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This paper presents analyses of enrichments of uranium taken out from Canada Deuterium Ura-
nium and pressurized water reactors spent fuels and fissile fuel breeding from thorium in two dif-
ferent helium cooled-accelerator driven system designs, DESIGN A and DESIGN B. In the begin-
ning, the 235U percentages in the uranium fuels taken out from the reactors spent fuels are 0.17 %
and 0.91 %, respectively. Both system cores are fuelled with two different minor actinides composi-
tions extracted from PWR-MOX spent fuels. The DESIGN A has one transmutation zone (enrich-
ment zone) surrounding the fuel core and containing thorium or spent uranium fuels, while DE-
SIGN B has a second transmutation zone (fissile fuel breeding zone) surrounding the first
transmutation zone and containing only thorium fuel. In brief, a total of ten cases formed by the
combinations of accelerator driven system designs, minor actinides components, and spent ura-
nium with thorium fuels are analysed, which are six in DESIGN A containing one transmutation
zone and four in DESIGN B containing two transmutation zones. Lead-bismuth eutectic alloy, a
liquid heavy metal, consisting of 45 % lead and 55 % bismuth is used as target material in the inves-
tigated accelerator driven system. It is assumed that the target is bombarded with 1.2383-1017 pro-
tons per second and that the energy of each proton is 1000 MeV. This means a proton beam power
of 20 MW. The 3-D and time-dependent neutronic analyses are conducted by using the MCNPX
2.7 and CINDER 90 nuclear code. Both accelerator driven system designs are operated until the
values of keff rise to 0.985 to determine the longest operation times that are the effective burn times
in all cases.

Depending on the design, minor actinide composition, and fuel type (spent UO, and ThO,), the re-
sults obtained at the end of cycle exhibit the effective burn times vary from 300 days to 2050 days,
the fuel enrichments can reach up to 2.49-4.23 % and the values of gain reach up to 10.8-25.1.
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INTRODUCTION

Nowadays, pressurized water reactor (PWR)
and Canada Deuterium Uranium reactor (CANDU)
reactors based on uranium fuel produce the most of nu-
clear electricity. Commercial nuclear reactors cause
the production of highly radioactive materials as
high-level waste which mainly consists of minor
actinides (MA) and long-lived fission products and
managing these products is an issue for most coun-
tries. Currently, most nuclear countries take the wait
and see approach for spent nuclear fuel management.
On the other hand, these wastes (these spent fuels)
contain significant amounts of fertile fuel which is not
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able to produce energy directly but can transmute into
fissile fuel and generate energy.

Firstly, Rubia et al. [1] suggested accelerator
driven system (ADS), which is an innovative reactor,
for incineration of nuclear waste, utilization of thorium,
and as an energy amplifier. Many nuclear scientists sug-
gest that ADS can be an alternative solution to the deep
geological disposal of nuclear waste. The same as trans-
mutation of nuclear waste, these systems can generate
large amounts of energy by using nuclear waste con-
taining valuable fuel. Furthermore, they can breed fis-
sile fuel from fertile fuels (such as 232Th) via neutron
capture reactions.

Gohar et al. [2] perform a study on spent fuel
transmutation in a conceptual ADS. They use MCNP
and Serpent code for analysing minor actinide trans-
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mutation and their results show that 25.1 and 24.5 tons
of minor actinides can consume for 35 full power
years. Yapici [3-5] and Yapici et al. [6-8], examine
spent fuel rejuvenation in fusion-fission reactors by
using spent fuels discharged from various reactors.
Yang et al. [9] study on minor actinide transmutation
in ADS by using COUPLE3.0. Supplier-to-burner
support ratio indicates what quantity of supplier reac-
tors can be supported by a burner reactor and they find
that the efficient transmutation supplier-to-burner
support ratio is 28. Rodrigues ef al. [10] study on
ANICCA and several codes for the transmutation of
MA, and they accomplish a reduction of MA by
around 60 %. Liu ef al. [11] work on the transmutation
of MAin alead-cooled fast reactor (LFR), and they ex-
hibit that after MA transmute in LFR, the fraction of
plutonium isotopes is about 85 %. Liu et al. [12] car-
ried out a study on the AP1000 reactor, and their re-
sults show that it can burn 44.0 kg MA nuclides after a
one-year fuel cycle. Zhou ef al. [13] use ADS fuelled
with spent PWR fuels, the transmutation of MA is
flexible in the ADS system as seen in their results.
Arslan et al. [14] perform a study on conceptual he-
lium gas-cooled ADS fuelled with spent fuel extracted
from CANDU and PWR which is investigated in three
different cases. They use MCNPX 2.7 and CINDER
90 for numerical analyses, and they exhibit that signif-
icant amounts of spent fuel can be transmuted in their
design.

