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Multiple recycling of actinides and non-volatile fission products in fast reactors through the
dry re-fabrication/reprocessing atomics international reduction oxidation process has been
studied as a possible way to reduce the long-term potential hazard of nuclear waste compared
to that resulting from reprocessing in a wet PUREX process. Calculations have been made to
compare the actinides and fission products recycling scheme with the normal plutonium recy-
cling scheme in a fast reactor. For this purpose, the Karlsruhe version of isotope generation
and depletion code, KORIGEN, has been modified accordingly. An entirely novel fission
product yields library for fast reactors has been created which has replaced the old
KORIGEN fission products library. For the purposes of this study, the standard 26 groups
data set, KFKINR, developed at Forschungszentrum Karlsruhe, Germany, has been extended
by the addition of the cross-sections of 13 important actinides and 68 most important fission
products. It has been confirmed that these 68 fission products constitute about 95% of the to-
tal fission products yield and about 99.5% of the total absorption due to fission products in
fast reactors. The amount of fissile material required to guarantee the criticality of the reactor
during recycling schemes has also been investigated. Cumulative high active waste per ton of
initial heavy metal is also calculated. Results show that the recycling of actinides and fission
products in fast reactors through the atomics international reduction oxidation process re-

sults in a reduction of the potential hazard of radioactive waste.
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INTRODUCTION

The transmutation of long-lived nuclear waste
nuclides to stable or short-lived nuclides is considered
to be a possible way of reducing the long-term hazard
of nuclear waste. The nuclear fuel cycle involves a
number of processes, starting from uranium ore min-
ing up to the disposal of nuclear waste. While the fuel
fabrication process and energy production in nuclear
reactors have attained a high state of technological de-
velopment, an optimal solution for fuel reprocessing
and waste disposal processes is still under discussion.
With the growing contribution of nuclear energy in the
generation of electric power, the accumulation of nu-
clear waste and the question of its disposal present an
obstacle to public acceptance of the nuclear industry.

Radioactive waste appears at all steps of the fuel
cycle. The tailings leftover from mining and milling of
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uranium ores constitute the largest mass of low-level
waste. But the main source of concern, apart from the
tailings, is the high-activity waste generated during the
reprocessing of the spent fuel discharged from nuclear
reactors and the fabrication of fuel containing recov-
ered plutonium or transplutonium actinides.

In the PUREX process, about 99% of U and Pu
are separated from the spent fuel, while the rest is
treated as waste [ 1]. The waste thus contains about 1%
of U and Pu, in addition to minor actinides (all other
actinides except U and Pu, i. e. mainly Np, Am, and
Cm) and fission products. Some of these fission prod-
ucts and actinides such as ?°Sr, *Tc, '?°I, 135Cs, 137Cs,
Np, Am, and Cm, have half-lives ranging from 30 to
more than 10° per years. Thus, the final storage of nu-
clear waste is a long-term problem. A safe storage of
several hundred to thousands of years is required.

A considerable effort is being made in a number
of countries to study the long-term storage of highly
radioactive wastes after solidification, vitrification
and packaging. Some of the proposals are: disposal
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into caverns, tunnels or holes drilled into geological
formations of hard rock, salt, clay or the sea bed. Pro-
posals have also been made to shoot the waste into
space.

A method suggested as an alternative to the
above stated ones is that of neutron burn-up of the
long-lived nuclear waste nuclides in thermal and fast
reactors. That is, of the conversion of long-lived
nuclides into short-lived or non-radioactive nuclides.
Other devices to be considered for this kind of nuclear
transmutation are: accelerators, molten salt reactors,
blankets of fusion reactors, special transmutation re-
actors, and nuclear explosions. Generally, accelerators
require more power than is generated by the reactors
producing the waste [2]. Molten salt reactors and fu-
sion reactors are not available at present. Special fis-
sion transmutation reactors (e. g. high flux reactors,
accelerator-driven reactors) would require a detailed
reactor design before an analysis of the fuel cycle
could begin. Further, the research, development, and
demonstration costs of such a waste management reac-
tor would be very high [3]. The feasibility and public
acceptance of nuclear explosions is highly doubtful.

The transmutation of solely transuranium
actinides is under consideration in a number of coun-
tries and a considerable amount of literature on the
subject is available. Studies have shown that the trans-
mutation of minor actinides is feasible both in thermal
as well as in fast reactors. However, the main problem
in actinide transmutation is actinide separation from
nuclear waste. The technology of actinide separation
is very complicated and expensive and a lot of research
and development work is required [4]. The high capi-
tal costs of the processing facilities outweigh the pos-
sible benefits from the reduced final waste disposal
charges [5].

Some studies have been carried out in South Ko-
rea on the use of PWR spent fuel in CANDU reactors
directly through the oxidation reduction of oxide fuel
(OREOX) process, known as DUPIC fuel. Economic
analyses of DUPIC fuel handling, fabrication, cycle
and disposal has proved it to be feasible, as well. It has
been established that the DUPIC fuel cycle can save
uranium resources by 20 to 23% and also reduce the
spent fuel for up to 67% [6-9].

Itis, thus, clear that the main obstacle in the recy-
cling of minor actinides is their separation from high
active waste. The removal of minor actinides does not,
of course, eliminate the necessity of protecting the
waste until major fission products have decayed. This
means that a disposal of about one thousand years is
still required. Therefore, it seems worthwhile to look
for a possibility of recycling fission products in nu-
clear reactors along with actinides, in an attempt to
avoid the necessity of perpetual storage.

To achieve this goal, it has been proposed to re-
process the spent fuel with a non-aqueous reprocess-
ing fabrication process called atomics international re-

duction oxidation (AIROX) process [10-15]. This

process is based on the oxidation of UO, fuel to U304

and, then, its re-conversion to UO, by reduction with

hydrogen. The two reactions involved are:

(a) oxidation 3UO, + O, — U30g (reaction takes
place at ~400 °C), and

(b) reduction U305 + H, = 3UO, + 2H,0 (reaction
takes place at ~600 °C).

The phase change in the UO, lattice structure
due to oxidation results in the pulverization of fuel pel-
lets and release of volatile fission products (VFP).
This property is utilized to separate the fuel from the
cladding, e. g., for LWR about 99.9% of the fuel is sep-
arated from the fuel cladding [ 16]. The declad material
is then reduced to UO, by hydrogen. The repetition of
the oxidation reduction process a number of times
(about three times) will produce a fuel powder which
has good sintering properties for the refabrication of
fuel pellets.

This process removes the volatile fission prod-
ucts [like *H (100%), Kr (99%), Xe (99%), Cs (95%)],
and Ru (40%)] from the spent fuel, allowing the recy-
cling of actinides as well as non-volatile fission prod-
ucts (NVFP) without going through the complicated
and expensive methods of separating minor actinides
from the spent fuel. After the removal of volatile fis-
sion products, the remaining fuel is used to re-fabri-
cate new fuel elements, upon the addition of a certain
amount of fissile material to it. The addition of fissile
material is required so as to compensate for the loss of
reactivity due to the burn-up of the fissile material in
the previous cycle and the presence of neutron poisons
in the form of fission products in the fuel. The re-fabri-
cated fuel elements are then used to reload the reactor.
In this way, each reactor accumulates and transmutes
its own actinides and fission products.

This study suggests multiple recycling of NVFP
and actinides by recycling them in fast reactors. With
the increasing number of cycles, the in-pile time, as
well as the concentration of certain nuclides, will in-
crease and that, in turn, will cause an increase in the
transmutation rate of those nuclides. An advantage of
the multiple recycling concept seems to lie in the fact
that the reactor itself offers a safe place for the tempo-
rary storage of fission products and actinides. Fission
products and actinides with half-lives of the order of
one to thirty years may decay to a large extent during
the life of the reactor (approximately 30 years) and one
does not need additional storage for them. In this man-
ner, with the help of the multiple recycling of actinides
and fission products, the problem of waste disposal
should possibly decrease or, at least, postpone the time
for its final storage.

