guide tube (UO, fuel) 3633 64 39
PWR | Pinin guidetube (MOX fuel) 1907 17 77
HWR | Target pinsin moderator 4100 115 25
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In general, LLFPs are co-transmuted in a transuranic element (TRU) or minor actinide (MA)
burner. In the TRU burner case, Tc and | can be transmuted with the same supplier-to-burner reactor
support ratio. However, when the support ratio is maximised with the MA fuel, both *Tc and **
cannot be transmuted with a sufficient support ratio due to the limited neutronic potential [64,73].

3.2.4.2 Thermal reactors

Kloosterman and Li [83,84] performed a feasibility study on the *Tc transmutation in both heavy
water reactors (HWR) and light water reactors (LWR). Their analyses were based on fuel assembly
(element) calculations. In the HWR (935 MWe) case, they considered several Tc loading options,
including target pin (or pins) inside fuel bundle, Tc pins in the moderator region, and homogeneous
dissolution in the moderator. They concluded that the Tc loading in the moderator is the most
promising option, providing a 115 kg/yr transmutation rate for a 4.1 tonne loading and a transmutation
half-life of ~25 years. The Tc transmutation in a HWR requires a substantial increase in the uranium
enrichment. Also, the coolant void reactivity is strongly affected by the Tc loading. Apart from the
uranium enrichment and core design issues, they concluded that a HWR reactor has a higher Tc
transmutation potential in terms of the transmutation rate.

In the study by Kloosterman and Li, a pin-type Tc target was uniformly loaded into the guide tube
locations of a Westinghouse-type PWR with a power of 900 MWe. The Tc transmutation performance
was evaluated as a function of Tc¢ density for both a full UO, core and a /4 MOX core. The study
shows that the resonance and special self-shielding effect is significant and a low-density Tc target
would be beneficial. The UO, core shows a better transmutation capability than the MOX core due to
the harder neutron spectrum in the MOX-loaded core. When the Tc loading was 1 453 kg in the UO,
core, the transmutation half-life was evaluated to be ~26.8 years (37.2 kg/yr), while the transmutation
half-life was ~39.2 years (63.8 kg/yr) for a3 633 kg Tc loading. It is shown that significantly higher
uranium enrichment is needed for the transmutation of ®Tc —5.1% for 726.5 kg, 6.5% for 3 633 kg.

Golfier, et al. [81] performed a similar parametrical analysis of *Tc and **°| transmutation in the
1 450 MWe European Pressurised Water Reactor (EPR). They explored two LLFP loading schemes:
1) replacing fuel pins by target pins and 2) mixing Tc with the fuel. In this study, a Cel; iodine target
was assumed. The results showed that EPR has a very promising LLFP transmutation potential. When
the fuel was mixed with 1% *Tc and four pins were replaced by iodine targets (1 620 kg of *Tc and
668 kg of '*I), the transmutation rates of *Tc and I were calculated to be 178.2 kglyr and
49.4 kglyr, respectively (11%/yr for *Tc and 7.4%/yr for **I), with a ®°U enrichment of 4.57%.
Comparing the results with those from Ref. [83], transmutation performance is much better in this work.

Recently, Yang, et al. [82] revisited LLFP transmutation in PWR. The analyses were performed
for a typica Westinghouse-type PWR assembly. They compared various LLFP loading options:
1) mixing ®Tc with fuel, 2) *Tc coating on the fuel pellet, annular target in the guide tube, 3) with and
4) without ZrH, moderator, and 5) LLFP mixed with ZrH, in the guide tube. Also, they assessed the
impacts of LLFP loading on the major safety parameters of PWR. It is indicated that options 1) and
2) provide a better **Tc transmutation performance than the others due to the reduced self-shielding
effect. For the iodine transmutation, the annular target, option 3), is best in terms of transmutation rate.
However, accounting for the Xe pressure build-up, they recommended an annular iodine target with an
inner void as the practical approach. The study shows that both ®Tc and | can be stabilised (zero net
LLFP production) at the cost of higher fuel enrichment, but still less than the practical limit of 5.0%.
Typical discharge burn-up of *Tc and **°| were evaluated to be ~20% and ~12% in a UO, core with an
18-month cycle length. The study shows that impacts of LLFP transmutation in PWR are margina from
the safety point of view, if the LLFP loading is limited by the maximum #**U enrichment of 5.0%.
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As already described, *Tc has a relatively large resonance cross-section. Thus, the resonance
shielding effect could be significant when *Tc is transmuted in a thermal neutron spectrum. In
Figure 3.10, the radia Ru concentration is plotted for an irradiated sample from the EFTTRA-T2
experiment in HFR [77]. The resonance shielding effect is clearly observed in the figure: the Tc
transmutation is about 16 &0 in the central region while the Ru concentration is 30~40 a/o near the rim
(~0.15 mm thickness) of the pellet. Thermal neutrons are mainly absorbed in the vicinity of the target
surface. The results experimentally confirm that a thick rod-type metallic Tc is not a good target form
in a thermal reactor. Instead, the Tc target should be very thin or needs to be diluted in order to
increase the effective capture cross-section of the target, asis aready indicated in Refs. [82,83].