Reserves of thorium element are approximately
three times more than reserves of uranium element. In
ADS or some types of reactors can be bred the 233U fis-
sile fuel from 23?Th isotopes with neutron capture reac-
tions. Thus, thorium is a candidate to be an attractive
fuel for nuclear reactors in the near future and many re-
searchers work intensively on thorium utilization now-
adays. Bakir ez al. [15] investigate thorium utilization in
ADS by using it with mixed oxide (MOX) spent fuel.
Their study shows that 233U of 155.1 g per day and 3°Pu
of 103.6 g per day can be bred in their conceptual ADS.
Bakir and Yapici [16] investigate thorium utilization in
a D-T fusion breeder reactor fuelled with a mixture of
natural UO, and ThO,. They use MONTEBURN and
MCNP codes separately, and they show that the
neutronic results are very near each other for both
codes. Their results also bring out that the D-T fusion
reactor has high performance in terms of thorium utili-
zation. Ali et al. [17] investigate thorium fuel utilization
in ADS by using uranium mononitride (UN), UO, (seed
fuel), and ThO, fuel. In their results reprocessed seed
fuel and ThO, fuel is the best option for 233U production
while thorium fuel with the UN is the best case in terms
of'the longest cycle length. Kral ez al. [18] work on tho-
rium utilization in ADS experimental by using
QUINTA spallation set-up and they validate with
MCNP code. They found that both results are in very
good agreement and maximum (n y) reaction is ob-
tained in the centre of their system's target. Zhu et al.

[19] compare thorium blanket system and pebble bed
fluoride salt-cooled high temperature reactor (PB-
FHR) in terms of thorium utilization. In their results,
they found that the pebble mixing system in PB-FHR
has a bit lower thorium transmutation performance than
the thorium blanket system. Yang et al. [20] investi-
gated thorium-based molten salt fast energy amplifier
(TMSFEA) for energy production and thorium utiliza-
tion and their results showed that they obtain efficient
thorium utilization in their system. Qaaod ez a/. [21] in-
vestigated the transuranic elements transmutation and
transmutation of different configurations of fuel ele-
ments with MA in an ADS. They designed two-zone
model which comprises a fast neutron spectrum and
thermal neutron spectrum for the inner and outer zone,
respectively. They coupled the subcritical core with an
external deuterium-tritium source (14 MeV energy).
Their results showed that most of the actual minor acti-
nide isotopes transmuted effectively in the inner fast
spectrum zone of the ADS.

Unlike our work in [14-16], this study presents the
enrichment of uranium fuels extracted from spent fuels
of PWR and CANDU reactors in an ADS fuelled with
only MA compounds, without using any enriched fresh
fuel and the production of fissile fuel from thorium.

CONCEPTUAL ADS DESIGNS

The main purpose of this study is, without using
any enriched fresh fuel in an ADS, fuelled with MA
compositions, to enrich the uranium fuels extracted
from spent fuels of PWR and CANDU reactors and to
produce fissile fuel from thorium. For this purpose, two
different helium-cooled ADS (DESIGN A and DE-
SIGN B), fuelled with MA compositions extracted from
PWR-MOX spent fuel, are designed conceptually. The
ADS are reactors operating sub-critically and generally
consist of four parts: LBE-spallation neutron target,
Sub-critical fuel zone, Transmutation zone, and Reflec-
tor zone. Their main task is the transmutation of radio-
isotopes. As is apparent from fig. 1, two different he-
lium-cooled ADS are designed conceptually as
DESIGN A and DESIGN B. Lead-Bismuth Eutectic al-
loy, a liquid heavy metal, consisting of 45 % Lead and
55 % Bismuth is used in both ADS designs as the
spallation neutron target. The cores of both ADS de-
signs are fuelled with the MA compositions extracted
from PWR-MOX. While DESIGN A has one transmu-
tation zone (fuel enrichment zone, FEZ1) surrounding
the MA fuel core and includes ThO, or spent UO, fuels,
DESIGN B has a second transmutation zone (fissile
fuel breeding zone, FEZ2) surrounding FEZ1 and in-
cluding only ThO, fuel. The transmutation zones of
both ADS designs are surrounded by reflector zone
(RZ) and subsequently shield zone (SZ).

Figure 2 shows the cylindrical fuel rods cladded
with zircaloy and located into the zones cooled with



B. Durmaz, ef al.: Neutronic Analysis of an ADS Fuelled with Minor Actinide ...

Nuclear Technology & Radiation Protection: Year 2021, Vol. 36, No. 4, pp. 299-314 301
DESIGN A DESIGN B
""20 40 60 80 100 120140 160 180 20 40 60 80 100 120 140 160 180
[em] [em]
0 @ [ Targer 0 @ [ Targer
E oo L 20
. 45 2} MAZ a0 @ [Imaz
© [
3 |60 & 60 —
c @ Elrzn ¢ t @ EF e
2 80 2 - 80
[=] o
F L = - E
& - 100(2) | Rz = : 100 (3) [ FEzo
120 = [ 120
;140@ = sz F1s0 ® Rz
B 160
, 160 ! . o ® Esx
{ @ @@ @ ® 180 [ @ @@@ ® @ el
200 3 e 200
| 220 | 5| BOROAN 220
| : 240 | F240
I 260 ; 260
I F 280 i : | 280
| : F 300 | 300
320 320
| 340 | e e 340
360 L 360

Figure 1. Axisymmetric vertical section views of MCNP models of the conceptual designed ADS

helium gas. Fuel rods are selected similarly to PWR
fuel rods cladded with zircaloy [22]. Furthermore, in
our subcritical studies, we prefer the hexagonal place-
ment of the rods in the fuel zone. Pitch length (P) of cy-
lindrical rods arrayed hexagonally is determined as
1.5 cmand 2 cm in the minor actinide zone (MAZ) and
the fuel enrichment zones (FEZ), respectively. How
this determination is made is described in the Calcula-
tion procedure subsection.