After multiple recycling, the spent fuel contains
U and Pu, as well as high concentrations of fission
products and minor actinides. Either U or Pu are sepa-
rated by the aqueous process from this fuel and the rest
is placed into an ultimate storage (strategy 1) or, all the
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fuel materials are put into an ultimate storage without
separating U and Pu (strategy 2).

Calculations for various in-pile and out-of-pile
parameters (such as fuel inventory, fissile material re-
quirements, activity, decay heat, ingestion hazard and
radiation level) of different recycling schemes in a lig-
uid metal fast breeder reactor (LMFBR) are presented
in this paper. The investigated schemes are plutonium
recycling (PuR) and actinides & fission products recy-
cling (AFR). Plutonium recycling (PuR) is the normal
scheme used in fast reactors. The main purpose of
these calculations is to investigate the advantages and
disadvantages of AFR over PuR with respect to
long-term waste hazards.

REACTOR MODELLING

Method of calculation

Calculations for in-pile as well as out-of-pile pa-
rameters are done by means of a modified version of
the Karlsruhe isotope generation and depletion code,
KORIGEN [17]. This computer code has been used
for burn-up, isotopic concentration and decay charac-
teristics of spent fuel [18-20]. The modifications to the
code are described below.

KORIGEN-M program for
fast reactor calculations

In the modified version of KORIGEN, hereafter
called KORIGEN-M; certain nuclides in the fuel can be
removed or replaced by other nuclides. For example, in
the AIROX recycling process (i. e. AFR) scheme, vola-
tile fission products are removed from the spent fuel.
The decrease in the density due to the accumulation of
NVFP in the fuel is accounted for. The code also takes
into account the fabrication and reprocessing losses.
Furthermore, there is an option allowing the amount of
fissile material added to the recycled fuel to be adjusted
automatically, so that the infinite multiplication factor
(k) at the beginning of each cycle equals the £, at the
beginning of the first cycle.

To increase the accuracy of the results of the fis-
sion product inventory in spent fuel, a novel fission
product yields library for fast reactors has been created
which has since replaced the old KORIGEN fission
product yields library. In the old KORIGEN library,
fission product yields for fast reactors were available
only for three actinides >>3U, 238U, and 2*°Pu. The new
KORIGEN-M library for fast reactors contains data
for seven actinides, . e. 23°U, 238U, 239Py, 24Py, 24!Py,
242py, and 2! Am [21]. In the library, fission product
yields for other actinides (e. g. 2'Np, *Am, ***Cm
etc.) have been put equal to those of the nearest acti-
nide isotopes in mass number.

Depletion calculations

A 1250 MWe liquid metal fast breeder reactor
(LMFBR) is taken as representative of fast reactors. Such
areactor, the Superphoenix, is operating in France [22]. A
detailed model of the 1250 MWe LMFBR is described by
Croff et al. [23]. At reloading time, the LMFBR is refu-
eled with a batch of core fuel elements containing 9.8
TIHM (tons of initial heavy metal) core fuel, 5.166 TIHM
of axial blanket fuel and a batch of radial blanket fuel ele-
ments containing 9.059 TIHM radial blanket fuel. In an
equilibrium cycle, the reactor core consists of 3 and the ra-
dial blanket of 6 batches, respectively. At reloading time, a
batch which has reached its full burn-up at the core is re-
moved and replaced by a fresh batch. At the same time, a
batch from the radial blanket is removed and replaced by a
fresh one. Both blankets are composed entirely of depleted
uranium (0.2 wt.% 233U) in the form of oxide pellets. The
core fuel is comprised of the same depleted uranium en-
riched with 18.5% LWR Pu. The isotopic composition of
LWR Pu is taken as 1.4/55/25.3/13.3/5 percent for
238py/239Pu/YPu/24 PuP42Pu, respectively. The core fuel
is then irradiated for 3 years, resulting in a final burn-up of
101,000 MWD/TIHM. The axial blanket fuel, contained
in the same assembly as the core, achieved a burn-up of
5660 MWD/TIHM at discharge. The radial blanket fuel
irradiated for 6 years and then moved from the outermost
to the innermost row of the radial blanket during this time,
resulted in a burn-up of 7250 MWD/TIHM at discharge.
In this paper, the specific power MWD/TIHM) of the fuel
and the number of irradiation days in the specified reactor
are used as input parameters and kept constant in each cy-
cle for depletion calculations of the different fast reactor
recycling schemes. The startup period of the reactor is ne-
glected and depletion calculations are based on the fuel
that has obtained the required discharge burn-up, as men-
tioned above (for example, 101,000 MWD/TIHM for the
core fuel and 7250 MWD/TIMH for the radial blanket
fuel). Other general characteristics assumed for different
recycling schemes in the said calculations are given be-
low:

— ex-core time for the core fuel in PuR and AFR is
taken to be one year,

— reprocessing and refabrication losses in the aque-
ous reprocessing scheme (i. e. PuR) are assumed
to be 0.5% each, while in the AIROX process
scheme (AFR), these losses are assumed to
amount to 0.1% and 0.5% , respectively,

— in the recycling schemes considered in this paper,
itis assumed that no part of the axial or radial blan-
ket discharged fuel is used in the refabrication of
blanket fuel elements; however, the Pu obtained
after the reprocessing of the discharged fuel from
axial and radial blankets is used for the re-enrich-
ment in the refabrication of recycled core fuel ele-
ments in PuR and AFR; this re-enrichment is re-
quired as a guarantee for the criticality of the
reactor; the cooling and reprocessing time of axial
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and radial blanket elements have been assumed to
amount to 9 months.

Calculations for the 10 complete cycles in each
recycling scheme of the LMFBR have been done. The
duration of a complete cycle is equal to the length of a
fuel cycle which is defined as the time period between
the fabrication of a given fuel batch to its refabrication
after reprocessing (i. e. complete cycle length = fuel cy-
cle length = in-core time + ex-core time). The method

and the cross section data used in the depletion calcula-
tions of both recycling schemes are described below.

PuR

A flow diagram for depletion calculations and for
the adjustment of fissile material in the core of PuR is
given in fig. 1. The cross-sections used are averaged
one-group cross-sections, constant in time, calculated for
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Figure 1. Flow diagram of depletion calculations and the adjustment of fissile material in PuR core fuel
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the initial composition of the SuperPhoenix [22]. Reactor
specific, zone-dependent, one-group effective cross-sec-
tions for the isotopes of actinides and fission products
available in the 26 group extended KFKINR library are
calculated by collapsing the 26 groups to a single group
by using the 26 group energy spectrum obtained by 2-D
calculations performed with a 2-D multi-group diffusion
program DIXY [24]. For the purposes of this study, the
standard 26 group data set, KFKINR [25], developed at
the Forschungszentrum Karlsruhe, Germany, was ex-
tended. The KFKINR energy group structure is the same
as the ABBN energy group structure [26], except for the
thermal group. In the thermal group, the Maxwellian
spectrum averaged cross-sections are used instead of the
2200 mv/s ones. The KFKINR data set is supplemented
with the following group cross-sections:

Actinides

The 26 group data for the 13 actinides, 2**Pa,
237Np, 239Np, 238Pu, 241Am, 242A1’Il, 242mAm’ 243Am,
242Cm, 28Cm, 2**Cm, 2**Cm, and 2*°Cm, are added.

