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a b s t r a c t

A small power ADS design using thorium oxide and diluent matrix reprocessed fuel is proposed for a
high transmutation rate, small reactivity swing, and strong safety features. Two fuel matrices (CERCER
and CERMET) and different recycled fuel compositions recovered from UO2 spent fuels with 45 GWd/tU
and 60 GWd/tU burnup were investigated to determine the suitable fuel for the ADS. It was found that
the transmutation of each isotope depends on TRU initial loading amount. After examining the cores, the
results show that CERCER fueled ADS has a negative coolant void reactivity (CVR) and a smaller radio-
toxicity at discharge compared to that of CERMET core. It implies that CERCER fuel has enhanced safety
features and more flavor in terms of radiotoxicity management. To increase fuel utilization and core
operation efficiency, a simple assembly shuffling pattern for the CERCER fueled ADS is also proposed.
Eigenvalue and burnup calculations were conducted using Serpent 2 with ENDF/B-VII.0 library in both
kcode and external source modes, and it indicates that the results of transmutation analyses obtained by
kcode only is reliable to discuss the transmutation potential of ADS. Burnup calculation with the fixed-
source mode is essential to be used for more practical results of the transmutation by ADS.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Accelerator Driven System (ADS) is recognized as a promising
system to annihilate the radioactivity of nuclear waste because of
the inherent safety features of the subcriticality system. It allows
loading a large number of minor actinides (MAs) into the system to
be transmuted. The result of early studies reveals the potential of
ADS in transmuting MAs, and the transmutation efficiency depends
on the MA amount loading into the system [1e5]. However, the
safety features of the system will be degraded when putting more
amount of MAs, such as more substantial positive CVR [6], small
Doppler reactivity coefficient, and effective delayed-neutron frac-
tion [7]. It raises concerns about the safe operation of the system.
Besides, ADS has another remaining important issue that is its large
reactivity swing due to burnup, which leads to larger beam current
from the accelerator is required to compensate the subcriticality
by Elsevier Korea LLC. This is an
[3,5]. It is considered as an obstacle to employing this core concept.
To reduce the operating expense of the ADS, the reactivity swing is
essential to be kept as small as possible.

The motivation of this research is integrating the TRUs trans-
mutation function and enhanced safety of the ADS with the ad-
vantages of small reactivity swing and high burnup of a small
power reactor. In this study, a small power ADS configuration is
identified, and the fuel compositions are determined to achieve the
subcriticality margin of about 0.975 with a233U conversion ratio
near 1.0 and satisfy the safety criteria. The different choices of fuel
matrix and TRU compositions were examined to achieve favorable
safety parameters as well as the neutronics and burnup features so
that the most suitable fuel matrix and fuel composition can be
selected for further investigation. The burnup reactivity loss and
core power peaking factor were adjusted by dividing thorium as-
semblies and recycled fuel assemblies into appropriate fuel regions
in the core. The fuel assembly shuffling pattern was optimized to
maintain the small reactivity swing, to increase the core burnup
efficiency and TRU transmutation rate. Other core parameters were
also determined via a parametric survey. The eigenvalue and
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Table 1
Pu and MA vectors of reprocessed fuel at initial loading.

Nuclides TRU vectors (fraction, at %)

45 GWd/tU 60 GWd/tU

Pu 238Pu 2.38 3.73
239Pu 57.91 48.04
240Pu 24.18 24.30
241Pu 9.34 14.93
242Pu 6.18 9.11
244Pu 1.91E-4 4.48E-4

MAs 237Np 43.5 56.79
238Np 1.37E-8 6.93E-3
239Np 9.15E-6 0.32
241Am 43.15 4.73
242mAm 0.08 0.10
243Am 10.63 23.55
242Cm 1.96E-4 1.79
243Cm 2.72E-2 0.07
244Cm 2.48 11.86
245Cm 0.17 0.66
246Cm 0.02 0.10
247Cm e 1.69E-3
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burnup calculations were conducted by the Monte Carlo code
Serpent 2 [8] with continuous energy libraries using both kcode
and fixed source modes. The production of spallation neutrons
from 1 GeV proton bombarded on the lead-bismuth target was
simulated using PHITS code [9], and the source profile was used in
Serpent 2 for burnup calculation with the existence of the external
neutron source.