Figure 2. Hexagonal arrangement of the fuel rods
in MAZ and FEZ (inner radius, r; = 0.4699 cm and outer
radius, r, = 0.5461 cm

These dimensions are taken from ref. [22].

Depending on P, r;, and r,, the volumetric frac-
tions (VF) of fuel, clad and coolant can be easily calcu-
lated with egs. 1(a)-1(c). VF obtained from these cal-
culations are given in tab. 1 as percentage.

2.3 12
O Ch Lo )
P
2.3 1w (r2 =12
VE o :W};.loo[%] (1b)
VFCoolant = 1OO_VF‘fuel _VFclad (IC)

Neutron-induced transmutation reactions

Neutron-isotope reaction chain and decay reac-
tions, starting from 232Th, are plotted in fig. 3. From
this figure it can easily be observed which path the
chain transformation (production or depletion) reac-
tions of isotopes with atomic numbers greater than or
equal to.

Table 1. Volume fractions

P [cm] VE [%]
Fuel Clad Coolant
1.5 35.60 12.48 51.92
2.0 20.02 7.02 72.96
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Figure 3. Neutron-isotope reaction chain and decay reactions starting from ***Th

Spallation neutron target

In an ADS, the spallation neutron target is bom-
barded by high-energy protons, which in turn release
many high energetic neutrons. The LBE is used in both
ADS designs as the spallation neutron target material. The
LBE alloy has very good chemical, neutronic, and thermal
properties, and it, therefore, is one of the most widely used
target materials in ADS applications, [23-29]. The proton
energy, E,,, is assumed as 1000 MeV. To determine the op-
timum target radius, the performed numerical analyses, by
changing target radius, bring out that 29.6 neutrons are re-
leased in LBE target having a radius of 50 cm by a single
proton of 1000 MeV. This result is suitable with the litera-
ture [24, 28, 29], (see fig. 2 in [24]).

Sub-critical MAZ

The sub-critical zone of an ADS is fuelled with
highly enriched fuels to obtain more energy gain, G,
as well as effective transmutation of nuclear fuels. By
fission reactions, this zone amplifies energy and in-
creases the neutron population. In this study, two dif-
ferent MA compositions discharged from high
burn-up PWR- MOX spent fuels [30] are separately
used in both ADS designs. These MA compositions
having a high fission capability like fissile fuels are
denoted in [30] as MOX12 (33 GWd per tHM) and
MOX22 (50 GWd per tHM), where tHM means
tonnes of heavy metal.
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Transmutation zone

In the transmutation zone of an ADS, radioactive
isotopes in nuclear fuels can be transmuted into other
isotopes by neutron-isotope reactions. Such as, fertile
isotopes can be transmuted into fissile isotopes. In ad-
dition to these transmutations, if fissile isotopes exist
sufficiently in the fuel, fission reactions can occur, and
fission energy can be released. In other words, in the
transmutation zone, a significant amount of energy
can be produced as well as isotope transmutation ob-
tained.

As is seen from fig. 1, the investigated ADS re-
actors, DESIGN A and DESIGN B, contain one and
two FEZ, respectively.

DESIGN A:

In FEZI1, the fuel rods are individually filled
with three different fuels in each case as follows:

— UO; extracted from CANDU spent fuel [31] (de-
noted as CANSF)

— UO; extracted from PWR spent fuel [32] (denoted
as PWRSF),

— ThO, fuel

DESIGN B:

In the FEZ1, the fuel rods are filled separately
with two different fuels in each case as
— CANSF
— PWRSF

The total of ten investigated cases including six
different cases in DESIGN A and four different cases
in DESIGN B are summarized in tab. 2.

Reflector zone

This zone is made of graphite being a good neu-
tron reflector and moderator material for nuclear reac-
tors. Moreover, graphite, having a high temperature re-
sistant property, is a favoured material for nuclear
reactor applications. The reflector zone reflects and re-
turns the neutrons escaping from the sub-critical minor
actinide and transmutation zones.

Table 2. Investigated MA composition and fuel cases

ZONE
DESI
SIGN MAZ FEZ1 FEZ2
ThO,
MOX12 | CANSF
PWRSF
A ThO, No zone
MA MOX22 | CANSF
composition PWRSF
CANSF ThO,
MOX12
B o PWRSF ThO,
CANSF ThO,
MOX22
PWRSF ThO,

Shield zone

This zone is made of boron carbide (B,C) having
a very great ratio of the absorption cross-section to
scattering cross-section. In nuclear reactor applica-
tions, B,C is a favoured material for preventing neu-
tron escape [33-36]. The shield zone absorbs neutrons
escaping from the reflector zone thus preventing neu-
trons from going outside of the ADS.

In addition to the above explanations, densities
and fractions of all isotopes used in the designed ADS
are given in tab. 3. The atomic densities of isotopes can
be easily calculated by using these data. The fuels are
oxide materials.