Except for the self-shielding factors, the normal-
ized transfer matrices of elastic and inelastic scattering
and (n, 2n) processes, all the data are calculated from
the differential data library KEDAK-4[27]. The data
are processed with the group constant generating code
MIGROS-3 [28]. The self-shielding factors (f-factors)
for the 4 actinides (namely, 23*Pa, 2*’Np, 2**Pu, and
244Cm and the transfer matrices for the 13 actinides
mentioned above) are taken from the improved ver-
sion of the KFKINR library [29]. The self-shielding
factors for the remaining 9 actinides mentioned above
have been taken as a unity. The KFKINR-2 library
uses the weighting spectrum of a 1300 MWe LMFBR.
Because of the exploratory nature of this investigation,
the time dependence of the weighting spectrum is ne-
glected.

Fission products

The cross-sections for the following 68 fission
product nuclides are added to the KFKINR library in a
26 group representation: 8'Br, 83Kz, 84K, 85K, 3K,
SSRb, 87Rb, 8881’, 9081’, 89Y" 9er’ 9221‘, 9321‘, 94ZI’, 9521‘,
9621,’ 95M0, 97M0, 98M0, IOOMO, 99TC, IOORu, IOIRu,
102Ry, 103Ry, 104Ry, 106Ry, 103Rp, 105pd, 196pq, 107p,
IOSPd, 110Pd’ 109Ag’ 111Cd, IZSTC, 13OTC, 127L 12917 13]17
ISIXC, 132XC, 133XC, 134XC, 136Xe, 133CS, 134CS, 135CS,
137Cs, 138Ba, 139a, 140Ce, 141Ce, 142Ce, 1#4Ce, 14!Pr,
3N, 44Nd, 46Nd, 8Nd, "ONd, 'Y7Pm, 49Sm,
1519m, 152Sm, !53Eu, and !5°Eu. Additional material,
such as the pseudo fission product (FPP9), is also
added to the KFKINR set. The data for these materials
have been calculated by ECN-Petten [30]. Here, again,
a 1300 MW, LMFBR weighting spectrum is used.

It has been confirmed that these 68 fission prod-
ucts constitute about 95% of the total fission products
yield and about 99.5% of the total absorption due to

fission products in fast reactors. The resonance
self-shielding factors for all 68 fission products have
been taken as unity.

The one-group cross-sections, constant in time,
for the light elements and the rest of the isotopes of
actinides and fission products, are taken from the
KORIGEN standard data library for fast reactors [17].

In fast reactors, the cross-sections are not very
dependent on burn-up because of a relatively high in-
ternal conversion; in addition, the neutron spectrum
has a high average energy above the resonance region.
Consequently, the mean free path of neutrons is large
(about 5 cm), as compared to dimensions of the fuel
pins and the distance between the pins. Due to this ef-
fect, the core can be treated as homogenous.

After a cooling time of about 200 days, the spent
fuel is reprocessed through the PUREX process and U
and Pu are separated from it. The recycling of uranium
obtained from the spent fuel has not been considered
and it is assumed that it is to be kept in a temporary
storage until a further decision about its use is reached.

The Pu obtained from the core spent fuel is recy-
cled again and mixed with depleted uranium to re-fab-
ricate new fuel elements to be loaded into the next cy-
cle. This Pu, however, is not sufficient to guarantee the
criticality of the reactor because of its burn-up in the
last cycle in the core. Therefore, a certain amount of
blanket (axial and/or radial blanket) Pu has to be
added, keeping the volume of the core fuel constant in
each cycle. The ratio of Pu and depleted U is adjusted
so that the K, at the beginning of each cycle is equal to
the K, at the beginning of the first cycle. A total cycle
loss of 1% of Puand U during reprocessing (0.5%) and
re-fabrication (0.5%) of the fuel elements has been
considered.

AFR

A flow diagram of depletion calculations and the
adjustment of fissile material in the AFR core fuel is
given in fig. 2. Average one-group cross-sections, con-
stant in time, used in these calculations are the same as
mentioned in the case of PuR. In the fuel, the neutron
spectrum will become harder with the increasing num-
ber of cycles. This increased average energy in a fast re-
actor is above the resonance region where the fission
and capture cross-sections do not vary rapidly. There-
fore, the change in cross-sections due to this effect is
small. However, for exact calculations, one-group
cross-sections averaged over the neutron spectrum for
various burn-up steps in each cycle have to be used.

After a cooling time of about 200 days, the spent
fuel is treated by the AIROX process which removes
volatile fission products. The rest of the fuel is then
available for the refabrication of fuel elements to be
loaded in the next cycle.

The fissile material added to the recycled fuel for
criticality is taken to be blanket Pu. If the Pu from axial
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Figure 2. Flow diagram of depletion calculations and the adjustment of fissile material in AFR core fuel

and radial blankets is not sufficient for enrichment, ad-
ditional Pu is assumed to be taken from the blankets of
a similar LMFBR which may not be operating under
the AFR scheme.

Determination of cumulative high
active waste (HAW) per TIHM

In both recycling schemes, i. e. PuR and AFR,
the cumulative waste per TIHM for the core fuel is cal-
culated 7 years after the discharge of the fuel from the
last cycle. In these calculations, the decay of nuclides

present in the waste from the first to the 10 cycle is
taken into account. The total time from the start of the
first cycle to the calculation of cumulative HAW is 46
years.

In PuR, the cumulative waste per TIHM for the
core fuel is calculated by adding the waste from fabri-
cation losses and the waste from the aqueous repro-
cessing of the spent fuel.

In AFR, the cumulative waste per TIHM for the
core fuel is calculated by adding the fabrication losses,
volatile fission products, losses in AIROX reprocess-
ing and waste from the last fuel cycle according to the
following two strategies:
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— AFR (S1): U and Pu are separated by an aque-
ous process from the finally recycled fuel and the fuel
removed during re-fabrication, and

— AFR (S2): U and Pu are not separated from the
finally recycled or removed fuel.

The cumulative waste due to axial and radial
blankets will be the same in both PuR and AFR, be-
cause they were started with the same material (i. e. de-
pleted U) and are assumed to have the same specific
power and burn-up characteristics in both recycling
processes. The waste from the blankets being the same
in PuR and AFR has not been considered.

RESULTS AND DISCUSSION

The results of calculations for in-pile (e. g. fuel in-
ventory, fissile material requirements) and out-of-pile
parameters (including activity, decay heat and radiation
in the spent fuel and cumulative waste) for different re-
cycling schemes in an LMFBR are presented. The re-
sults for each parameter are initially discussed for the
respective recycling scheme and afterwards compared
with those of the other recycling scheme.

Fuel inventory

The fuel inventory gramme (g) per TIHM at the
charge and discharge of core fuel in each cycle in PuR
and AFR is discussed in the following sub-sections:

PuR

The nuclide inventory per TIHM for the core fuel
at charge and discharge in different fuel cycles in a PuR
is given in tab. 1. The Pu vector has changed from the
LWR Pu vector 238Pu/3°Pu/>*°Pu/>*'Pu/>42Pu equal to
1.4/55.0/25.3/13.3/5.0, respectively, at the beginning of
the first cycle, to 0.2/59.0/34.6/3.6/2.6, at the beginning
of the 10" cycle. The amount of >3Pu and ?*°Pu has in-
creased while that of 238Pu, 2*!Pu, and 2*2Pu decreased.
The behavior of different isotopes of Pu with the in-
crease in the number of cycles is shown in fig. 3. Since
the reactor is started with LWR Pu, it has relatively large
isotopic concentrations of 238Pu, 24! Pu, and 2>Pu at the
beginning of the first cycle. In an irradiation cycle, the
fuel changes mainly due to the burn-up of 23°Pu and
241py and the buildup of *°Pu via neutron captures in
2381, Because of its large fission cross-section, 2*'Pu
burns more rapidly than 23°Pu. During re-fabrication,
blanket Pu containing mainly ?*°Pu is added. These iso-
topes come almost in equilibrium after cycle 3. How-
ever, a very small decrease in the value of *°Pu and a
very small increase in the value of >*!Pu occur after cy-
cle 5, due to the increasing amount of 2*°Pu.