2. The 500 MW ADS core design

Inheriting the seed and blanket ADS core concept in the previ-
ous study to achieve a high 233U conversion ratio [5,10], thorium
oxide fuel is loaded in the blanket assemblies and the reprocessed
fuel is loaded in seed fuel assemblies, separately. The heteroge-
neous core design also has benefits in simplifying assembly fabri-
cation, in-core fuel management, and spent fuel management. 144
seed and 102 blanket assemblies were inserted. In order to
smoothen the core power distribution and to increase the TRU
transmutation capability of the system, instead of dividing the core
into two regions as before [10], the reprocessed fuel was divided
into three regions, including the inner, middle, and outer rings (cf.
Fig. 1).

Due to the result of our previous work, the transuranic elements
transmutation rate depends on the initial loading of Pu and MA
isotopes [5]. The aim of this ADS design is to transmute as much of
Pu isotopes, which contribute the most radiotoxicity of the spent
fuel as possible while remaining the safety feature of the system.
Thus, two different Pu and MA vectors of discharged fuel from light
water reactors (LWRs) after 60 GWd/tU and 45 GWd/tU burnup and
10 years of cooling were investigated in order to find the more
effective vector of Pu and MAs to obtain higher TRU transmutation
rate. The Pu andMAvectors of reprocessed fuel at initial loading are
demonstrated in Table 1.

Previously, the oxide fuel was chosen to be the ADS fuel. How-
ever, in the seed and blanket core concept with separated fertile
fuel (thorium) and Pu and MAs, fertile free assemblies will have a
large excess reactivity and cause a rather large radial power peak-
ing when the oxide fuel was used. If the amount of Pu and MAs is
reduced in the seed, the number of Pu and MAs assemblies has to
be increased and the number of Th fuel assemblies is decreased,
which also results in a large reactivity swing of the system. Thus, to
reduce the large reactivity of fertile free assemblies in the ADS,
diluent matrices are chosen for this investigation. In addition, the
diluent matrix also stabilizes the fuel at high temperatures and
improves thermal conductivity and provides more space to
Fig. 1. Vertical and horizontal sectional views o
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accommodate fission products, thus allowing for higher discharge
burnup. In this study, two types of inert matrices, the ceramic-
ceramic matrix (Pu, MA)O2-xMgO (herein CERCER) and ceramic-
metallic matrix (Pu, MA)O2-xMO, (herein CERMET) were exam-
ined to determine a proper fuel matrix for better neutronics char-
acteristics and TRU transmutation of the ADS. We assumed the
fraction of both diluent matrices is 50 vol%. The Pu/MAs ratio in
CERCER and CERMET fuel were adjusted to obtain the designed
subcriticality. The Pu to MAs ratio and fuel compositions of
ceramic-ceramic fuel and ceramic-metallic fuel in weight fraction
are listed in Table 2.

Because of using diluent matrix fuel, a bigger and longer fuel pin
compared to the previous design was also employed to achieve the
desired keff (~0.97). After one depletion cycle, the innermost ring
will be discharged, and the outer and middle rings will be shuffled
inwards. A tighter pitch configuration (P/D is 1.2 in this design
compared with P/D is 1.4 in the previous study) was employed for
assemblies to obtain fast spectrum ADS, which can yield higher
actinide fission-to-capture ratios for better TRU transmutation.
Spallation neutrons are produced by bombarding a 1 GeV proton
beam onto the lead-bismuth eutectic (LBE) cylindrical target. Since
the LBE spallation products 208Po and 209Po contribute significantly
to radiotoxicity, so sodium, a more inert coolant, is chosen as a
coolant of the system [3]. The 500 MWADS reduces the accelerator
f 500 MW ADS core (scale is given in cm).



Table 2
The fuel compositions of CERCER and CERMET fuels.