Figure 3.10. Two EPMA profiles of the Ru concentration inaTcrod of EFTTRA-T2
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3.2.4.3 Fast reactors

Fast reactors are known to have a higher LLFP transmutation potential due to their greater
number of surplus neutrons and the high neutron flux. Various avenues have been explored for the
transmutation of LLFPs in fast spectrum, including a moderated subassembly loaded either at the core
periphery or in the inner core. For ®Tc, a direct transmutation in a fast spectrum without moderator
was a so studied due to the high flux and the relatively large resonance in the epithermal range. One of
the advantages of the transmutation in a fast spectrum is that there is no concern about local power
peaking, which is an issue in the moderated subassembly case. In general, moderated LLFP assembly
in the core periphery provides a better neutron economy relative to the other two schemes, since the

transmutation is based on the neutron leakage. Thus, it is often called the leakage slowing down (LSD)
concept.

As an example of the LSD approach, the adiabatic resonance crossing (ARC) method was studied
to enhance the LLFP transmutation in a high Z medium such as lead [85]. The idea is based on the
small lethargic steps of neutrons slowing down in lead and the resonance width of **Tc is usualy
larger than the lethargic step, thereby enhance the probability of being captured. The principle was
demonstrated in the TARC (Transmutation by ARC) experiment [85].
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3.2.4.3.1 Spectral optimisation of moderated LLFP target

Among the various transmutation options, the moderated subassembly method is found to be best
in terms of the transmutation performance. The moderated subassembly method can be classified into
two categories, heterogeneous [86-88] and homogeneous [81,82,88,89]. In the heterogeneous concept,
moderator pins are distinguished from the LLFP target pins, while both moderator and target are
loaded into a single pin in the homogeneous concept. Based on the related works, the homogeneous
approaches are better in terms of the transmutation performance than the heterogeneous one [88].

Regarding the homogeneous concept, there are two approaches depending on the configuration of
moderator and target, as shown in Figure 3.11. The duplex concept was studied in Ref. [88] and the
annular target was introduced by Kim [89]. The double-annular LLFP target was also proposed by
Kim, et al. [90] for a simultaneous transmutation of *Tc and **| in a single target pin. For a simple
duplex-like configuration, Golfier, et al. [91] undertook a parametric study to optimise the transmutation
rate. In Refs. [81,88], various moderator materials were evaluated and compared. The works showed
that metal hydrides such as ZrH, and CaH, provide a better environment for higher LLFP transmutation
rates. For the annular target configuration, similar analyses were performed in more detail in
Refs. [82,89] for an LLFP assembly placed in a reflector zone of a sodium-cooled fast reactor.
Figures 3.12 and 3.13 show the transmutation performances of *Tc and | as a function of the
moderator (ZrH,) volume fraction inside a steel cladding [82,89].

Figure 3.11. Configurations of the duplex and annular LLFP targets
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Figure 3.13. | transmutation rates ver sus moder ator volume fraction
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One can note that both ®Tc and **°I have an optimal moderator volume fraction (0.4~0.5) for the
absolute transmutation rate (kg/time) and a desired absol ute transmutation rate can be achieved with a
much smaller LLFP loading by employing a moderator. It is noteworthy that the moderator gain is
much larger for |, ~150% than in ®Tc, ~15%. In the meantime, the relative transmutation rate
(%/time) increases monotonically with the moderator volume. It was also shown that the local power
peaking in a neighbouring fuel assembly increases with the moderator volume. The analysis by
Golfier, et al. [81] provides quite similar results. However, in the so-called duplex configuration, the
power peaking might be substantially larger than that in the annular and the double-annular concepts.

The annular LLFP target seems to have several advantages over the duplex one: 1) the effective
capture cross-sections are dlightly larger due to more reduced self-shielding effects, 2) local power
peaking is substantially reduced due to filtering of thermal neutrons by the annular target (especialy
for ®Tc), 3) heat is easily removed from the target. In the duplex target, heat generated in the target
might not be efficiently removed, as the envisioned moderators generally have low thermal conductivity.
However, fabrication of an annular LLFP target would be more difficult than in the case of the duplex
type. Material compatibility should be verified in both duplex and annular concepts. Basically, the
double-annular concept shares the above advantages/issues of the annular target. An additional feature
of the double-annular concept is that the outer Tc ring plays the role of thermal neutron filter for all the
LLFP target pins. Filtering of thermal neutrons should be done such that the deleterious impact on
LLFP transmutation performance should be minimised. Using ®Tc as a filter is advantageous in that
the filter is a LLFP to be transmuted. Dobbin, et al. [91] showed that placing a thick filter between fuel
and LLFP assemblies results in a significant reduction in transmutation performance.

3.2.4.3.2 Performance of LLFP transmutation

Based on the duplex LLFP assembly placed in the reflector zone, the transmutation performance
of ®*Tc and/or | in fast reactors was studied [81,88]. It was shown that fast reactors have an excellent
potential for transmuting *Tc and . It was further demonstrated that a fast reactor supports several
PWRs in terms of *Tc and/or **°| incineration, depending on the LLFP loading. It is revealed that the
LLFP transmutation rate is highly dependent on the LLFP loading amount.