However, the amount of 2*°Pu increases continu-
ously with the increasing number of cycles because its
rate of production through neutron capture in 2°Pu is

Mass [kg]
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20 [2‘2Pu -
242
P QATPU
L 238 -
" Pu i e e T e ———
ﬁh—ﬂtg—o-—-—-— —— e L
04 2 3 4 5 6 7 8 9 10
Cycle number

Figure 3. Amount of different Pu isotopes per TIHM
present in the core fuel at the beginning of different fuel
cycles in PuR and AFR

higher than its destruction through neutron absorption.
The increase in the amount of ?*°Pu contributes to the
positive reactivity of the system because the specific re-
activity worth of 24°Pu is positive. The specific reactivity
worth is defined as the ratio of the change in core reactiv-
ity per incremental kilogram of the specific material
loaded and is calculated by incrementing the initial load
of each material by 10 kilograms [31]. The increase in the
amount of 2*°Pu through neutron capture contributes to
the increase in the production of >*'Pu, adding to the pos-
itive reactivity of the system. Due to these two effects, the
amount of 2**Pu required to maintain reactor criticality
decreases slightly after the 5™ cycle.

In the fuel discharged at each cycle, the amount
of 2! Am produced mainly through the decay of >*'Pu
behaves similarly as >*!Pu, i. e. it decreases for the first
4 cycles and then increases with the increasing number
of cycles (tab. 1). 23Am, produced via neutron capture
in 242Pu, similarly, decreases with the increasing num-
ber of cycles, as is the case with ?*’Pu. Since the pro-
duction of >**Cm and higher isotopes of Cm are de-
pendent on ?*Am, at the end of each cycle, they
decrease in a similar manner with the increasing num-
ber of cycles as those pertaining to > Am. The amount
of individual and total fission products produced in
each cycle remains the same.
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Table 1. Nuclide inventory (gramme per TIHM) at the charge and discharge of core fuel in different fuel cycles for PuR in
a 1250 MWe LMFBR

Cycle 1 Cycle 3 Cycle 5 Cycle 7 Cycle 10
Chg.* Disch.” Chg. Disch. Chg. Disch. Chg. Disch. Chg. Disch.
3y 1.68+3" 6.75+2 1.60+3 6.58+2 1.59+3 6.56+2 | 1.59+3 6.53+2 1.58+3 | 6.52+2
By 0.0 2.05+2 0.0 1.98+2 0.0 1.98+2 0.0 1.98+2 0.0 1.99+2
| 8.14+5 7.19+5 7.99+5 7.07+5 7.94+5 7.03+5 | 7.92+5 7.01+5 7.90+5 | 7.00+5
NP 0.0 3.19+2 0.0 3.06+2 0.0 3.03+2 0.0 3.03+2 0.0 3.02+2
3y 2.58+3 1.72+3 1.20+3 8.23+2 6.62+2 536+2 | 5.22+2 4.66+2 4.92+2 | 4.55+2
#8py 1.0245 9.92+4 1.26+5 1.09+5 1.26+5 1.03+5 | 1.24+5 1.08+5 1.23+5 | 1.07+5
Hopy 4.67+4 5.18+4 570+4 | 6.20+4 6.49+4 6.79+4 | 6.92+4 7.10+4 7.20+4 | 7.30+4
2#1py 2.46+4 1.08+4 6.87+3 6.76+3 6.54+3 72043 | 7.01+3 7.61+43 73843 | 7.90+3
22py 9.22+3 9.79+3 8.66+3 6.69+3 6.83+3 6.36+3 | 5.95+3 5.79+3 55143 | 5.52+3
#Am 0.0 1.56+3 6.88+2 0.0 7.09+2 7.09+2 0.0 7.55+2 0.0 7.88+2
#Am 0.0 1.51+3 0.0 1.23+43 0.0 9.93+2 0.0 8.86+2 0.0 8.34+2
*Cm 0.0 13142 0.0 5.18+1 0.0 5.27+1 0.0 5.61+1 0.0 5.87+1
#Cm 0.0 3.62+2 0.0 2.98+2 0.0 2.37+2 0.0 2.10+2 0.0 1.96+2
5Cm 0.0 2.39+1 0.0 1.96+1 0.0 1.55+1 0.0 1.37+1 0.0 1.27+1
#5Cm 0.0 4.08-1" 0.0 5.75-1 0.0 4.53-1 0.0 3.98-1 0.0 3.70-1
#Cm 0.0 3.24-4 0.0 2.56-4 0.0 2.00-4 0.0 1.75-4 0.0 1.63—4
B2Cr 0.0 2.32-11 0.0 1.72-11 0.0 1.33-11 0.0 1.16-11 0.0 1.07-11
Total act. | 4.00+6 8.97+5 1.00+6 8.97+5 1.00+6 8.97+5 | 1.00+6 8.97+5 1.00+6 | 8.97+5
%S¢ 0.0 7.99+2 0.0 8.10+2 0.0 8.08+2 0.0 8.07+2 0.0 8.06+2
Mo 0.0 1.75+3 0.0 1.77+3 0.0 1.77+3 0.0 1.77.3 0.0 1.77+3
PTe 0.0 2.33+3 0.0 23543 0.0 23543 0.0 2.35+3 0.0 23543
110py 0.0 2.54+3 0.0 2.55+3 0.0 2.55+3 0.0 2.55+3 0.0 2.55+3
1%py 0.0 8.43+2 0.0 8.22+2 0.0 8.24+2 0.0 8.26+2 0.0 8.27+2
'%Rb 0.0 2.61+3 0.0 2.63+3 0.0 2.63+3 0.0 2.63+3 0.0 2.63+3
19pq 0.0 22143 0.0 2.19+3 0.0 2.19+3 0.0 2.19+3 0.0 2.19+3
197pq 0.0 1.34+3 0.0 1.28+43 0.0 1.28+43 0.0 1.29+3 0.0 1.29+3
10 0.0 7.04+42 0.0 7.39+2 0.0 7.39+2 0.0 7.41+42 0.0 7.42+2
BlXe 0.0 1.99+3 0.0 2.03+3 0.0 2.03+3 0.0 2.03+3 0.0 2.03+3
33¢s 0.0 3.64+3 0.0 3.66+3 0.0 3.66+3 0.0 3.66+3 0.0 3.66+3
B4Cs 0.0 2.19+2 0.0 2.14+2 0.0 2.13+2 0.0 2.12+2 0.0 2.12+2
35¢Cs 0.0 4.26+3 0.0 4.27+3 0.0 4.27+3 0.0 4.27+3 0.0 427+3
Bcs 0.0 3.76+3 0.0 3.7543 0.0 3.7543 0.0 3.7543 0.0 3.75+3
Ce 0.0 8.21+42 0.0 8.1242 0.0 8.1242 0.0 8.1242 0.0 8.12+2
141py 0.0 3.02+3 0.0 3.03+3 0.0 3.03+3 0.0 3.03+3 0.0 3.03+3
"INd 0.0 2.55+3 0.0 2.54+3 0.0 2.54+3 0.0 2.54+3 0.0 2.54+3
“Nd 0.0 1.85+3 0.0 1.83+3 0.0 1.83+3 0.0 1.83+3 0.0 1.83+3
Tpm 0.0 7.88+3 0.0 7.84+2 0.0 7.84+2 0.0 7.84+2 0.0 7.85+2
9Sm 0.0 6.16+2 0.0 6.12+2 0.0 6.12+2 0.0 6.13+2 0.0 6.13+2
lSm 0.0 3.70+2 0.0 3.68+2 0.0 3.68+2 0.0 3.69+2 0.0 3.69+2
Total F. P. 0.0 1.03+5 0.0 1.03+5 0.0 1.03+5 0.0 1.03+5 0.0 1.03+5
T"Jta;i P 1 oove 1.00+6 1.00+6 | 1.00+6 1.00+6 | 1.0046 | 1.00+6 | 1.0046 | 1.00+6 | 1.00+6

" 1.68+3 = 1.6810°

"4.08-1=4.08-10"

* Charge corresponds to the beginning of an irradiation cycle
® Discharge corresponds to the end of an irradiation cycle
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The nuclide inventory per TIHM at the charge 70" ————AFR 4
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AFR is given in tab. 2. The total amount of fuel per 400 e e ,__,/-""
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which does not contain fission products. All of the
fuel obtained through AIROX reprocessing cannot be
used in the refabrication of fuel elements to be rein-
troduced into the reactor. The surplus fuel is removed
and placed in a temporary storage.