CALCULATION TOOLS AND PROCEDURE
Calculation tools

To simulate nuclear processes in three dimensions,
neutronic analyses are performed using the nuclear code
MCNPX 2.7 [37], written by Los Alamos National Lab-
oratory. Also, Los Alamos 150 MeV transport library
(LA150) is used as a neutronic library. Chadwick ez al.
[38] developed this library for computational simulations

Table 3. Densities and fractions of isotopes used in the
designed ADS

Material DensitSy Isotopes Fraction [%]
[gem ]
TARGET
11.344 Pb 445
LBE 9.8 Bi 55.5
MINOR ACTINIDE ZONE | MOX12[1] | MOX22 [1]
237
NpO, | 1138 Np 4.3 44
0
2 Am 62.5 58.3
AmO, | 11.50 *Am 24.3 26.1
160
244
cmo, | 10,55 16Cm 8.7 113
0
FUEL ENRICHMENT ZONES| CANSF [2] | PWRSF [3]
PU 0 3.43822:107°]2.02368:107
U 11.66333-107"|9.10655-10°"
U0, 10.974 By |8.13407-107%| 3.84499-107
B8 19.97489-10' | 9.86846-10"
160
232,
ThO, 9.88 ]%h 100
Coolant and Clad
He | 0.01648 ‘He 100
Zr 6.503 Zr 100
REFLECTOR ZONE
Graphite| 2.1 "2C 100
SHIELD ZONE
1B 18.431
B,C 2.52 B 81.569
12C
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of ADS. The time-dependent burnup/depletion cannot
be calculated in ADS operating under sub-critic mode by
MCNPX 2.7 code without an additional code. Therefore,
in addition to this code and the LA150 library, the
time-dependent burnup/depletion calculations are per-
formed with the CINDER 90 computer code [39] inte-
grated with MCNPX 2.7. To evaluate accurately the out-
puts of these codes, they are post-processed with
CBURN [40] interface computer code.

Calculation procedure

Our previous studies [28, 29] bring out that max-
imum gain, G, is obtained when Ep is 1000 MeV. The
numerical calculations, therefore, are performed for
an E, of 1000 MeV. A continuous uniform proton
source, having a radius of 4 cm, bombards the target
material (see fig. 1). The proton beam power of both
conceptual ADS designs is assumed as 20 MW corre-
sponding to 1.2483 -10'7 protons having each an en-
ergy of 1000 MeV.

At the time-dependent neutronic analyses, to ad-
just the lowest effective neutron multiplication factor
(k.g) developing not under 0.90 at the beginning of the
cycle (BOC), a series of calculations is carried out for

the pitch length by numerical trial-and-error approach
method. As a result of these calculations, the pitch
lengths are determined as 1.5 cmand 2 cm in the MAZ
and FEZ, respectively.

The time-dependent neutronic calculations are
carried out until keffs reach up to 0.985 for all investi-
gated cases, given in tab. 2, and thus the end of cycle
(EOC) time is determined for each case as follows:

Determination of EOC times

Atomic densities are extracted for each interme-
diate period by means of CBURN interface computer
code, using the final time-dependent results from
MCNPX 2.7 and CINDER, then written as input to
MCNPX2.7. By running MCNPX in critical calcula-
tion mode (with the KCODE option), keffs are calcu-
lated for each intermediate period. The EOC times de-
termined by this way and being the longest operation
times for all cases will be mentioned as the effective
burn times in this study. The determined effective burn
times by these processes are given in tab. 4. Further-
more, in this table, other important neutronic data ob-
tained from the numerical calculations in both DE-
SIGN A and B, also, are given as a summary.

Table 4. Summary table for the most important neutronic data obtained from the numerical calculations in

DESIGN A and B
BOC Cumulative fuel enrichment, 23y MA BURNUP [GWd
0,
FEZ MAZ EOC[d] | fer CFFE [%] [ke] | TF*[%] G | perMTU”
MAZ | FEZI | FEZ2
DESIGN A
MOX 12 0 0.904 | 91.21 0 - 0 - 0 0
THO 1250 0985 | 86.12 | 3.07 — [ 104783 9.21 10.8 25
2

0 0.910 | 88.59 0 - 0 - 0 0

MOX22
991 0.986 | 8447 | 285 - | 97.829 7.97 11.2 21
MOX12 0 0916 | 9121 | 0.7 - - - 0 0
CANSE 920 0.985 | 86.68 | 2.76 - - 7.98 18.4 29
MOX22 0 0.927 | 88.59 0 - - - 0 0
630 0985 | 8544 | 249 - - 591 17.9 20
0 0943 | 9121 | 0091 - - 0 0

MOX12
0 530 0985 | 87.94 | 338 - - 5.70 21.0 20
0 0.952 | 88.59 0 - - - 0 0

PWRSF | MOX22
300 0985 | 8637 | 295 - - 4.07 25.1 14
300 0939 | 87.36 | 0091 - - - 0 0
MOx228 600 0.985 | 8540 | 2.79 - - 3.04 208 11

DESIGN B
. 1.21 1 -

MOX12 0 0.907 | 9 0.17 0 0 0 0
CANSF 2050 0985 | 83.10 | 3.63 | 3.85 |160444 | 15.17 15.6 37
MOX22 0 0915 88.59 | 0.17 0 0 - 0 0
1700 0986 | 81.94 | 333 | 3.8 |150.853 13.11 15.5 30
MOX12 0 0913 | 9121 | 091 0 0 - 0 0
PWRSF 1950 0985 | 8341 | 423 | 384 |160.673| 1456 15.4 35
MOX22 0 0922 | 8859 | 091 0 0 - 0 0
1600 0985 | 82.09 | 399 | 3.8 |151.183] 1297 16.0 30

* TF is transmutation fraction. The initial masses of MOX12 and MOX22 compositions are 5541.39 and 5550.08 kg, respectively.