97



In Refs. [82,89], the annular target concept was applied to the transmutation of *Tc and **l in a
sodium-cooled ADS loaded with a TRU fuel. Among various loading options, the loading in the
reflector regions was found to be the best option from the neutron economy and safety points of view.
It was shown that a balanced transmutation of TRU and LLFP could be achieved with a support ratio
of ~3 at the cost of increased fuel inventory by about 10%. Transmutation rates of *Tc and **| were
approximately 5.7%/yr and 7.2%lyr, respectively, for a loading of 530 kg **Tc and 92kg **I.
Discharge burn-ups of 29% and 37% are attained for ®Tc and '®I, respectively, with a five-year
irradiation period. It was pointed out that, in the case of a **| target, a rather strong thermal neutron
filter should be placed along the interface between a moderated L L FP assembly and the fuel assembly,
since theiodine ring is not agood thermal neutron filter, relative to the *Tc ring.

LLFP transmutation based on the double-annular concept was explored in an LBE-cooled
ADS[90] and alead-cooled critical reactor [92]. It is observed that the new concept works quite well.
The transmutation rates were 6~7% on the average for *Tc and '®I, and relatively high discharge
burn-ups were achieved, comparable to those of the simple annular concept. The studies show that
with the double-annular configuration the thermal neutron filter requirement is largely alleviated
compared with the single annular target, leading to more effective incineration of LLFPs.

In the LSD concept, the radial reflector zone is usualy utilised for the transmutation of LLFPs.
In the mean time, if a large amount of LLFPs is to be transmuted in a reactor, both radial and axia
reflector could be used simultaneously, asin a MA burner. An advantage of the axia zone case is that
the flux level is usualy higher. Nishihara, et al. [93] studied the transmutation of *Tc and **I in a
MA-loaded ADS. The LLFP transmutation requirement is huge in this case, approximately 56 kg/yr of
1291 and 200 kglyr of ®Tc for a balanced transmutation. In the study, LLFPs were loaded in the two
reflector zones moderated with independent metal hydride pins. The results show that **I can be
transmuted with the MA support ratio while a balanced Tc transmutation is hardly achievable. It was
indicated that transmutation in the axial reflector is limited due to the limited irradiation time. The
xenon pressure in particular is a very limiting factor for the iodine target. With respect to the
moderated LLFP assembly in the axial reflector, careful evaluation of the possible power peaking
needs to be done since the thermal neutron filtering would be difficult in the zone.

Most LLFP transmutation studies are mainly focused on the evaluation or assessment of the
transmutation potential of a system of interest. The impacts of LLFP loading on the core characterigtics
have not been intensively evaluated. Some of the studies on LLFP transmutation revea an interesting
effect of the LLFP loading on the core characteristics. Park, et al. [86] showed that the coolant void
reactivity becomes more negative when moderated L L FP assemblies are loaded in the inner core of an
ADS loaded with a TRU fudl. Also, Kim et al.[92,93] showed that LLFP transmutation in the
reflector zone makes the coolant void reactivity substantially more negative, relative to a no-LLFP
case, both in an LBE-cooled ADS and a lead-cooled critical TRU transmuter. For example, in the
ADS case of Ref. [32], the active core void reactivity was reduced from 3 337 pcm without LLFP to
only 405 pcm with LLFP loading. It seems that LLFP transmutation in the core periphery would be
most effective in reducing the void reactivity. The LLFP transmutation could be a design measure to
reduce the void reactivity in fast reactors.

3.2.5 Other approaches
Transmutation of **Cs in the blanket of afusion nuclear system was proposed by Saito, et al. [67].
In the study, caesium was loaded in an elementa form, i.e. no isotopic separation and Pb-15Cs was

used as a caesium carrier. The neutronic study reveals the advantage of the blanket configuration with
a large Be fraction that provides a neutron spectrum softer than in a thermal reactor. In the FNS, the
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neutron flux is largely dependent on the first wall neutron loading. It was shown that the lifetime of
13Cs could be reduced to 7.3 years for 2.5 MW/m” first wall loading and 23.5 years for a 1 MW/m?
neutron loading. These lifetimes of **Cs are much shorter than those available at conventional fission
reactors or ADS. The 2.5 MW/m? first wall neutron loading is considered in future demonstrative
fusion reactors.

Recently, a high-power laser has been aso applied to the transmutation of **°I and *Tec.
Ledingham, et al.[94] used the VULCAN petawatt |aser to drive the photo-transmutation of |
through the (y,n) reaction. A 360 J laser pulse, of wavelength A ~ 1um and duration 0.7 ps, was focused
on a gold target with dimension 5 x 5 x 4 mm, resulting in an intensity of about 5 x 10°° W/cn?. The
resulting bremsstrahlung gamma radiation was used in the photo-transmutation of *#I. It was reported
that the single 360 J laser shot produced about 2.9 x 10° nuclei of *?| from the initial 1.8 x 10% nuclei
of |. A similar study on the photo-transmutation of *Tc was performed with the VULCAN laser [95].
In this study, transmutation of *Tc to *Tc viathe (y,3n) reaction was explored. However, no evidence
of the ®Tc transmutation was observed.

As another application of the high-power laser, Ledingham, et al. [96] indicated that a much
higher-power laser, with an intensity of the order of 10”® W/cm? can directly excite the nucleus.
Consequently, nuclear energy levels and hence decay lifetimes could be directly altered.