Isotopes 60 GWd/tU CERCER 45 GWd/tU CERCER 45 GWd/tU CERMET

weight fraction (%) weight fraction (%) weight fraction (%)

(Pu/MAs ¼ 41/59 (%)) (Pu/MAs ¼ 60/40 (%)) (Pu/MAs ¼ 46/54 (%))

237Np 14.77 7.67 10.35
238Np 1.80E-3 2.42E-09 3.27E-9
239Np 0.08 1.61E-06 2.18E-6
238Pu 0.67 0.63 0.48
239Pu 8.69 15.33 11.76
240Pu 4.38 6.40 4.91
241Pu 2.70 2.47 1.90
242Pu 1.65 1.64 1.26
244Pu 8.10E-5 5.06E-05 3.88E-5
241Am 1.23 7.61 10.27
242mAm 0.03 0.13 0.02
243Am 6.13 1.88 2.53
242Cm 0.47 3.47E-05 4.68E-5
243Cm 0.02 4.81E-03 6.49E-3
244Cm 3.09 0.43 0.59
245Cm 0.17 0.03 0.04
246Cm 0.03 2.74E-03 3.70E-3
247Cm 4.41E-4 e 0.00
16O 25.74 25.74 5.89
24Mg 23.51 23.51 e
25Mg 3.10 3.10 e
26Mg 3.55 3.55 e
92Mo e e 7.11
94Mo e e 4.53
95Mo e e 7.88
96Mo e e 8.34
97Mo e e 4.82
98Mo e e 12.31
100Mo e e 5.02
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power burden significantly (from 13 to 30 mA in previous design
[10] to 7.5e21 mA). This will help to reduce the operating cost of
the ADS. The main parameters of the 500 MW ADS are given in
Table 3.

2.1. Simulation codes

The eigenvalue calculations, including effective multiplication
factor, temperature reactivity feedbacks, coolant void, delayed-
neutron fractions, and burnup calculation, were conducted by
Serpent 2 in kcode mode [8] using ENDF/B-VII.0 continuous energy
Table 3
Design parameters of the 500 MWADS.

Reactor

Thermal power (MWth) 500
Fuel temperature (K) 900
Coolant temperature (K) 600
Structure material temperature (K) 600
Fuel type
Thorium Oxide CERCER/CERMET
TRU

Coolant Sodium
Thorium assemblies/reprocessed fuel assemblies 102/144
Core diameter (cm) 214
LBE target radius (cm) 15
Core length (cm) 300
Number of pins per assembly 271
Length of pin (cm) 140
Fuel pin radius (cm) 0.372
Pitch of pin (cm) 0.89
P/D 1.2
Pitch of assembly (cm) 14.71
Accelerator
Proton energy (GeV) 1
Currents (mA) 7.5e21
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library [11]. In the calculations, 20,000 number of histories and 200
active cycles were used to achieve the standard deviation about 30
pcm. Serpent 2 is a three-dimensional continuous-energy Monte
Carlo reactor physics burnup calculation code developed in the VTT
Technical Research Center of Finland. Serpent code was selected to
be the investigation tool because of its advantage in performing the
depletion calculation in the fixed source mode, which meets the
need for fuel depletion andminor actinide transmutation capability
investigation for the ADS. The spallation neutrons of the ADS,
which are produced by bombarding an accelerated proton beam
onto the target, exist in the simulation as an external source.
However, the source modeling option in Serpent 2 is quite limited.
Thus, in this work, the spallation neutrons emitted from the LBE
target bombarded by 1 GeV protons were modeled using PHITS
code [9] with the particle transport using high-energy nuclear data
library JENDL-HE [12] and its profile was used to describe the
external source in Serpent input. PHITS is a Monte Carlo particle
transport simulation code developed under the collaboration be-
tween JAEA, RIST, KEK, and several other institutes. It can deal with
the transport of all particles over wide energy ranges, especially the
transport at the high-energy range in an accelerator. In this
investigation, the burnup calculation performed using Serpent 2 in
both kcode mode and fixed source mode, and the effect of spall-
ation source on the neutronics characteristic and transmutation
rate is evaluated.

3. Results and discussion

3.1. Transmutation results of the ADS using different vectors
evaluated by kcode mode

The transmutation of Pu and MA isotopes and radiotoxicity
reduction depends directly on the initial loading amount of Pu and



Table 4
Performance characteristics of the small power ADS with different TRU vectors of
CERCER fuel.