The Pu vector has changed from LWR Pu vec-
tor 238Pu/239Pu/240Pu/>4 Pu/?4?Pu equal to 1.4/55.0/
/25.3/13.3/5.0, respectively, at the beginning of the
first cycle, to 0.4/69.8/25.1/2.7/2.0 at the beginning
of the 10'" cycle. The behavior of different isotopes
of Pu with an increase in the number of cycles in an
AFR is given in fig. 3. The curves for Pu isotopes in
AFR have almost the same structure as those in PuR.
The deviations of the curves in AFR relative to PuR
are explained below:

The amounts of 2*Pu and 23®Pu are larger in
AFR than in PuR, while those of 2*°Pu, 24!Pu, and
242Py are smaller. In principle, all Pu isotopes should
have smaller amounts in AFR than in PuR because,
during re-fabrication, a fraction of Pu isotopes is taken
out along with the fuel removed from the recycled fuel.
However, 2*®Pu and 23°Pu are exceptions to this rule.
The fuel is removed because of the reduction in the
density of the recycled fuel due to the accumulation of
NVEFP. Fuel is also removed so as to make room for the
addition of fissile material in order to maintain the crit-
icality of the reactor. Figure 4 shows the amount of dif-
ferent materials taken out along with the removed re-
cycled fuel during the re-fabrication of fuel elements
in different cycles.

The amount of 23¥Pu is larger in AFR than that in
PuR because of the recycling of 2*’Np and **'Am in
AFR. 2%Py is produced through neutron captures in
23"Np and by the decay of **>Cm produced through
captures in >! Am. In PuR, 2’Np and >*! Am are not re-
cycled.

The amount of 23°Pu is larger in AFR than in
PuR. This is mainly because of the accumulation of
fission products and minor actinides which produce
negative reactivity in the reactor. This negative reac-
tivity is compensated by adding the fissile material,
mainly 23°Pu.

Cycle number

Figure 4. Amount of different materials removed from
the recycled core fuel during re-fabrication in AFR

In AFR, the amount of 2*°Pu decreases slowly
with the increasing number of cycles after the 3™ cy-
cle. This is mainly due to the following reasons.

— The amount of fission products taken out in
each cycle along with the removed recycled fuel in-
creases with the increasing number of cycles (fig. 4)
because the concentration of fission products in the
fuel increases. As a consequence, with the increase in
the number of cycles, less fission products are added to
the fuel (fig. 5). Therefore, in order to compensate
their effect, the increase in the amount of 23°Pu is less
required in later than in the earlier cycles.

— In an LMFBR, fission products important for
absorption (e. g. '9Pd, '"'Ru, '3Rh, *Tc, 133Cs, 197Pd,
149Sm, 47Pm, 13'Sm, '¥Nd, '*Nd, and **Mo) which
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Figure 5. Amount of actinides and fission products
per TIHM present in the core fuel at the beginning of
different fuel cycles in PuR and AFR
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Table 2. Nuclide inventory (gramme per TIHM) at the charge and discharge of core fuel in different fuel cycles for PuR in
a 1250 MWe LMFBR

Cycle 1 Cycle 3 Cycle 5 Cycle 7 Cycle 10
Chg.* Disch.” Chg. Disch. Chg. Disch. Chg. Disch. Chg. Disch.
) 1.68+3° | 6.75+2 | 2.54+2 | 1.15+2 | 5.72+1 3.87+1 2.97+1 2.58+1 1.82+1 1.60+1
By 0.0 2.05+2 | 23042 | 2.18+2 | 1.78+2 1.53+2 1.21+2 1.04+2 7.01+1 6.14+1
) 8.14+5 | 7.19+5 | 5.64+5 | 4.95+5 | 3.78+3 3.27+5 2.38+5 2.02+5 1.06+5 8.71+4
NP 0.0 30942 | 4.18+2 | 4.48+2 | 3.84+2 3.47+2 2.64+2 2.26+2 1.26+2 1.05+2
8py 2.50+3 | 1.72+3 1.58+3 1.49+3 1.37+43 1.24+3 1.1143 9.82+2 7.62+2 6.54+2
8y 1.02+5 | 9.92+4 1.34+5 | 9.48+4 | 1.32+2 7.75+4 1.29+5 6.14+4 1.26+5 4.30+4
#0py 4.67+4 | 5.18+4 | 529+4 | 5.83+4 | 5.50+4 5.90+4 5.34+4 5.50+4 4.53+4 4.65+4
2#ipy 246+4 | 1.08+4 | 628+3 | 637+3 | 5.89+3 6.46+3 5.61+3 6.25+3 4.95+3 3.90+3
H2py 92243 | 9.79+3 | 7.91+3 | 7.12+43 | 5.7243 5.42+3 45143 4.53+3 3.56+3 3.72+3
#Am 0.0 1.56+3 1.92+3 1.50+3 1.5243 1.22+3 13143 1.03+3 9.97+2 7.48+2
#5Am 0.0 15143 | 2.04+3 | 2.29+3 | 2.02+3 1.97+3 1.62+3 1.58+3 1.20+3 1.2343
*2Cm 0.0 13142 | 3.33+1 1.58+2 | 2.88+1 | 1.40+32 2.73+1 137424 | 247+2 1.22+42
#Cm 0.0 3.6242 | 88242 | 1.46+3 | 1.56+3 1.80+3 1.54+3 1.63+3 1.20+3 1.29+3
*Cm 0.0 2.39+1 1.04+42 | 2.18+2 | 2.83+2 3.50+2 3.31+2 3.48+2 2.09+2 2.76+2
#5Cm 0.0 7.08-17 | 6.56+0 | 223+1 | 4.18+1 6.95+1 8.37+1 1.07+2 1.06+2 1.17+2
#Cm 0.0 3.24-4 1.18-2 9.05-2 3.04-1 7.95-1 1.38+0 2.39+0 3.75+0 4.82+0
BCr 0.0 232-11 | 1.05-8 | 5.11-7 | 3.96-6 3.10-5 8.05-5 3.11-4 8.50-4 1.93-3
Totalact. | 1.00+6 | 8.97+5 | 7.73+5 | 6.70+45 | 5.96+5 | 4.83+5 4.38+5 3.36+5 2.90+5 1.91+5
%Sy 0.0 7.99+2 136+3 | 20543 | 2.29+3 2.89+3 2.85+3 3.39+3 3.18+3 3.57+3
%Mo 0.0 1.75+3 35143 | 4.96+3 | 5.97+3 7.1243 7.39+3 8.30+3 8.0143 8.66+3
PTe 0.0 233+3 | 4.00+3 | 57443 | 6.44+3 7.74+3 7.65+3 8.67+3 8.01+3 8.84+3
11opy 0.0 25443 | 21343 | 437+3 | 2.62+43 | 4.84+3 27143 4.97+3 2.03+43 4.96+3
1%py 0.0 8.43+2 24442 | 8.57+2 | 241+2 8.58+2 2.37+2 8.52+2 2.28+2 8.31+2
1Rb 0.0 26143 | 4.66+3 | 643+3 | 7.23+3 8.34+3 8.16+3 8.83+3 7.80+3 8.2143
1%5pq 0.0 22143 3.6643 | 5.14+3 | 5.67+3 6.77+3 6.66+3 7.57+3 7.03+3 7.83+3
17pq 0.0 13443 | 228+3 | 3.37+3 | 3.9243 4.95+3 5.1343 6.13+3 5.26+3 7.23+3
0Ag 0.0 7.6442 | 13243 | 1.96+3 | 2.29+3 | 2.90+3 3.03+3 3.6743 3.89+43 4.59+3
BlXe 0.0 1.99+3 1.0142 | 21343 | 1.00+2 | 2.12+3 9.80+1 2.1043 9.44+1 2.06+3
3Cs 0.0 3.64+3 3.50+1 | 3.66+3 | 3.42+1 | 3.61+32 3.30+1 3.53+3 3.12+1 3.39+3
BiCs 0.0 2.19+2 1.54+0 | 2.3843 1.68+0 2.68+2 1.87+0 3.05+2 2.22+0 3.64+2
B5¢s 0.0 42643 | 4.07+1 | 43142 | 4.01+1 4.28+3 3.92+1 4.25+3 3.78+1 4.17+3
B7Cs 0.0 3.76+3 3.49+1 3.78+3 | 3.43+1 3.76+3 3.36+1 3.7343 3.24+1 3.86+3
Ce 0.0 82142 | 32142 | 821+2 | 3.11+2 8.06+2 3.0142 7.88+23 | 2.83+2 7.54+2
14py 0.0 3.0243 | 5.69+3 | 8.49+3 | 1.02+4 1.27+4 1.33+4 1.56+4 1.56+4 1.77+4
INd 0.0 2553 | 4.55+3 | 6.67+3 | 7.7243 9.47+3 8.59+3 1.10+4 1.05+4 1.17+4
"Nd 0.0 1.85+3 32143 | 47043 | 5.38+3 6.62+3 6.67+3 7.72+3 7.40+3 8.30+3
47pm 0.0 7.88+3 | 73142 | 1.06+3 | 8.02+2 1.13+3 8.40+2 1.20+3 8.92+2 1.29+3
9Sm 0.0 6.16+2 | 8.86+2 | 1.14+3 1.2043 1.39+3 1.36+3 1.56+3 1.49+3 1.67+3
ISm 0.0 37042 | 53242 | 7.04+2 | 7.56+2 9.16+2 9.18+3 1.09+3 1.09+3 1.27+3
Total F. P. 0.0 1.03+5 | 13245 | 2.34+5 | 2.39+5 3.4145 3.20+5 422+5 3.93+5 4.98+5
E 1T>.Ofim 1.00+6 | 1.00+6 | 9.05+5 | 9.04+5 | 8.24+5 8.24+5 7.58+5 7.58+5 6.83+5 6.89+5