3.2.6 R&D issues

Nuclear data on fission products are known to have relatively large uncertainties[97]. For an
accurate evaluation of the LLFP transmutation, the nuclear datalibraries need to be re-evaluated.

It is clear that more researches are required to decide the appropriate chemical forms of iodine.
For the selection of the iodine target, material compatibility issues should be fully addressed under a
much higher iodine burn-up condition.

Material compatibility could be an issue in some special configurations of the LLFP targets such
as the duplex and annular concepts. Compatibility between the target components should be verified.

In the conventional PUREX process, it seems that a satisfactory means can be developed for
recovery of *Tc and *®| contained in the LWR spent fuel. However, for recovery of those LLFPsin
the less well-defined pyro-processing, more experimenta studies are required [98].

A multiple recycling of LLFPs is inevitable in the LLFP transmutation. Reprocessing of the
irradiated LLFP targets should be studied with an aim to minimise the loss to the environment. It is
expected that recovery of remaining iodine would be rather complex due to the possibility of
dissociation of the target and interaction between iodine and structural material. Re-fabrication of the
LLFP target is an important unresolved issue, as well. In order to minimise the LLFP loss during the
reprocessing, different means of maximising the LLFP discharge burn-up need to be explored.

Most studies on the LLFP transmutation are focused on the assessment of the transmutation rate
of a specific target in a reactor system. A loading of a significant amount of LLFPs into a reactor
system may have noticeable impacts on the characteristics of the reactor core such as safety
parameters. Those impacts must be addressed in more detail.
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3.2.7 Concluding remarks

Taking into account transmutability and impacts on the repository, *Tc and | are the only
LLFPs which can be transmuted in reactor systems. A metallic Tc can be used as a target material.
However, there is no general consensus on the chemical form of the iodine target. The possible
candidates are Nal, Cal, and Mgl,. Further studies are necessary for the appropriate selection of the
iodine chemical compound in amore practical condition.

In terms of the LLFP transmutation performance, fast reactors or ADS have the highest potential
due to their greater surplus neutrons. In therma reactors, HWRs have better LLFP transmutation
capabilities than PWRs. However, HWRs loaded with LLFPs cannot be operated with the natura
uranium; significantly enriched uranium is required, which could be a crucia issue. Furthermore, the
HWR core characteristics would be affected by the LLFP loading. Although PWRs have a relatively
low LLFP transmutation potential, they can be used as an LLFP stabiliser, i.e. zero net production,
without causing any serious concern about the core safety.

For an efficient LLFP transmutation in a fast reactor, a moderated LLFP assembly needs to be
employed. Metal hydrides such as ZrH, and CaH, would be good moderators. The LLFP transmutation
rate could be significantly enhanced by using an annular target or a duplex configuration. It seems that
the annular LLFP target enclosing a moderator might have some advantages over the duplex one from
the neutronic point of view. LLFP transmutation in the reflector would be beneficia in terms of the
neutron economy and core safety. A radia reflector would be preferable to the axial one since the fuel
and target management would be more complex in the case of the axial reflector. Also, the irradiation
period might be limited by the fuel management scheme for LLFPs in the axial reflector.

Moderated LLFP assemblies in the inner core dlightly reduce the coolant void reactivity. LLFP
assemblies loaded in the reflector zone might substantially reduce the coolant void reactivity. This
feature could be employed to improve the safety feature of afast transmuter.

Currently, the motivation for LLFP transmutation is not so strong, as it is only a marginal
improvement from the viewpoint of reducing radiotoxicity. However, reduction of the LLFP inventory
of arepository could alow some relaxation of the stringent waste form and the container performance
criteria, with associated economic benefits. Therefore, some development of the LLFP transmutation
is prudent, especially when a sustained fission power production (with accumulating FP inventory) is
envisioned for future application. Also, LLFP transmutation is generally in accordance with the
concept of clean nuclear energy.

3.3 Nuclear data uncertainty impact on ADS design parameters

A specific issue of relevance in the assessment of ADS feasihility is the investigation of the
impact of nuclear data uncertainties on ADS design parameters. The following paragraphs will
describe a specific application, in order to quantify potential effects.
3.3.1 Sensitivity and uncertainty analysis for a specific ADS transmuter core

The following parameters are of a particular relevance for atransmuter core:

e Criticality (multiplication factor).

o Doppler reactivity coefficient.
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e Coolant void reactivity coefficient.

o Effective delayed neutron fraction.

o Reactivity loss during irradiation.

e Transmutation potential.

o Peak power value.

e * parameter (for subcritical ADS systems).

e Max dpa, max He and H production, max (He production)/dpa.

o Decay heat.

A representative transmuter core has been designated so as to quantify the impact of uncertainties.

The transmuter which has been examined is an intermediate size (~800 MWth) ADS with PuMA
nitride fuel (MA/Pu ratio equal to 2), lead-bismuth cooled. This transmuter is representative of most
current proposals, asindicated in different international programmes (see Section 2.3).

As far as nuclear data uncertainties, the variance data given in Tables3.6 and 3.7 have been
applied. The data for major actinides have been deduced from studies related to the JEF nuclear data
file. The datafor MA have been deduced from a different file intercomparison.

The following hypothesis on corré ations has been used:

¢ No correlation (in energy, among reactions, etc.).

e Full energy correlation.

o Partial energy correlation (by energy “band”).