Characteristics 45 GWd/tU burnt 60 GWd/tU burnt

TRU vector TRU vector

Transmutation rate (kg per TWh) 40.0 39.9
Burnup (GWd/tHM) 45.0 45.1
Depletion days 1400 1400
Radial PPF at BOC 2.68 2.74
Radial PPF at EOC 2.07 2.08
Axial PPF at BOC 1.33 1.32
Axial PPF at EOC 1.32 1.32
CVR at BOC (at 100%), pcm �1489.1 ± 48.8 �1668.3 ± 51.0
CVR at EOC (at 100%), pcm �1889.5 ± 94.4 �1953.1 ± 87.2
FTC at BOC, pcm/K �0.3 ± 0.1 �1.0 ± 0.1
FTC at EOC, pcm/K �0.7 ± 0.2 �1.4 ± 0.1
beff at BOC, pcm 230.7 ± 13.8 260.8 ± 12.3
beff at EOC, pcm 221.5 ± 14.8 252.6 ± 15.1
Gen-time at BOC, ms 0.461 ± 0.006 0.498 ± 0.007
Gen-time at EOC, ms 0.593 ± 0.007 0.491 ± 0.006
keff
BOC 0.9739 ± 0.0003 0.9709 ± 0.0003
EOC 0.9205 ± 0.0003 0.9142 ± 0.0003
Burnup reactivity swing (Dk) 0.053 0.057
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MA isotopes in the reprocessed fuel. In the present work, two
different Pu and MA compositions recycled from the spent fuel of a
PWR with different burnup level were formed in the ceramic-
ceramic matrix and employed in the analysis to analyze the effect
of varying TRU vectors to the reactivity loss due to burnup as well as
investigate the TRU transmutation efficiency of the ADS without
changing the core configuration. The UO2 spent fuel compositions
were generated for 60 GWd/tU and 45 GWd/tU burnup and 10 years
of cooling using ORIGEN-ARP from the SCALE6 code package [13].
The ratio between Pu and MAs in reprocessed fuel assemblies was
adjusted in order to achieve the required reactivity. The depletion
calculation was conducted using Serpent 2 with kcode mode. The
ADS model was verified by comparing the eigenvalue of the ADS
obtained by Serpent 2 with that obtained byMCNP6, and it shows a
good agreement between two codes (less than 50 pcm) [14].

The performance of the cores is summarized in Table 4. The
reactivity loss (Dk) up to 45 GWd/tHM burnup is about 0.05, with a
Fig. 2. Fission to capture cross-section of 239Pu, 241Pu, 241Am, and 243Am.
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high transmutation rate of 40.0 kg/TWh. For CERCER core, it was
burnt for one cycle of 1400 days without refueling, which is about
three times longer compared to the previous core design [5]. In the
table, safety parameters were also provided. As shown in Table 4,
the fuel temperature coefficient (FTC) is found to be very small in
the minor actinides loaded ADS. The Doppler reactivity coefficient
plays an essential role in a reactor core with a significant amount of
238U isotopes. The broadening effect of minor actinides (especially
Am isotopes) was known to be weaker than those of 238U [7]. Thus,
the Doppler effect will be severely degraded when introducing Am
to the U free system. CVR was calculated for the situation when
100% of coolant in the core active area is replaced by a void. In this
case, the neutron spectrum is hardened due to less moderation
from coolant inventory (cf. Fig. 4). This effect leads to the reduction
of neutron capture and also may change the fission-to-capture ra-
tios of nuclides in fuel. Since Am nuclides are more sensitive to the
shifting of the spectrum compared to Pu nuclides (cf. Fig. 2) around
several hundred keV, the increase of Am loadingwill lead to the rise
of CVR. If more fissile nuclides (239Pu and 241Pu) is loaded in to the
system, it would help to reduce the increase of fission-to-capture
ratio due to the neutron harden spectrum and leave the reduc-
tion of neutron capture in fuel to be the main factor introducing
positive reactivity to the system [6]. Besides, when coolant is
replaced by void, higher neutron leakage is also expected due to
less reflection. Thus, in this ADS design, when CERCER fuel with a
Pu/Am ratio of about 3/2 was employed, it presents a negative CVR
for both TRU vectors (�1489.1 pcm at BOC and�1889.5 pcm at EOC
for 45 GWd/tU burnt TRU vector and �1668.3 pcm at BOC
and�1953.1 pcm for 60 GWd/tU burnt TRU vector). In the 45 GWd/
tU burnt TRU vector fueled ADS, which hasmore 241Am content, the
increase in fission probability of 241Am leads to the slightly less
negative CVR. In the system with the prompt Doppler feedback is
negligible, the CVR becomes vital to enhance the safety feature of
the CERCER fueled ADS. The effective delayed-neutron fraction beff
is defined as the fraction of delayed neutrons inducing fission
relative to the number of all fission-inducing neutrons in the
reactor. The beff values shown in Table 4 were calculated by iterated
fission probability method that is available in Serpent. Since cap-
ture cross section of Am is five times higher than that of Pu in the
energy region where delayed neutrons dominate (approximately
0.5 MeV), the introduction of Am will lead to a higher probability
for delayed neutrons to be captured before they cause fission re-
actions. Consequently, the effective delayed neutron fraction for 45
GWd/tU burnt TRU vector loaded core is smaller with more Am
content in fuel. The 60 GWd/tU burnt TRU vector presents a slightly
larger beff compared to the 45 GWd/tU burnt TRU vector.