" MTU stands for metric ton of uranium

" At the second cycle (see the sections Cumulative fissile fuel enrichment and Sample additional analysis)
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NUMERICAL RESULTS
Effective neutron multiplication factor

In nuclear reactors, the effective neutron multi-
plication factor, kg, being a very important parameter
for the sustainability of reactor operation is described
as the ratio of neutron numbers in one generation to
neutron numbers in the preceding generation.

To obtain optimum neutronic values, both ADS
designs are operated during the corresponding effec-
tive burn time of the case. As is apparent in tab. 4,
while DESIGN A loaded with the MOX22 composi-
tion can be operated in the PWRSF case during the
shortest effective burn time, 300 days, DESIGN B
loaded with the MOX12 composition can be operated
in the CANSF case during the longest effective burn
time, 2050 days. Furthermore, in the same spent fuel
cases in DESIGN B, the effective burn times in the
MOX12 case are relatively long, about 1.2 times lon-
ger than those in the MOX22 case. This ratio varies
from 1.26 to 1.77 in DESIGN A. In other words, in
both designs, the cases fuelled with MOX12 composi-
tion have the effective burn time longer than those fu-
elled with MOX22 composition in all fuel cases.
Moreover, it can be said that in general, in both de-
signs, the effective burn times in the PWRSF cases are

DESIGN A

1.00 —
- MOX12
0.99 |- Ko = 0.985
Kett E— =E=————
0.98 |= - e
= - 7
- P
0.97 |~ v
- /
0.96 |~ /
o W
0.95 |= /
0.94 |-
0.93
0.92
Fuel type
0.91 ®
0.90 - === ThO,
= = = = GANSF
0.89 PWRSF
0.88 III]IlIllIIIIllIlI'IlIlIIIIIIlIlI
0 180 360 540 720 900 1080
Time [d]

relatively shorter than those in the ThO, and CANSF
cases. Briefly, these results point out that in all fuel and
MA composition cases, DESIGN B can operate much
longer than DESIGN A without new refuelling.

Figures 4(a) and 4(b) show the increases in keff
in all fuel and MA cases in DESIGN A and B during
the corresponding effective burn time of the case, re-
spectively. One can see in these figs. that all keff pro-
files increase to 0.985. However, these increases are
slightly curvilinear in DESIGN A i. e., quasi-linear in
DESIGN B.

Cumulative fissile fuel enrichment

The cumulative fissile fuel richness indicating
the quality of nuclear fuel is defined as the ratio of the
sum of atomic densities of fissile fuels to the sum of
atomic densities of atoms with atomic numbers greater
than or equal to 90.

In DESIGN A, the increases in CFFE values in
all fuel and MA cases during the corresponding effec-
tive burn time of the case are plotted in fig. 5(a). As to
DESIGN B, those in the MOX12 and MOX22 cases
are separately plotted in fig. 5(b) and 5(c), respec-
tively. As can be observed from these figures, all pro-
files of CFFE rise curvilinearly.
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Figure 4(a). Increases in effective neutron multiplication factors in all fuel and MA cases during the corresponding

effective burn time of the case
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Figure 4(b). Increases in effective neutron multiplication factors in all fuel and MA cases during the corresponding

effective burn time of the case

In addition to figs. 5(a)-5(c), the CFFE values in all
investigated cases at the beginning and end of the cycle
are given in tab. 4. In DESIGN A, the fuel enrichment
processes in the ThO,, CANSF, and PWRSF cases are
individually conducted in one zone (FEZ1). While the
CFFE values in the ThO,, CANSF, and PWRSF cases
rise to 3.07 %, 2.76 %, and 3.38 % in the MOX12 case,
respectively, those rise to 2.85 %, 2.49 %, and 2.95 % in
the MOX22 case, respectively. As to DESIGN B, unlike
DESIGN A, the spent fuel enrichment and fissile fuel
breeding are carried out simultaneously in two separate
zones, FEZ1 and FEZ2.

These enrichments are as
— InFEZ1: While the CFFE values in the MOX12 case

increase up to 3.63 % and 4.23 % in the CANSF and
PWRSF cases, respectively, those in the MOX22 case
increase up to 3.33 % and 3.99 %, respectively.

— InFEZ2: While the CFFE values in the MOX12 case
cases increase up to 3.85 % and 3.84 % in the CANSF
and PWRSEF cases, respectively, those increase up to
the same value, 3.58 %, in the MOX22 case.

As to MAZ, it is apparent from tab. 4, the CFFE
values in this zone decrease on the contrary to those in
FEZ1 and FEZ2 in all cases during their effective burn
times. Depending on the MA composition and fuel type,
the proportional amounts of these decreases vary be-

tween approximately 2.51 % with 5.58 % and 7.34 %
with 8.89 % in DESIGN A and DESIGN B, respectively.
As can be seen, the proportional decreases in CFFE in
DESIGN B are greater than those in DESIGN A. The
reason for this, DESIGN B is operated longer than DE-
SIGN A. Moreover, the proportional decreases in CFFEs
in MOX12 cases are greater than those in the MOX22
cases. Still, all CFFE values are high (above 80 %).