The main calculated parameters are given in Tables 3.8 and 3.9. The calculations were based on
the ENDF/B-VI file.

The resulting uncertainties, obtained with the sensitivity analysis outlined in Ref. [99], and using
the nuclear data uncertainties of Tables 3.6 and 3.7, are given in Tables 3.10 and 3.11.

The values are shown for two hypotheses of energy data correlation (no correlation and partia
energy correlation).

As an example, the breakdown of uncertainties by energy group and by isotope in the case of kg
isgiven in Tables 3.12 and 3.13, and the breakdown by isotope of the uncertainties of nuclide density
variations during theirradiation cycleis given in Table 3.14.

The standard ENDF/B file up to 20 MeV has been extended up to 150 MeV, based on the data of
Ref. [100], for Pb, Bi and Fe. This extenson makes possible to analyse the dependence of some
relevant parameters to high-energy data (i.e. above 20 MeV). An example of energy and isotope
breakdown for the case of the ratio max (He production)/dpais given in Tables 3.15 and 3.16.
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Table 3.6. Variance matrix (6o/c) for major actinides

“%py and *°Pu “py
Gr | [MevV]?] v 6 | Oing | Ga | Oeapt [Onon | vV o | Oing | Od | Ocapt | Onan
1 19.6 0.12 0.05 | 0.15 0.3 | 0.16 | 0.008 0.03 0.1 01 |0.13
2 6.07 0.14 0.05 | 0.15 0.3 0.0075 | 0.037 | 0.1 0.085 | 0.25
3 2.23 0.18 01 | 0.15 0.3 0.007 | 0.037 | 0.1 0.095
4 1.35 0.02 01 | 0.15 0.3 0.0065 | 0.065 | 0.15 0.13
5| 498e-1 | 0.028 0.2 T 0.25 0.0055 | 0.04 | 0.15 0.13
6| 1.83el 0.03 0.2 0.15 0.008 | 0.028 | 0.15 T 0.078
7| 6.74e-1 | 0.0312 T 02 |01] 01 0.015 0.03 0.2 0.039
8 | 2.48e-2 | 0.0311 0.1 0.008 | 0.045 | 0.25 | 0.05 | 0.056
9| 9.12e-3 | 0.031 0.2 ¢ 0.1 0.008 | 0.063 | 0.25 0.056
10 | 2.04e-3 0.03 0.1 0.0051 | 0.02 i/ 0.065
11 | 454e-4 | 0.029 i/ 0.1 0.005 | 0.025 0.065
12 | 2.26e-5 | 0.028 0.08 0.003 | 0.025 0.065
13 | 4.00e-6 | 0.027 0.03 0.0024 | 0.025 0.039
14 | 5.40e-7 | 0.026 0.5 0.5 | 0.005 0.0022 | 0.0025 0.008
15| 1.00e-7 | 0.019 0.5 0.5 | 0.005 0.002 | 0.0025 0.008
241Pu 242Pu
Gr|Mev]®| v O | Ging | Oa | Ocapt | Onan | Vv O | Ging | G | Ocapt | Onzn
1 19.6 0.01 | 0.125 | 0.15 05 [018]| 0.12 0.05 | 0.15 0.3 | 0.25
2 6.07 0.0095 | 0.2 | 0.15 0.5 0.2 0.15 0.05 | 0.15 0.3
3 2.23 0.009 | 0.05 | 0.15 0.4 0.19 0.1 0.15 0.3
4 1.35 0.0085 | 0.05 | 0.15 0.3 0.02 0.1 0.15 0.3
5| 498e-1 | 0.008 | 0.06 | 0.2 0.2 0.03 0.2 T 0.25
6 | 1.83e-1 | 0.007 0.1 0.2 T 0.2 0.0317 0.2 0.15
7| 6.74e-1 | 0.0065 | 0.1 0.2 0.15 0.0316 T 02 | 01 0.1
8| 2.48e-2 | 0.006 | 0.08 01| 015 0.0315 0.1
9| 9.12e-3 | 0.0055 | 0.08 0.1 0.031 0.2 i/ 0.1
10 | 2.04e-3 | 0.005 | 0.03 ¢ 0.1 0.03 0.1
11 | 4.54e-4 | 0.0045 | 0.03 0.1 0.029 i/ 0.09
12 | 2.26e-5 | 0.004 | 0.03 0.1 0.028 0.08
13 | 4.00e-6 | 0.0035 | 0.03 0.1 0.027 0.08
14 | 5.40e-7 | 0.003 | 0.006 0.014 0.025 0.5 0.07 | 0.01
15| 1.00e-7 | 0.0024 | 0.006 0.014 0.02 0.5 0.07 | 0.01
@ Upper energy boundary.
Table 3.7. Variance matrix (6o/c) for minor actinides
237Np 241Am a.nd 243Am 242mAm
Group @ v Ot | Oind | Od | Ocapt | V Of | Oind | Od [ Ocapt| V Ot | Oind | Od | Ocapt |
1-2 005(025| 05 |005| 04 |0.05| 0.2 | 05 |005| 04 |005| 0.2 | 05 |0.05| 0.4
3-6 005|025 05 |0.05|015|005| 02| 05 |005| 04 |005| 02| 05 |005| 04
7-15 005|025| 05 |0.05|015|005( 02 | 05 |0.05| 0.2 |005| 0.2 | 05 |0.05]|0.04
22Cm, 22Cm, 2°Cm, 2°Cm Hcm
Group @] v Ot | Oind | Odl | Ocapt |V Ot | Oind | Oed | Ocapt |
1-4 005| 03| 05|005| 04 |005| 04| 05 |005| 04
5-13 005 03| 05]|005| 04 |005| 03|05 /|005| 04
14-15 | 0.05| 0.3 | 05 ]|005|0.04|0.05| 0.3 | 05 |0.05]|0.04