The ADS fueled by two TRU vectors has the same transmutation
rate (~40 kg/TWh). However, the transmutation of each isotope is
different, depending on the initial loading of the TRU. As shown in
Fig. 3 and Table 5, while the transmuted amount of Pu is almost the
same (the transmutation of 239Pu and 241Pu in twoTRU vector cases
are balanced each other), the 45 GWd/t burnt TRU vector loaded
ADS transmutes Am isotopes much better than another one. Be-
sides, the Np isotopes are transmuted more with the 60 GWd/t
burnt vector loaded fuel sincemuchmore Np is loaded. Cm isotopes
were produced less in the case of 60 GWd/tU burnt TRU vector
loaded core. The 242Cm converted from 241Am absorption contrib-
utes the most to the production of Cm in the ADS. It results that in
the 45 GWd/tU burnt TRU vector loaded core, the accumulation of
Cm is more significant than the other one.

While the transmutation rates of the ADS in two cases are
similar, the 45 GWd/tU burnt TRU vector loading core has a slightly
smaller reactivity swing and smoother radial power peaking factor.
Thus, it was chosen to be applied in the subsequent investigations.



Fig. 3. The change on TRU transmuted amount of small power ADS with. Two different
TRU vectors.

Fig. 4. Neutron spectra of CERCER and CERMET fueled small power ADS at normal and
void conditions at BOC.

Table 5
The reduction amount of TRU by small power ADS with two different TRU vectors.

Isotopes 45 GWd/tU CERCER fuel reduction
(kg)

60 GWd/tU CERCER fuel reduction
(kg)

237Np 240.53 348.34
238Np �0.40 �0.42
239Np �3.9E-05 6.85
238Pu �277.63 �266.45
239Pu 501.08 392.75
240Pu �36.52 �45.22
241Pu 86.80 161.68
242Pu �29.87 �0.36
243Pu �0.004 �0.008
244Pu �0.02 �0.04
241Am 228.88 �22.40
242mAm �13.06 �1.29
243Am 39.76 112.80
244Am �0.001 �0.003
242Cm �26.71 33.94
243Cm �1.08 0.28
244Cm �27.71 �26.50
245Cm �5.22 �21.05
246Cm �0.46 �1.94
247Cm �0.04- �0.22
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3.2. Transmutation of the ADS with different inert matrices
calculated by kcode mode

To determine a proper fuel matrix for better neutronic charac-
teristics, safety parameters, and TRU transmutation of the ADS, two
types of inert matrices, the CERCER and CERMET fuel, were
examined. The 45 GWd/tU burnt TRU vector was used for both
matrix fuel. For a better understanding of the CERCER and CERMET
fueled ADS performance, the depletion calculations were con-
ducted for the whole reactor lifetime, which was divided into six
burnup cycles (1400 days each for CERCER and 1500 days for
CERMET case and 30 days of cooling). The Th assemblies were
maintained inside the core until the end of the reactor lifetime. The
TRU assemblies were divided into three fuel regions including the
inner, middle, and outer regions. A simple shuffling pattern is
proposed as follows: the fuels in the middle and outer rings were
shuffled and burnt in the continuous cycle to optimize the fuel
2099
utilization, core burnup efficiency, and TRU transmutation. Pu
content was adjusted by changing the Pu/MA ratio in order to
achieve the required reactivity. The proposed TRU assembly shuf-
fling pattern is demonstrated in Table 6. The burnup calculationwas
performed by Serpent using kcode mode.