Transmutation fraction: The ratio of the net atomic
density (N), transmuted during operation time (), of an
isotope to an atomic density of that at the BOC is defined
as the transmutation fraction (TF). According to this def-
inition, TF can be calculated as follows

& _NO-N(©0) o
N(0)

The calculated total 7F of MA compositions in
this way are given in tab. 4. In DESIGN A, these frac-
tions vary from 5.70 % to 9.21 % and from 4.07% to
7.97 % in the MOX22 and MOX12 cases depending
on the fuel type, respectively. In DESIGN B, on the
other hand, the ranges of change are noticeably short
in the same cases and are from 15.4 % to 15.6 % and
15.5%to 16 %, respectively. As isseen from these re-
sults, the TF values in DESIGN B are greater than in
DESIGN A because of the longer effective burn times
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Figure 5(a). Increases in CFFE in all fuel and MA cases during the corresponding effective burn time of the case
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Figure 5(c). Increases in CFFE in all fuel and MOX22 cases during the corresponding effective burn time of the case

of DESIGN B. Furthermore, the MOX12 composition
has a greater effect on fuel enrichment and fissile fuel
breeding than the MOX22 composition.

The results bring out that the MOX12 composi-
tion has a more effect on the increase of CFFE than
MOX22 composition in both designs as well as that
the increases in CFFE in DESIGN B are higher than
those in DESIGN A because DESIGN B has a longer
effective burn time. Furthermore, the fuel enrichment
and fissile fuel breeding processes are carried out si-
multaneously in two separate zones: the enrichment of
spent fuels (CANSF and PWRSF) in FEZ 1and the fis-
sile fuel breeding from 23>Th in FEZ2This means DE-
SIGN B may be more efficient than DESIGN A in
terms of fuel enrichment and fissile fuel breeding.

The results of performed analyses bring out that in
all fuel cases in DESIGN A, the enriched fuels, ThO,,
CANSEF, and PWRSF, can be reused in PWR and
CANDU reactors after an enrichment process of one or
two years. As to DESIGN B, although an enrichment
process of one year is sufficient for reusing of CANSF
and ThO, in the CANDU reactor, an enrichment process
of four years is required for reusing in PWR. Briefly, DE-
SIGN A is more suitable than DESIGN B in terms of re-
using the enriched fuels in short time.

Suggestions: We suggest that at the EOC, both
reactors can continue to operate by removing only the
enriched UO, and ThO, fuels from the reactors and re-

placing them with new spent UO, and ThO, fuels. Fur-
thermore, at the EOC, the radioactive isotopes except
for the isotopes of coolant and clad material occurring
during the effective operation time and being not mi-
nor actinide must be taken out from the rods of burned
MA compositions for obtaining high performance.

Energy gain

The energy gain, G, being one of the other impor-
tant ADS parameters, is described as the ratio between
the total energy produced by fission reactions in the
ADS per proton to £, and calculated as follows

R¢E¢

G:? 3)

P
where Ry and E; are the numbers of fission reactions
and energy amount released from one fission reaction
(200 MeV), respectively.

Figures 6(a) and 6(b) show the increases in G in all
fuel and MA cases in DESIGNs A and B during the corre-
sponding effective burn time of the case, respectively. All
G profiles rise quasi-linearly. Moreover, in DESIGN A,
the G profiles in the PWRSF and CANSF cases rise more
sharply with respect to ThO, cases Also, as is apparent in
tab. 4, while the values of G in DESIGN A at the EOC
vary in a wide range of 10.8 and 25.1 depending on the
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MA composition and fuel type, these values are around
15-16, and relatively lower in DESIGN B than in DE-
SIGN A. This means that DESIGN A has more perfor-
mance than DESIGN B in terms of energy multiplication.

Thorium utilization

In a nuclear reactor core including 23*Th iso-
topes, if these isotopes react with neutrons under fa-
vourable conditions, they transform into the fissile
233U isotopes with two consecutive negative beta
(electron) emissions after 27 days as follows

232 Th +n—Y~ 232 Th 21.83 min

233 Pa+ﬁ7 27 days | 233 U+ﬁ7

“

In this study, to analyse in detail the thorium uti-
lization and, accordingly, the fissile 23*U production, a
total of six cases containing ThO,, two cases in DE-
SIGN A and 4 cases in DESIGN B, are considered.
Figures 7(a) and 7(b) depict the increase in the ratios of
mass of 233U, produced from >3?Th, to a mass of 2>’Th
inall cases of fuel and MA compositions in DESIGN A
and B during the corresponding effective burn time of
the case, respectively. One can see from these figures,
that in both designs, the profiles of these ratios rise
curvilinear in all fuel and MA composition cases, and

4.0
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Figure 7(a). Increases in ratios mass of 23U to mass of
22Th in all cases of fuel and MA compositions during the
corresponding effective burn time of the case

that the MA composition and fuel differences do not
significantly affect ratio profiles in the same design. In
DESIGN A, the mass ratio profiles reach up to 3.17 %
and 2.94 % in the MOX12 and MOX22 cases, respec-
tively. These values are slightly higher (approximately
30 %) in DESIGN B, namely, the mass ratio profiles
reach up to about 4 % and 3.7 % in the MOX12 and
MOX22, respectively.

In addition to the mass ratio profiles, at EOC, the
masses of produced 33U in all investigated cases are
pointed in tab. 4 as kg. The initial masses of >*Th are
3495.80 kg and 4369.74 kg in DESIGN A and B, re-
spectively. While the produced >3U accumulates up to
about 105 kg and 98 kg in MOX12 and MOX22 cases
in DESIGN A, respectively, that accumulates up to
about 160 kg and 150 kg in the same MA composition
cases in DESIGN B. The reason for this high differ-
ence is that the initial mass of 23>Th in DESIGN B is
greater than that in DESIGN A, (approximately 25 %).
While the mass of 23>Th in DESIGN B is only 1.25
times greater than thatin DESIGN A, the 2**U produc-
tion in DESIGN B is 1.5 times greater than that in DE-
SIGN A because the transmutation time in DESIGN B
is longer than that in DESIGN A. This means that DE-
SIGN B has a higher 233U production performance
than DESIGN A in terms of the produced mass.