" 1.68+3 = 1.68-10°

77.08-1=7.0810"

* Charge corresponds to the beginning of an irradiation cycle
" Discharge corresponds to the end of an irradiation cycle
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produce the negative reactivity in a reactor, increase
less rapidly with the increasing number of cycles and
reach almost an equilibrium after the fifth cycle (fig.
6). This is because, as the concentration of fission
products increases with the increasing number of cy-
cles, larger amounts of important fission products are
converted to less important fission products, due to
neutron capture (for example, '%°Pd, which has a rela-
tively higher capture cross-section (o, = 0.8 b"), is
converted to '%Pd (5, =0.23 b). As a consequence, the
amount of 23°Pu required to compensate for the nega-
tive reactivity of NVFP increases less rapidly with the
increasing number of cycles.

— In an AFR, the amount of 238U decreases al-
most constantly, along with the increasing number of
cycles. This decrease in the amount of 23U, as men-
tioned previously, is due to the reduction in the density
of the fuel, as well as to its removal along with the re-
moved recycled fuel, so as to make room for the fissile
material which needs to be added to guarantee the crit-
icality of the reactor. Since 23U has a very small nega-
tive specific reactivity worth, the decrease in the
amount of 28U gives rise to positive reactivity. This
means that somewhat less fissile material, i. e. 23°Pu, is
required to maintain the same criticality at the begin-
ning of each cycle. In earlier cycles, this positive effect
in reactivity is compensated by the large negative ef-
fect in reactivity due to the large increase in important
NVFP, since NVFP have a comparatively large nega-
tive specific reactivity as compared to 2*3U. This is
why the amount of 2*°Pu required for the criticality of
the reactor increases in earlier cycles.
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Figure 6. Amount of different fission products per TIHM
present in the core fuel at the beginning of different fuel
cycles in AFR

b=10"m?

Inlater cycles, the important NVFP increase less
rapidly or almost reach equilibrium, so that the effect
of positive reactivity due to the decrease in the amount
of 28U becomes dominant over the negative effect due
to NVFP. Therefore, in later cycles, the amount of the
239Pu required to maintain the criticality of the reactor
decreases.

— The amount of minor actinides increases in the
first few cycles and then decreases with the increase in
the number of cycles, as depicted in fig. 7, this being
particularly true of >*' Am which has a high negative
specific reactivity worth, on the decline with the rise in
the number of cycles. >*! Am decreases because >*'Pu
decreases and, due to the large absorption cross-sec-
tion of the former, it does not get accumulated. >**Am
which also has a negative specific reactivity worth, in-
creases for the first four cycles and then decreases. In
the first few cycles, it gets accumulated because its
production rate through captures in 2*’Pu is higher
than its destruction through absorption. In later cycles,
as its concentration is on the increase, its destruction
rate through absorption also rises. On the other hand,
its production rate through captures in **>Pu decreases
because 24?Pu decreases with the increasing number of
cycles. Therefore, the amount of >**Am will decrease
in later cycles. >**Cm, having a small positive reactiv-
ity, increases rapidly in earlier cycles and then slowly
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Figure 7. Amount of minor actinides per TIHM present
in the core fuel at the beginning of different fuel cycles in
AFR
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decreases over later cycles. The reason for this behav-

ior is similar to that of 2 Am. **Cm is produced

through captures in **Am. The behavior of ' Am,

243 Am, and **Cm gives rise to positive reactivity in

the reactor in later cycles. Therefore, instead of an in-

crease as in earlier cycles, the amount of 23Pu will de-
crease, due to minor actinides in the later cycles.

In an AFR, in contrast to PuR, the amount of
239Pu decreases in later cycles. This is due mainly to
the following reasons:

— the production of **’Pu through neutron captures
in **’Pu decreases because the amount of **’Pu de-
creases with the increasing number of cycles, and

— along with the recycled fuel, a certain amount of
*%Pu is also removed during the re-fabrication of
fuel elements. This fuel is removed because of the
reduction in the density of the fuel, as well as so to
make room for the fissile material which has to be
added to guarantee the criticality of the reactor.

Amount of fissile material
added to guarantee the criticality
of the reactor

To guarantee the criticality of the reactor, a cer-
tain amount of fissile material has to be added during
the fabrication/re-fabrication of core fuel elements.
The amount of fissile material (**°Pu + 2*'Pu) added
per TIHM with respect to fuel cycle numbers of the in-
dividual recycling schemes in an LMFBR is given in
fig. 8. The first cycle is the same, both in PuR and
AFR. The core fuel in the first cycle is enriched with
LWR Pu. In the second and later cycles, only core Pu is
recycled in PuR, while all actinides and NVFP are re-
cycled in AFR. The fissile material added in these cy-
cles to achieve the criticality of the reactor during the
re-fabrication of core fuel elements is blanket Pu,
mainly 2*°Pu (~95%). The behavior of the curves is
shown in fig. 8, upon which the second cycle can be
explained as follows.