Previous studies reveal the advantages in neutronics and ther-
mal properties of the inert matrix fuel of the ADS. However, those
results also showed the issue of a large positive CVR (several ten
thousands pcm). The appropriate Pu/MA ratio was chosen as dis-
cussed above to overcome that issue. The performances of the cores
loaded with CERCER and CERMET fuel for the first burnup cycle
were illustrated in Table 7. As we can see from the Table, CERMET
fuel has a higher TRU transmutation rate and slightly smaller
reactivity loss due to burnup. However, as discussed above, when
CERCER fueled ADS has a negative CVR, the core with CERMET fuel
is found to have positive CVR (þ1239.7 at BOC andþ1187.7 at EOC).
Although the CERCER and CERMET fuel using the same Pu and MA
vector, the fissile content (Pu) in each fuel matrix was adjusted to
achieve the required reactivity. More Pu and less Amwere inserted
in CERCER fueled, and that introduces the negative CVR to the
CERCER core. In the case of CERMET, the Pu/MA ratio is about 4/5.
The effect of the hardening spectrumwithmoreMA loading is more
severe, especially when the neutron spectrum of CERMET core is
harder than the CERCER core (cf. Fig. 4). Additionally, withmoreMA
in the core, the beff of CERMET core is at a lower level than that of
CERCER core. However, the CVR of CERMET core is still within the
subcriticalitymargin of the ADS, and it won’t cause a problem in the
case of loss coolant.

At the first burnup cycle, it shows a relatively large radial power
peaking factor in both cores 2.68 for CERCER and 2.74 for CERMETat
the beginning of cycle but reducing significantly at the end of cycle
(2.07 for CERCER and 2.25 for CERMET) with the increasing of Th
fuel utilization and the reduction of fission due to burnup.

The ADS was depleted for six burnup cycles, and the keff results
of burnup calculations are depicted in Fig. 5. The fuels in the middle
and the outer rings were burnt and shuffled inwards. The fresh fuel
assemblies replaced the outermost ring. Since thorium fuel as-
semblies stay until the end of reactor life, at later burnup cycles, the
small power ADS reveals a big improvement in reducing reactivity
loss due to burnup when more the converted 233U from 232Th was
utilized. About 20% of thorium fuel was used until the last burnup
cycle. CERMET fuel has smaller reactivity swing (Dk/



Table 6
TRU assembly shuffling pattern for 6 successive burnup cycles of the ADS..

Table 7
Performance characteristics of 500 MWADS with CERCER and CERMET fuel.

Characteristics CERCER CERMET

Transmutation rate (kg per TWh) 40.0 41.2
Thorium utilization (%) 17.0 16.9
Burnup (GWd/tHM) 45.1 42.2
Depletion days 1400 1500
Radial PPF at BOC 2.68 2.74
Radial PPF at EOC 2.07 2.25
Axial PPF at BOC 1.33 1.34
Axial PPF at EOC 1.32 1.33
CVR at BOC (at 100%), pcm �1489.1 ± 48.8 1239.7 ± 39.8
CVR at EOC (at 100%), pcm �1889.5 ± 94.4 1187.7 ± 42.2
FTC at BOC, pcm/K �0.3 ± 0.1 �0.14 ± 0.02
FTC at EOC, pcm/K �0.7 ± 0.2 �0.16 ± 0.02
b-eff at BOC, pcm 230.7 ± 13.8 191.1 ± 14.2
b-eff at BOC, pcm 221.5 ± 14.8 192.3 ± 14.2
Gen-time at BOC, ms 0.461 ± 0.006 0.200 ± 0.004
Gen-time at EOC, ms 0.593 ± 0.007 0.241 ± 0.004
keff
BOC 0.9739 ± 0.0003 0.9727 ± 0.0004
EOC 0.9205 ± 0.0003 0.9306 ± 0.0004
Burnup reactivity swing (Dk) 0.053 0.042

Fig. 5. Keff of the ADS loading CERCER and CERMET fuel for 6 burnup cycles.