@ Same energy boundary asin Table 3.6.
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Table 3.8. Main parameters of thereference system

le
Beh‘ Doppler (a) void Apcyc Decay Peak
0.948164 185.4 -0.00026 | +0.02906 | -0.01196 | -0.02158 | 25 MWth 2.9
(An)**© 110 at./om’)]
238Pu 241A m 242mA m 243A m 242Cm 244Cm 245Cm
5.19E-5 -8.64E-5 8.34E-6 -5.24E-5 2.68E-5 2.28E-5 1.50E-6
@ For AT=T—TRef = 1 773K —980 K.
® At full power.
© One-year irradiation.
@ At discharge, nominal power of the core: 377 MWth.
Table 3.9. Main parameters of thereference system
N Max dpa Max He production | Max H production Max
¢ [sec™ x ] [sec™ x ] [sec™ x e (He production)/dpa
1.18 2.58E+16 6.15E+15 6.77E+16 0.24
Table 3.10. Resulting uncertainties (in per centage)
for theintegral parametersof thereference system
Max He Max H Max
*
¢ Max dpa production | production | (He production)/dpa
Al o corretation +2.74 +29.9 +43.6 +28.5 +45.5
Alpgc® +5.07 +48.9 +50.1 +53.1 +67.4
@ partial correlation in energy.
Table 3.11. Resulting uncertainties (in percentage)
for theintegral parameters of thereference system
~ A pvoid A p(:ycle Peak power
K
Al o corretation +2.77 +11.3 +35.2 +47.4 +20.5
Alpgc® +4.41 +17.4 +59.3 +73.1 +32.4
( An)cycle(b)
238PU 241 Am 242 AM 243 AM 24SCm 244Cm 24SCm
Alno_correlation +7.3 +15.1 +15.9 +15.3 +12.5 +25.6 +81.2
Alpgc® +10.9 +23.8 +23.2 +24.3 +18.3 +37.8 | #1229

@ partial correlation in energy.
® One year irradiation.
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Table 3.12. kg — uncertainties (%) by group —no energy correlation

Gr. [M eV] @ Gcap Ofiss v Ogl Cind | On.2n Total ®
1] 196 [001]005]002] — |[004]004] 008
2| 607 | 001|057 018004047 - | 076
3] 223 | 003[083[027]007]046| - | 099
4| 135 | 047|156 | 041020077 | - | 18
5 [498e1) 084039 008]010][019] - | 095
6 |1831] 101 032|007 006|020 - | 108
7 | 6.74e2] 041 024 [ 007 | 002 004 | — | 049
8 [248e2] 037022004 | 002003 - | 043
9 [912e3] 031020 003 | - - - | 037
10 | 2.04e3| 020 008 | 0.02 | — - - | 021
11 | 454e4 | 004 | 001 | - - - - | 004
12| 226e5| - - - - - - - groups 23y,
13 | 4.00e6 | - - - - - - -
14 | 5.40e7 | - - - — — - -
15 | 1.00e7 | - - - — — - -
Total ® 154 | 197 | 054 | 025 ] 1.05 | 0.04 | 2.77

@ High energy group boundary.

® Total obtained as the square root of the sum of the squares of individual contributionsin row or column.

Table 3.13. kg — uncertainties (%) by isotope—no energy correlation

Isotope | Geap | Ofiss Y Od | Oing | Onan | TOtal ®
Zpy | 001 | 011 | 002 | - - - 0.11
Zpy | 004]051]011] - |o004| - 0.53
2py [ 005|018 005 — |002]| — 0.19
2Ipy 004030003 — [o001]| - 0.31
22py | 001]005]002] — |o0O1L]| — 0.06
“Np [ 024070021 | - [014]| - 0.78
Am | 132|112 03| - |022] - 1.79
22mam | 001 | 009|003 - o001 - 0.10
pAm | 074|059 | 021 | - |060]| - 114
242Cm _ _ _ _ _ _ _
“3Cm - 005|001 - — — 0.05
Cm | 013]109] 018 — | 007 | - 111
Cm | 001]041]008| — |o001L]| — 0.42
26Cm - — - - - - - Lol fer
“Fe | 003 | - - | 005|049 | - 0.50 18858y, ) m  T]
Fe | - | - | — | — |006| — | 006 "eriiiy g p 0@%%7
S2cr 001 | - — | o001]|003] - 0.03 POstEoZ N,
58Ni _ _ _ _ _ _ _
Zr 003 | - — 003|007 - 0.09
BN — — - | 019 |001]| - 0.19
Pb 002 | - — | 010|041 002 043
Bi 004 | — — | 011|049 ] 003 | 050
Total ® | 154 | 197 | 054 | 025 | 1.05 | 0.04 | 2.77