PuR

In PuR, the amount of fissile material added dur-
ing the re-fabrication of core fuel elements decreases
slowly with the increasing number of cycles and then
almost reaches equilibrium. This slight decrease is due
to an increase in the amount of 2*°Pu in the recycled
core fuel which adds positive reactivity to the reactor,
as its specific reactivity worth is slightly positive. The
cumulative amount of fissile material required to be
added per TIHM of'the PuR core fuel, in the 10 fuel cy-
cles, including the first one, is about 292 kg.

AFR

In an AFR, the amount of fissile material added
to guarantee the criticality of the system during the
re-fabrication of core fuel elements increases with the
increasing number of cycles and is higher than in PuR.
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Cycle number

Figure 8. Amount of fissile material (**Pu + **'Pu) added
per TIHM during fabrication/re-fabrication of the core
fuel to maintain the criticality of the reactor for different
recycling schemes in an LMFBR

This higher amount of required fissile material is
mainly due to following reasons:

— because of the accumulation of fission prod-
ucts in the recycled fuel, a negative reactivity is pro-
duced which has to be compensated by the addition of
fissile material,

—in an AFR, the amount of 238U decreases with
the increasing number of cycles, as demonstrated in
fig. 5. This decrease in 238U causes a reduction in the
buildup of 2*°Pu through neutron captures during the
irradiation cycle. Therefore, in AFR, the burn-up
swing, . e. the difference between the amount of fissile
material (3°Pu + ?*'Pu) per TIHM at the beginning
and at the end of an irradiation cycle, increases with
the increasing number of cycles, as shown in fig. 9.
This difference is higher in AFR than in PuR because
of the decrease in 238U, as mentioned above. To guar-
antee the criticality of the reactor in the next cycle, this
disparity in the fissile material has to be compensated
in the re-fabrication of fuel elements, requiring higher
amounts of fissile material in an AFR than in a PuR
scheme. Furthermore, due to the decrease in 238U, its
contribution to fast fissions in the system will also de-
crease, leading to a further increase in the amount of
fissile material to be added, and

— as already mentioned, a certain amount of fis-
sile material is taken out along with the fuel removed
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Figure 9. Amount of fissile material (**Pu + >*'Pu) per
TIHM present in the core at the charge and discharge of
the fuel in each fuel cycle in PuR and AFR

from the recycled material. The amount of fissile ma-
terial taken out needs to be compensated for.

In an LMFBR, the necessary amount of fissile
material per cycle to be added to the reactor for its criti-
cality increases almost constantly with the increasing
number of cycles. This is because, with the increasing
number of cycles, the decline in the amount of 23U re-
mains almost constant and, therefore, the production
of 2¥Pu during an irradiation cycle decreases con-
stantly, as discussed above. Although important NVFP
almost reach equilibrium after cycle 5 (fig. 6), the
amount of fissile material to be added due to this effect
is small compared to that added due to the decrease in
238U, Because of the small capture cross-sections of
the NVFP in a fast reactor spectrum, the fissile mate-

rial penalty due to NVFP is not as severe in fast reac-
tors as in thermal reactors. The fissile material penalty
in fast reactors comes mainly from the reduction in the
amount of 23U. However, the decrease in 28U is a
consequence of the accumulation of NVFP, as dis-
cussed in this sub-section.

The cumulative amount of fissile material
(**°Pu +2*'Pu) required to be added per TITHM of core
fuel in an AFR over the 10 cycles, including the first

cycle, is about 664 kg. This is approx. 128% more than
required for PuR.

Cumulative high active
waste per TIHM

The cumulative waste per TIHM from the core
fuel in PuR and AFR is calculated after 10 cycles, ac-
cording to the assumption described in the sub-section
Determination of cumulative high active waste (HAW)
per TIHM. The amount of different nuclides in this cu-
mulative waste, seven years after the discharge of the
fuel from the 10" cycle, is presented in tab. 3. As men-
tioned above, the activity, decay heat, ingestion haz-
ards and neutron radiation in the cumulative waste
from core fuel in different recycling schemes and from
the axial and radial blanket fuel with respect to waste
decay times are given in fig. 10. The ingestion hazard
(annual ingestion hazard) is defined as the volume of
water required to dilute it to its maximum permissible
concentration for continuous ingestion by an occupa-
tionally exposed individual per year. In this paper, the
ingestion hazard is calculated according to German
limits for the annual intake [33], an unit commonly

used in literature.

Before discussing the results in detail, it is help-
ful to keep in mind the following general conclusions
obtained from fig. 10:

—  for the first three centuries, the level of activity, nu-
clear waste decay heat and ingestion hazards were
dominated by fission products, namely, *’Sr and
137Cs. Other major contributors to this activity are
1 Am, **'Pu, ***Cm, and, as to the decay heat, those
of #*Pu, **' Am, and **Cm, respectively. 1 Am is
either present in the cumulative waste or built up
through the decay of **'Pu after the discharge,

— after approx. 3000 to 6-10* years, the main contri-

butors to these parameters are 243Am, 240Pu, and
239
Pu,

— after approx. 610* years, the long-lived fission

products, namely, *Tc,'®1, and "*°Cs, contribute
to the level of activity and decay heat, in addition
to actinides like *’Pu, *’Np, and its daughter-
products (e. g. *’Th, *'"Th, *"*Po, and *"’Bi). The
ingestion hazard after about 6-10* years is domi-
nated by “*°Ra, a daughter-product of ***U, and

— over the first century of decay, major contributors

to neutron radiation in the waste come from ***Cm
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Table 3. Cumulative waste (gramme per TIHM) of the
core fuel for different recycling schemes in a 1250 MWe
LMFBR

PuR AFR

AFR (S1) AFR (S2)
By 231-4 3.56-4 7.12-3
2y 7.32+1 1.23+1 1.46+2
28y 7.05+4 2.27+4 3.20+5
Np 3.58+3 4.53+2 4.53+2
8py 1.96+2 7.37+1 1.49+3
29py 1.07+4 5.12+3 1.00+5
20py 8.04+3 3.85+3 8.61+4
#ipy 2.68+2 1.60+2 5.43+3
22py 6.86+2 4.01+2 7.75+3
TAm 1.19+4 6.20+3 6.20+3
5 Am 1.06+4 2.47+3 2.47+3
MCm 9.78+2 1.42+3 1.42+3
SCm 1.65+2 4.68+2 4.68+2
#5Cm 4.83+0 1.67+2 1.67+2
8Cm 2.16-3 5.98+0 5.98+0
U 7.07+4 2.27+4 3.21+5
Np 3.58+3 4.53+2 4.53+2
Pu 1.99+4 9.61+3 2.01+5
Am 2.28+4 8.79+3 8.79+3
Cm 1.17+3 2.10+3 2.10+3
Minor act. 2.78+4 1.13+4 1.13+4
Total act. 1.18+5 4.38+4 5.33+5
Sy 4.62+3 4.28+3 4.28+3
PTe 2.36+4 1.39+4 1.39+4
BiCs 2.18+4 2.15+4 2.15+4
5ISm 3.06+3 1.75+3 1.75+3
Total F. P. 1.03+6 1.03+6 1.03+6
Total waste 1.15+6 1.07+6 1.56+6

and 2**Cm. Then, up to about to 5-10" years, they are
replaced by **Cm and, later on, >**Cm and ***Pu take
over their role.
These general conclusions, along with the
amount of cumulative waste given in tab. 3, are meant
to aid the understanding of the results plotted in fig. 10.

PuR

The amount of activity, decay heat, ingestion
hazard, and neutron radiation with respect to waste de-
cay times in the cumulative waste per TIHM of the
PuR core fuel is given in fig. 10. The main contributors
to these parameters regarding the waste decay times
under consideration are those mentioned above.