Fig. 6. Evolution of ingestion radiotoxicity for CERCER and CERMET fueled small power
ADS at input and discharge.
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k ¼ 0.033e0.042) compared to that of CERCER fuel (Dk/
k ¼ 0.035e0.053). The radiotoxicity at initial loading and discharge
of CERCER and CERMET fueled ADS was generated by Serpent 2
code and the total radiotoxicity of TRU elements at input and
discharge is demonstrated in Fig. 6. As we can see from the figure,
the total radiotoxicity at discharge is higher than that at the input
for several hundred years, mostly because of the buildup of
Cm242,244 and Pu238 isotopes which has higher radiotoxicity but
much shorter haft-live compared to Np237 and Pu239 which are
2100
mainly transmuted by the ADS. Since the very long-lived isotopes
were transmuted, after two hundred years, the radiotoxicity at
discharge reduces rapidly and becomes smaller than the radio-
toxicity at the input. Thus, with the increasing of radiotoxicity at
discharge short-term storage or special treatment is required to
manage the ADS spent fuel.
3.3. CERCER fueled ADS depletion results using fixed source
calculation mode

As discussed above, the CERCER fueled ADS shows an advantage
with smaller reactivity loss due to burnup as well as better safety
features, it was chosen to be the fuel of the small power ADS, and its
core burnup characteristics are investigated further in this section
using Serpent code with fixed source mode. In Serpent, it is
impossible to specify the spallation neutron production by bom-
barding the accelerated proton on the LBE target. That was pro-
cessed using PHITS code and the source profile was used in Serpent
simulation. Themagnitude of the source is fixed from the beginning
until the end of the depletion cycle. The calculation time of the
fixed source calculation is about ten times longer than the kcode
mode. The main performance characteristics of CERCER fueled ADS
at the first and the last cycles were listed in Table 8.

As shown in Table 8, the transmutation rate is almost the same
between the depletion calculation using kcode and fixed source
mode. In kcode calculation results, the PPF was reduced due to
burnup with the decreasing of fissile isotopes (cf. Figs. 9 and 11).
The radial PPF is reduced significantly at the last burnup cycle with
the increase of power fraction from Th fuel and the different fuel
enrichment in the core region after assembly shuffling. On the



Table 8
Performance characteristics of ADS using CERCER fuel calculated using kcode mode
and fixed source mode.

Characteristics kcode mode Fixed source mode

1st cycle 6th cycle 1st cycle 6th cycle

Transmutation rate (kg per TWh) 40.0 29.0 39.9 28.9
Burnup (GWd/tHM) 45.1 49.2 45.1 49.2
Depletion days 1400 1400 1400 1400
Radial PPF at BOC 2.74 1.65 2.96 2.05
Radial PPF at EOC 2.25 1.52 3.14 2.51
Axial PPF at BOC 1.34 1.32 1.28 1.30
Axial PPF at EOC 1.33 1.32 1.21 1.32

Fig. 7. Evolution of ingestion radiotoxicity for CERCER and CERMET fueled small power
ADS at input and discharge.

Fig. 8. Flux distribution in different core rings.
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other hand, with the existence of the external source in the center
of the core, the burnup at each ring was affected, especially the
innermost one and it causes the rather high radial PPF (2.96) at
BOC. As shown in Fig. 8, the flux of the innermost ring increases due
to burnup because of the high fission rate in this region and leads to
the increase of PPF at EOC (3.14) at the first depletion cycle (cf.
Fig. 10). The same trend of PPF increasing due to burnup is observed
in Fig. 12. The transmutation of TRU at each ring as well as the
radiotoxicity results at discharge obtained by two calculation
modes are different (cf. Fig. 7). This finding implies that the results
of transmutation analyses of the ADS obtained by kcode are reliable
when discussing the transmutation potential of the ADS. Never-
theless, the burnup level of each fuel region will be altered when
using the fixed source calculation mode, and it will lead to the
change of the fuel enrichment in the next burnup cycle to maintain
the core reactivity and the radiotoxicity at discharge.
4. Conclusions

The 500 MWADS core concept was proposed, and two different
TRU vectors and fuel matrices were applied and investigated in this
study. The main conclusions of this work are as follows.