® Total obtained as the square root of the sum of the squares of individual contributions in row or column.
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Table 3.14. Uncertainties on the nuclear density variation of:
2Bpy, 21Am, 22"Am, 2*Am, 2Cm, *Cm, **Cm (valuesin %)

| sotope Uncertainty dueto: Total
237N p 238Pu 241 A m 242Cm
?¥py | Capture | Fission | Capture | Fission | Capture | Fission | Capture | Fission | 7.33
3.67 0.12 0.19 0.61 6.31 0.04 0.06 0.09
241Am
“Am | Capture | Fission 15.12
11.06 10.31
241Am 242mAm
#2"Am | Capture | Fission | Capture | Fission 15.91
1570 | 015 | 083 | 245
242Pu 243Am
*SAm | Capture | Capture | Fission 15.28
0.22 10.66 10.94
241Am 242Cm
#2Cm | Capture | Fission | Capture | Fission 12.54
12.54 0.15 0.17 0.27
243Am 244Cm
#Cm | Capture | Fission | Capture | Fisson | (n,2n) 25.55
23.48 0.20 498 8.75 0.20
243Am 244c:m 245c:m
#>Cm | Capture | Fission | Capture | Fisson | (n,2n) | Capture | Fission | (n,2n) | 81.19
4.82 0.03 72.33 1.71 0.04 5.48 36.10 0.03
Table 3.15. Max (He production)/dpa — uncertainties (%) by group
Gr. [MeV] @ Ocap Ofiss v Og Gind | On,z2n Total ®
1] 150 | - | - | - |o1]| 48| — | 48
2| 552 | - |01 - |02 ]201] 64 | 211
3] 196 | - | 07| 02| 07 | 116 340 | 359
4] 607 | 013210 03] 45| - | 56
5 223 |02 47 | 16 | 05| 43| - | 66 | >
6| 135 | 31| 92| 25| 15|58 | - | 117 | =
7 |498e1| 52 | 24 | 05 | 08 | 13 | — | 60 |
8 (1831 63 | 20 | 04 | 05 | 1.2 | - | 671 ISE
o [674e2| 26 | 15| 04 | 02 |02 | - | 30 | 0 #sep,
10 2482 22 | 1.3 | 02 | 02 | 041 | - | 26 (ROY” 7 2 /A2 AL =iy
119123 19 [ 12 [ 02| - | — | = | 23 RN 57 AfA A
1220403 12 | 05 |01 | — | — | — | 13
13(454e4| 02 01| - | — | — | = | o2 wows B I
142265 - | - | - | - [ = [ - -
154006 - | - | - | - | = | = -
1654007 | - | - | - | - [ = | - -
17]100e7| - | - | = | = [ = | = -
Total® | 96 | 115] 32 | 20 [ 141 ] 404 | 455

@ High energy group boundary.

® Total obtained as the square root of the sum of the squares of individual contributionsin row or column.
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Table 3.16. Max (He production)/dpa — uncertainties (%) by isotope

Isotope | Gep | Ofiss Y Gy Gind | Onz2n | TOtal ®
28py 01 | 06 | 01 - - — 0.7
29py 03 | 30 | 07 — 0.3 — 3.1
20py 03| 11 | 03 — 0.1 — 11
#1py 03 | 1.8 | 02 — 0.1 — 1.9
22py | 01 | 03 | 01 - - — 0.3
ZNp | 15 | 40 | 12 - 1.0 - 4.6
2Aom | 83 | 65 | 23 — 16 — 10.9
20am | — 06 | 02 - — — 0.6
BaAm | 46 | 34 | 12 — 4.1 — 7.2
242Cm _ _ _ _ _ _ _
zﬁCm — 03 | 01 — - - 0.3 ks
Cm | 08 | 64 | 11 - 0.5 - 6.5 oz R 775
ZCm | 01 | 25 | 05 | — | 01 | - | 25 Lz Aoy | I
“Cm | - - - - - - - . 2228 o] L o
SFe | 02 | - | - | 04 | 35 | - | 36 905 gy s eyl o L]
Fe | - | - | - | - | 04| — | o4 | = Triiiis 0‘7470547777%0 e
S2Cr — — — [ 01 ] 03| - o3 | ceoreEr 2¢s
SSNi _ _ _ _ _ _ _
zr 0.2 - - 02 | 06 — 0.6
BN — - — 14 | 03 — 14
Pb 0.2 - - 10 | 83 | 224 | 239
Bi 0.3 - - 11 | 97 | 337 ] 351
Tota® | 96 | 115 | 32 | 20 | 141 | 404 | 455

® Total obtained as the square root of the sum of the squares of individual contributions in row or column.

The results show a relevant sensitivity to MA actinide data, mainly oy, 6. and o, and mostly in
the energy range ~1 MeV-1keV. This is due to the rather high uncertainties which have been used
(see Table 3.7). These uncertainties, which can be considered rather pessimistic, have been established
in a very simple manner, essentialy taking into account the observed differences among major data
files (ENDF/B, JEF and JENDL) and the spread of existing experimental results. A better assessment
of uncertainties (variances and covariances) is obviously needed, but this should be the result of a
specific evaluation work.

However, it is likely that, even if more refined uncertainty data will be used, the contribution of
MA data will stay relevant, also in comparison to the contribution of Pu isotopes, for which much
more realistic uncertainty data have been used in the study presented here.