AFR
The results for the cumulative waste per TIHM

of the core fuel calculated by the two strategies are
compared first and, then, to PuR.

AFR(S1) vs. AFR(S2)

The amount of U and Pu in the cumulative waste
is higher by about a factor of 14 to 20, respectively, in
an AFR(S2) in comparison to AFR(S1), because in

AFR(S2) these elements are not separated through the
aqueous reprocessing of'its last cycle. Due to these ele-
ments (especially because of the presence of **'Pu and
its decay into >'Am), the amount of activity, decay
heat and ingestion hazard after about 250 years to 10°
years of waste decay time is by a factor of about 2 to 11
higher in AFR(S2) than in AFR(S1). For the first two
to three centuries, the amount of decay heat is higher
by about 10% to 200% in AFR(S2) than in an
AFR(S1), mainly because of the higher amounts of
238py and **! Am (produced through decay of **'Pu) in
an AFR(S2), as opposed to AFR(S1).

AFR vs. PuR

The cumulative mass of total actinides in the
waste is about 62% smaller in AFR(S1) compared to
that of PuR, mainly because of the very small losses as-
sumed in the AIROX process, as shown in tab. 3.The
cumulative mass of Am and Np decreases by about 60%
and 90%, respectively, while that of Cm, which is a
strong neutron emitter through spontaneous fission, in-
creases by about 80%. From the point of view of short
and long-term waste hazard, among fission products,
908, 137Cs, PTe, 12°1, and '33Ca are important contribu-
tors. Cs and I, being volatile, are not recycled. The
transmutation of %°Sr is very small (only about 7%)
because it has a very small capture cross-section
(0,=0.013 b) ina fast reactor spectrum. Fission product
PTc (o, = 0.55 b) is reduced by about 40%.

At first, for nearly two centuries, the amount of
activity, decay heat and ingestion hazard is almost the
same in both AFR(S1) and PuR. This is because the
main contributors (i. e. °*Sr and '3’Cs) to these param-
eters in the decay times under consideration remain
about the same both in AFR(S1) and PuR. After about
200 years, the amount of activity, decay heat and in-
gestion hazard is smaller in an AFR(S1) compared to
that of PuR over the entire waste decay period consid-
ered in this paper (i. e. up to 10° years). This is because
of the smaller amounts of minor actinides and Pu iso-
topes in AFR(S1) than in PuR. At about 1000 years,
the amount of activity, decay heat and ingestion hazard
is smaller by about 50%, respectively, in AFR(S1)
than in PuR.

As for AFR strategy 2, the cumulative mass of
total actinides in the waste is for a factor of about 4.5
higher in AFR(S2) than the one pertaining to PuR, be-
cause in AFR(S2) the U and Pu are not separated
through an aqueous reprocessing of the last cycle.
Over the entire waste decay period considered in this
paper, the amount of activity, decay heat and ingestion
hazard is larger in AFR(S2), as compared to that in
PuR, mainly because of the higher amount of Pu in
AFR(S2) than in PuR. At about 1000 years, the
amount of activity, decay heat and ingestion hazard is
greater by a factor of about 2.3, respectively, in
AFR(S2), as compared to that of PuR.
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Figure 10. Amount of activity, decay heat, ingestion hazard and neutron radiation with respect to decay time in
cumulative waste per TIHM of the core fuel produced through different recycling schemes, i. e. PuR, AFR(S1), and AFR(S2)
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The amount of neutron radiation is a factor of
about 2 to 160 larger in AFR than in PuR over the
waste decay time between one to 10° years. This is be-
cause of the high amounts of Cm produced in an AFR.

As far as waste hazards are concerned, these re-
sults show that, in an LMFBR, for waste decay times

up to about 200 years, there is no advantage of
AFR(S1) over PuR. After this decay time, AFR(S1) is
advantageous to PuR with respect to activity, decay
heat and ingestion hazard of the cumulative waste, but
no such advantage of the former over the latter exists
with respect to neutron radiation. However, AFR(S2)
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is disadvantageous to PuR in all respects, i. e. activity,
decay heat, ingestion hazard and neutron radiation of
the cumulative waste, over the entire waste decay pe-
riod considered in this paper ( i. e. up to 10° years). It
has to be mentioned here that if the multiple recycling
through the AIROX process is to be considered, then
the AFR(S1) strategy should be the preferred one.

CONCLUSIONS

Multiple recycling of actinides and NVFP in fast
reactors through the dry re-fabrication/reprocessing
A1ROX process has been the subject of this study. The
results discussed in the previous section show that the
recycling of actinide and fission products through the
AIROX process produces a reduction in potential
waste hazards and that the AFR scheme is beneficial in
fast reactors. Multiple recycling seems to be one of the
possible methods of reducing potential hazards of ra-
dioactive waste in the future.
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Acud CAJAXYINH, Macyny UTBAJI

NOPEBEE NEME 3A PEHUKINPAILE AKTUHUIA U ®UCUOHUX
NPOAYKATA CA HIEMOM 3A PEHUKIUPAILE IINTYTOHUIJYMA
Y bP3UM PEAKTOPUMA

IIpoy4aBaHO je penuKIMpame aKTHHUA ¥ HEHCIAPJHPUBHUX MPOAyKaTa y Op3UM peakTophMa
nomohy AIROX cyBor penpouecupama, Kao MOryhu Ha4MH Jla c€ CMamd JyropoyHa MOTEHIMjaHa
ONACHOCT Of] HyKJIeapHOT OTHajila y OJHOCY Ha OHY Koja mpousuinasu u3 npepajge y PUREX Brnaxknom
npouecy. O0aBibeHa Cy U3padyHaBamba paju nopehema meMe 3a pequKInpame akKTUHNAIA U IPOJyKaTa
duchje ca meMoM 3a pelKInpamke MIyTOHNjyMa y Op30M peakTopy. Y OBY CBPXy U3MEH-EHa je Bep3uja
KORIGEN xopa pa3sujena y Kapncpyey, y Hemaukoj, 3a mpopauyH renepucama u ciabhbema H30TOoTa.
Hauumena je nmornyHo HOBa OMOIMOTEKa MpUHOCA (PUCHMOHUX MpOAyKaTa 3a Op3e peakTope KOjuM je
3amemeHa crapa KORIGEN 6u6nmnoreka. 3a morpebe oBe CTyAuje, CTaHAApAHU 26-TO TPYNHU CET
HykineapHux nogataka KFKINR npommpen je gopaBameM mpeceka 13 3HauyajHUX akThHUpga U 68
Haj3HavajHNjuX (pucnoHux npoaykara. [lorBpheno je ma oBux 68 dpucnmonnx mpoaykara caummana 95 %
YKYIHOT MpUHOCca (PUCHOHUX NpofiyKaTa 1 oko 99.5% ykynHe ancopriyje ycien (PUCHOHUX IPOAyKaTa y
Op3uM peakTopuma. Takobe je ucnurano koja je KoaudnHa (PUCHOMIIHOT MaTepHjaia moTpebHa f1a ce
ocurypa KPHUTHIHOCT peakTopa TOKOM IMpolleca peluKiINpama W TPOpadyHAT je KyMyJaTHBHU
BHCOKOAKTHBHU OTIAJ] [0 TOHM MHUIMjATHOT TELIKOr MeTaja. Pe3ynraTu mokasyjy fa peuuKiIupame
akTUHUAA U (pucuoHux npopykara y O6p3um peakTopuMa AIROX mocTynkoMm JOBOAU A0 CMameHa
MOTEHIIUjalHe ONACHOCTH Off PaAMOAKTUBHOT OTHAfA.

Kmwyune peuu: 6p3u peaxitiop, peyurkauparse, Akitiuiuo, pucuonu upooykid, uayiionujym, PUREX,
AIROX