Fuel burnup

Another important parameter in ADS is fuel
burnup which is indicated as the total produced energy
per unit metric fuel mass loaded in the beginning, and
its unit is expressed mostly as GWd per MTU or MWd
per MTU. The fuel burnup can be calculated depend-
ing on the operation time and fission energy released
in ADS as follows
BURNUP (¢ + At) = BURNUP (¢ )+ Lis5ion Power

MTU
)
where MTU is metric ton of uranium.

Figures 8(a) and 8(b) present the accumulations
of the BURNUP in all cases of fuel and MA composi-
tion in DESIGN A and B during the corresponding ef-
fective burn time of the case, respectively. As is seen
from these figures the profiles of BURNUP quasi-lin-
early rise in all investigated cases. One can see that,
while the fuel type very much affects BURNUP pro-
files in DESIGN A, these profiles are hardly or not af-
fected in both fuel and MA composition cases in DE-
SIGN B.

In DESIGN A, while BURNUPs in MOX12 ac-
cumulate up to about 25, 29, and 20 GWd per MTU in
the ThO,, CANSF, and PWRSF cases at EOC, respec-
tively, those in MOX22 accumulate up to 21, 20, and
14 GWd per MTU, respectively. As to DESIGN B,
while BURNUP in MOX12 accumulate up to about 37
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Figure 8(b). Accumulation of BURNUPs in all fuel and MA cases during the corresponding effective burn time of the case

and 35 GWd per MTU in the CANSF and PWRSF
cases, respectively, at EOC, those in MOX22 increase
to about 30 GWd per MTU in both fuel cases. As ex-
pected, the BURNUP values in DESIGN B are higher
than in DESIGN A due to DESIGN B having a longer
effective burn time.

Sample additional analysis

In line with our suggestion, sample analysis is
performed by refuelling as described in section 4.2 for
the case of MOX22 and PWRSF in DESIGN A. This
burned MA composition is denoted as MOX22B. The
neutronic data from this analysis, also, are given in tab.
4. At the end of the second cycle, the kg value reaches
up to 0.985 again in 300 days. Meanwhile, the CFFE
valuerises to 2.79 % and an additional, total MA trans-
mutation of 3.04 % is obtained. However, this TF is
25 % lower than in the 1% cycle. The values G and
BURNUP, also, are approximately 20 % lower than in
the Ist cycle. In brief, the significant amounts of fuel
enrichment and MA transmutation take place in the 2
cycle, albeit at 20-25 % lower performance than in the
1% cycle.

CONCLUSIONS

To perform the enrichment of CANDU and
PWR spent fuels, as well as the production of fissile
fuel from thorium, two different ADS with one and
two transmutation zones and fuelled with the MA
compositions are designed conceptually. Two differ-
ent MA compositions are individually used in the core
of both ADS designs as fuel. The neutronic analysis
results obtained from ten different fuel enrichment and
fissile fuel production cases, formed this way in the
ADS, are presented briefly below.

e In both ADS designs, the MOX12 composition
makes a greater positive effect on the neutronic
values than the MOX22 composition.

e In DESIGN A, the lowest and highest effective
burn times are 300 days and 1250 days. These
times are 1600 and 2050 days in DESIGN B. This
means that DESIGN B can operate much more
time than DESIGN A without refuelling.

e InDESIGN A, the enriched fuels, ThO,, CANSEF,
and PWRSF, can be reused in PWR and CANDU
reactors after an enrichment process of 1 or 2
years. In DESIGN B, although an enrichment pro-
cess of 1 year is sufficient for reusing of CANSF
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and ThO, in the CANDU reactor, an enrichment [6]  Yapici, H., et al., Minor Actinide Transmutation Po-

2 . . L. tential of Modified PROMETHEUS Fusion Reactor,

process of 4 years is required for reusing in PWR. Journal of Fusion Energy, 23 (2004), 2, pp. 121-135

e  While energy gain in DESIGN A at EOC varies in [7]1  Yapici, H., et al., Neutronic Analysis for Transmuta-

tion of Minor Actinides and Long-Lived Fission
Products in a Fusion-Driven Transmuter (FDT), Jour-
nal of Fusion Energy, 25 (20006), 3-4, pp. 225-239
Yapici, H., et al., Transmutation-Incineration Poten-
tial of Transuraniums Discharged from PWR-UO,
Spent Fuel in Modified PROMETHEUS Fusion Re-
actor, Fusion Engineering and Design, 81 (2006) 18,
pp. 2093-2108
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System, Nucl Sci Tech, 30 (2019), 91
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a wide range of 10.8 and 25.1 depending on the
MA composition and fuel type, this value is rela-
tively lower, around 15-16 in DESIGN B than DE- [8]
SIGN A.

e In DESIGN A, the ratios of mass of 233U, pro-
duced from ***Th to mass of **Th, reachup to 3.17
% and 2.94 % in the MOX12 and MOX22 cases, [9]
respectively. In DESIGN B, these ratios reach up
to about 4 % and 3.7 % in the same MA cases.

e The BURNUPvalues quasi-linearly increase to 21
and 37 GWd per MTU in DESIGN A and B, re-

spectively. Transmutation, Nuclear Engineering and Technol-
ogy, 52 (2021), 10, pp. 2274-2284
Consequently, both ADS reactors have a good [11] Liu, B., et al., Minor Actinide Transmutation in the

neutronic performance and can produce a significant
amount of energy, as well as enriching spent fuel and
producing fissile fuel from thorium.