It is relevant that the most important energy range is clearly the one where most of the neutron
population is found. High-energy (>20 MeV) data do not influence most of the reactor parameters, but
have impact on quantities related, e.g. to neutron damage. The impact of high-energy data on the
assessment of the radioactive inventory in the target of an ADS should be also established.

Similarly, the potential impact of the uncertainties of high energy data on the shielding of an ADS
could be of relevance, and should be evaluated.

Finally, the uncertainty of the decay heat of the fuel is given in the Table 3.17, where the
component breakdown and their evolution with time are shown.

The uncertainty due to the actinide contribution to the decay heat will result in atotal uncertainty
for thisimportant parameter 2-3 times higher than the current value for standard reactors.
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Table 3.17. Uncertainty of the decay heat of the fud

Per cent (%) of decay

dueto AN

= = @ | t= - _
heat (DH) due to t=0 t =10 days t=21month | t=1year t =100 years
Actinides (AN) 23% 86% 90% ® 94% ® 100% ©
Fission products (FP) 7% 14% 10% 6% -
Uncertainty on DH +10% +11% +11% +14% +65%

@ Time after shutdown.

® Mostly due to 22Cmand 2Cm.

© Mostly due to 2*Cm, 2*Cmand 2*Cm.

In summary, we observe a significant impact of uncertainties:

o MA data oy, o, o, — improvements are clearly needed in the energy range from 1-5 MeV
downto 0.1-1 KeV.

e Some impact of intermediate energy (>20 MeV) data only on selected parameters related to,
e.g. damage phenomena.

e Decay heat uncertainty is mostly related to MA (e.g. Cm) data. For atransmuter core, thereis
adifferent contribution of MA and FP with respect to standard fuel reactors, which underlines
the significant impact of MA data. This could have an impact on the assessment of repository

characteristics.

3.3.2 Required nuclear data uncertainties

In order to establish priorities and target accuracies on data uncertainty reduction, a formal
approach can be used asindicated in Ref. [99].

In the case of the transmuter core examined here, the application of that approach has been
performed for some integral parameters. Table 3.18 gives the initia uncertainties, the imposed target
accuracies and the resulting accuracies, as obtained with the mentioned approach. The resulting Al
uncertainties are associated to the required nuclear data uncertainties shown in Table 3.19.

Table 3.18. Selected integral parameters: uncertainty dueto all data uncertainties (Al jnita);
tar get accuracies (Al required); €sulting uncertainty from a minimisation procedur e (Al esiting)

3 Max H MaxH | MaxH
Kt * pogl?r el prodaﬁcti(e;n prodallJXction pr(?(;(/dpea

Alinitial +2.77 +2.74 +20.50 +29.90 +43.60 +28.50 +45.50
Al reqired +1% +2% +5% +15% +15% +15% +15%
Al esiiting +1.1% +1.0% +8.2% +13.0% +14.8% +13.7% +15.3%

107




Table 3.19. Cross-section uncertainties for selected cross-sections: original
uncertainty and required uncertainty to meet integral parameter target accuracy

Cross- 2 Original Required Cross- a) Original Required
| sotope section Gr. @ uncerta?nty (%) accf?acy (%) | sotope section Gr.© uncerta?nty (%) accf?acy (%)
239p, . 4 6.5 3.4 2 40 10.0

= |5 4 31 Cm | ofs | 3 40 85

Py | o4 | 6 10 5.6 4 40 5.0
o 3 25 8.0 250m | o 5 30 9.7

ZNp fis 4 25 5.1 is 6 30 9.6
v 4 5 41 “Fe | o | 4 20 49

4 40 75 BN Oy 4 5 39

5 40 55 1 40 20.4

s 6 40 5.1 o 2 40 9.8

@ 7 20 5.9 Pb el 3 40 10.6

8 20 6.3 4 40 10.1

#1Am 9 20 6.9 Gozn | 1 100 215
2 20 5.6 1 40 18.8

Cis | 3 20 46 o 2 40 8.1

4 20 39 Bi e 3 40 9.3

3 5 38 4 40 14.0

M 4 5 33 Goon | 1 100 175

4 40 10.4 1 20 20.0

5 40 55 2 20 12.0

Cep | 6 40 5.1 3 20 12.1

7 20 5.9 Odpa 4 20 8.8

8 20 6.3 5 20 20.0

237 2 20 76 6 20 20.0
4 20 5.4 o 1 20 10.8

3 50 126 (no) 2 20 20.0

o 4 50 7.6 1 20 15.1
5 50 12.0 S(np) 2 20 12.4

6 50 12.2 3 20 20.0

@ See energy boundary in Table 3.6.

The data of Table 3.19 indicate clearly that the required uncertainties for MA data are comparable
to the uncertainties already achieved for major actinides, and Pu isotopesin particular. Any new major
re-evaluation or measurement programme can only be justified if there would be a consensus on the
fact that the present uncertainties to be associated to a specific data file are definitely larger than the

target valuesindicated in Table 3.18.

In the case of the established need for a particular experiment, the required uncertainties also
provide the type of accuracy required for that experiment (e.g. +5% on the capture of ***Am or 5-10%
on the fission of **Cm and **Cm).
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