1. Two different Pu andMAvectors recovered from 60 GWd/tU and
45 GWd/tU burnup spent fuel were formed in ceramic-ceramic
matrix fuel and employed in the analysis. The depletion calcu-
lation was conducted using Serpent with kcode mode. The
CERCER core can be burnt for one cycle of 1400 days without
2101
refueling which is about 3 times longer compared to the pre-
vious core design. The reactivity loss up to 45.0 GWd/tHM
burnup is about 0.05 with a transmutation rate of 40.0 kg/TWh.
The ADS fueled by two TRU vectors has the same transmutation
rate, but the transmutation of each isotope is different,
depending on the initial loading of the TRU. The core with 45
GWd/tU burnt TRU vector has a slightly smaller reactivity swing
and smoother radial power peaking factor. Thus, it was chosen
to be applied in the next investigations.

2. Two types of inert matrices including the CERCER and CERMET
fuels were examined and the core performances through 6
burnup cycles obtained by kcode mode were compared. The
small power ADS core shows a big improvement in reducing
reactivity loss at the later cycles when more the converted 233U
from 232Th was utilized. At the same burnup level, CERMET core
has smaller reactivity swing (Dk/k ¼ 0.033e0.042) compared to
that of CERCER one (Dk/k ¼ 0.035e0.053). However, it has
positive CVR and slightly smaller beff and higher PPF than that of
CERCER core. On the other hand, the CERCER fueled ADS has
negative CVR and presents a smaller radiotoxicity at discharge
compared to that of CERMET core. It indicates that CERCER
matrix fuel has enhanced the safety feature and more flavor in
terms of radiotoxicity management compared to the CERMET
matrix.

3. The spallation neutron source was simulated using PHITS code
and the source profile was used in the fixed source mode
depletion calculation performed by Serpent for CERCER loaded
ADS. The comparison of the core performances obtained by two
calculation modes reveals that the transmutation rate doesn’t
show a big difference. However, with the existence of the
external source in the center of the core, the burnup of the as-
semblies in inner rings increased significantly and causes the
rather higher radial PPF and the PPF increases due to burnup.
This also leads to the change in fuel enrichment in the next
cycles and the radiotoxicity at discharge. It implies that the re-
sults of transmutation analyses of the ADS obtained by kcode
only is reliable to discuss the transmutation potential of the ADS
but when using the fixed source calculation mode, the burnup
level of each fuel region will be altered and fuel enrichment in
the next burnup cycles has to be adjusted to maintain the core
reactivity.



Fig. 9. Power distribution at first cycle of the CERCER fueled ADS calculated using kcode mode.

Fig. 10. Power distribution at first cycle of the CERCER fueled ADS calculated using fixed source mode.

Fig. 11. Power distribution at 6th cycle of the CERCER fueled ADS calculated using kcode mode.
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Fig. 12. Power distribution at 6th cycle of the CERCER fueled ADS calculated using fixed source mode.
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Through this study, the design of 500 MW ADS was proposed
and the CERCERmatrix with 45 GWd/t burnt vector was found to be
proper for the TRU transmutation purpose with enhanced safety
features. The accelerator power burden is reduced significantly
(from 13 to 30 mA in previous design to 7.5e21 mA). The core can
be burnt continuously for almost 4 years without refueling and a
simple shuffling pattern is also suggested for better fuel utilization
and TRU burn. The reactivity loss is reduced significantly at the later
burn cycles with the smallest reactivity loss Dk/k is only 0.035 up to
49 GWd/t burnup. In our next investigations of the ADS design, the
burnup calculation in the external sourcewill be performed and the
fuel enrichment will be updated after each burnup step in order to
provide a more practical fuel cycle for the ADS.
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