As known, nuclear waste management is one of
the most important issues for nuclear power plants. [13]
ADS can be a solution to these waste problems. We
would like to emphasize that the results of this study
will contribute to the solution of nuclear waste man-
agement and will light the way for designs of ADS
consuming and transmuting minor actinide hold out in
the spent fuels of conventional thermal reactors as well
as energy production. At the same time, the uranium
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fuel (enriched uranium, plutonium, etc.,).
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HEYTPOHCKA AHAJ/N3A CUCTEMA INOKPETAHOI' AKHHEJIEPATOPOM
HAITAJAHUM MUHOPHUM AKTUMHMIOM U IU3AJHUPAHUM 3A OBOTAhUBAIBE
NCTPOHIEHOI T'OPUBA U IMNPOU3BOIBY ®UCUBUIHOI' TOPUBA

Y pany je mpukazana aHanu3a oOorahmBama ypaHujyMa m3BabeHOT U3 UCTPOIIEHNX TOPHUBA
CANDU u PWR peakropa, 1 goOujame (hUCHOHOT TOpHBa U3 TOPHjyMa Y IBa XeJIijyMoM xslabeHa cuctema
HnoKpeTaHa akneneparopuma pasnnuutux gusajHa: JU3AJH A u IU3AJH b. Ha noueTky, npoueHTu
235U y ypanujymMckuM ropuuma, usBabenum u3 ucrpomenux ropusa CANDU u PWR peakropa, uznoce
0.17 % m 091 %, pecniektuBHO. Oba akielepaTOPOM MOKpPETaHa je3rpa Hamajajy ce ca ABa MHUHOpPHA
aKTHHHJIA Pa3IUIUTOT cacTaBa ekcrpaxoBaHux m3 PWR-MOX uctpomenor ropusa. JVMI3AJH A uma
jemHy 30HY TpaHcMmyTanuje (30HYy oborahmBarma) Koja OKpYy:XKyje TOPHBHO je3rpO U CaApsKu TOpPHUBA Off
TOpHjyMa WK WCTpoOIneHOr ypauujyma, ok HM3AJH B wuma gpyry 30Hy TpaHcMmyTaiuje (30HY
oborahnBama (puCHOMIIHOT rOpWBa) KOja OKPYKyje MPBY 30HY TpaHCMyTaldje W KoOja Caip>KU CaMoO
TOPHjYMCKO TOPUBO. YKpaTKO, aHanm3upaHo je ykymHo 10 ciydajeBa popMupaHmx KoMOWHAIMjaMa
AK3ajHa aKklenepaTopa, KOMIOHEHTaMa MUHOPHUX aKTUHH/IA U UCTPOILIEHUM YPaHHUjYMOM Ca TOPHjyMCKUM
TOPUBHMA, a TO YMHH IIecT ciny4ajeBay I3 AJHY A xoju caipskul jefHy TPAaHCMYTAI[IOHY 30HY U YeTUPH Y
IN3AJHY b xoju cagp>ku iBe TpaHCMyTalloHe 30He. EyTekTHuKa jerypa oinoBo-0u3mMyT, TEUHU TEIITKI
MeTall, Koju ce cactoju off 45 % onoBa u 55 % Ou3MyTa, KOPUCTH ce Kao MaTepujal MeTa y NCOIUTUBAHOM
aKIIENEPATOPOM MOKPETaHOM cucTeMy. IlpernocraBmba ce la je MeTa GombGapposana ca 1.2383-101
IPOTOHA Y CEKYH/IU 1 fia je eHepruja ceakor mpotoHa 1000 MeV. IllTo 3Hauu fia je cHara mpoOTOHCKOT CHOIIA
20 MW. TponrMeH3nOHAIHE W BPEMEHCKH 3aBUCHE HEYTPOHCKE aHANW3€ CIPOBECHE Cy KOpHUIThemheM
MCNPX2.7u CINDER 90 nykneapror kofa. O6a au3ajHa cucTeMa pajie CBE JOK K g HE JOCTUTHY BPEJHOCT
0,985, ja 6u ce ogpenuia HajayXka pajHa BpeMeHa Koja cy e(eKTHBHa BpeMEeHa caropeBama y CBUM
clly>KajeBruMa.
Y 3aBucHOCTH Off M3ajHa, cacTaBa MMHOpDHOT akTuHuAa u Tuna ropuBa (yrpomeHu UO, u ThO,),
pe3yaTaT foOUjeHN Ha Kpajy LMKJyca IoKa3yjy fia e(peKTUBHO BpeMe u3rapamwa Bapupa o 300 nana 1o
2050 pana, o6orahemwe ropusa moxe foctuhu 2.49-4.23 % u BpegHocTH fobuTKa y eHepruju 10.8-25.1.

Kwyune peuu: cucitiem okpeitian aKueaepaiiopom, epmMuiKu peaxiop, obozahusarse yimpouieHoz
2opusa, Kopuuiherse opujyma



