
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=tnst20

Download by: [Xian Jiaotong University] Date: 17 July 2017, At: 02:57

Journal of Nuclear Science and Technology

ISSN: 0022-3131 (Print) 1881-1248 (Online) Journal homepage: http://www.tandfonline.com/loi/tnst20

Studies on LLFP transmutation in a pressurized
water reactor

Kun Liu , Hongchun Wu , Liangzhi Cao & Youqi Zheng

To cite this article: Kun Liu , Hongchun Wu , Liangzhi Cao & Youqi Zheng (2013) Studies on LLFP
transmutation in a pressurized water reactor, Journal of Nuclear Science and Technology, 50:6,
581-598, DOI: 10.1080/00223131.2013.785278

To link to this article:  http://dx.doi.org/10.1080/00223131.2013.785278

Published online: 10 May 2013.

Submit your article to this journal 

Article views: 215

View related articles 

Citing articles: 1 View citing articles 

http://www.tandfonline.com/action/journalInformation?journalCode=tnst20
http://www.tandfonline.com/loi/tnst20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00223131.2013.785278
http://dx.doi.org/10.1080/00223131.2013.785278
http://www.tandfonline.com/action/authorSubmission?journalCode=tnst20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tnst20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/00223131.2013.785278
http://www.tandfonline.com/doi/mlt/10.1080/00223131.2013.785278
http://www.tandfonline.com/doi/citedby/10.1080/00223131.2013.785278#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/00223131.2013.785278#tabModule


Journal of Nuclear Science and Technology, 2013
Vol. 50, No. 6, 581–598, http://dx.doi.org/10.1080/00223131.2013.785278

ARTICLE

Studies on LLFP transmutation in a pressurized water reactor

Kun Liu, Hongchun Wu, Liangzhi Cao and Youqi Zheng∗

School of Nuclear Science and Technology, Xi’an Jiaotong Unviersity, Xi’an 710049, China

(Received 10 October 2012; accepted final version for publication 17 February 2013)

A systematic study on the long-lived fission product (LLFP) transmutation in a pressurized water reactor
(PWR) is performed, aiming at an optimal transmutation strategy for present nuclear energy development.
The LLFPs selected in the analysis include 99Tc and 129I discharged from light water reactors (LWRs).
The isotope 127I is also considered to avoid the difficulties in isotopes separation. To minimize the negative
impacts of LLFPs on the core performance and safety parameters, metallic technetium orMgI2 target pins
mixed with ZrH2 are designed and investigated. Through the numerical analysis on equilibrium cycles, the
transmuted amounts of 99Tc and 129I equal to the yields from 1.94 and 4.22 PWRs with a power of 1000
MWe, respectively. Numerical results indicate that both 99Tc and 129I can be transmuted conveniently in
present PWRs in the form of target pins.

Keywords: fission product; nuclear transmutation; PWR type reactor; fuel cycle

1. Introduction

Nowadays, nuclear energy is an integral part of the
global energy market. In a foreseeable future, nuclear
installed capacity could be multiplied by a factor of 3
to 4 by 2050; global nuclear installed capacity is ex-
pected to be 1500–2000 GWe to meet a significant part
of the anticipated increase in electricity demand [1]. Fis-
sion products (FPs) and transuranic isotopes (TRUs)
are inevitably generated and accumulated with the op-
eration of nuclear power plants. Most of the high-level
wastes (HLW) related to the spent nuclear fuel (SNF)
come from the following elements: plutonium, neptu-
nium, americium, curium and some long-lived fission
products (LLFPs), such as iodine and technetium. The
contents are show in Table 1.

The hazard concepts for HLW evaluation appear in
terms of toxicity (stress on retention in human body) and
risk (stress on the geologic and engineering barriers in
repository) for the radioactive by-products’ radiological
hazard evaluation [2]. From the viewpoint of dose eval-
uation, it appears that a selected number of LLFP actu-
ally dominate the dose levels associated with long-term
waste storage. The radiotoxicity due to fission products
after 1000 years of storage is determined by only a few of
LLFPs. This is illustrated in Figure 1, where the relative
contribution to the radiotoxicity of five LLFPs is shown
as a function of storage time. 99Tc, 129I, 93Zr, and 135Cs

∗Corresponding author. Email: yqzheng@mail.xjtu.edu.cn

are important nuclides to be considered due to their po-
tential impacts on the long-term health hazard of the
repository [4].Risk is used to denote the impact of HLW,
with potential leakage dose possibilities on the geologic
repository. It is concluded that the risk from 99Tc and
129I (listed in accordance with risk magnitude) appears
to be dominating over that of heavy metals due to their
higher solubility in water [2].

Approximately 2500 tons of SNF containing three
tons of LLFPs (out of a total about 1000 tons of FPs)
is produced annually in the European Union. These ra-
dioactive by-products will be inevitably accumulated si-
multaneously with the growth of the global nuclear in-
stalled capacity. To reduce radiotoxicity and tominimize
the long-term geologic disposal risk, it has been sug-
gested that 99Tc and 129I might be partitioned from the
SNF and transmuted in the nuclear facilities.

The proposed fuel cycles for transmutation of waste
differ in several respects. Combinations of different reac-
tor systems for transmutation have been studied widely.
Two tier systems (seen in Figure 2) usually combine a
first thermal tier and a second fast tier, which are consid-
ered the reference transmutation strategy in Japan and
France [5]. The development and deployment of innova-
tive systems, such as accelerator-driven transmutation of
waste (ATW), is technically and economically challeng-
ing. Thanks to their large capture cross-sections both in

C© 2013 Atomic Energy Society of Japan. All rights reserved.
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Table 1. Weight (kg) of spent nuclear fuel in the burnup
33.0 GWd/tHM and normalized to 1 metric ton fuel.

Fuel Fuel
composition Weight composition Weight

Uranium 955.4 Plutonium 8.5
MA (minor LLFPs (long-lived
actinides) fission products)

237Np 0.5 99Tc 0.8
Am isotopes 0.6 129I 0.2
Cm isotopes 0.02 93Zr 0.7

135Cs 0.3
SLFPs (short-lived Stable isotopes
fission products)

137Cs 1.0 Lanthanides 10.1
90Sr 0.7 Other 21.8

thermal and in epithermal energy range, 99Tc and 129I
can be efficiently transmuted into short-lived or stable
isotopes in a thermal reactor. Therefore, a possibility
of constraining the generation of long-lived radioactive
waste through multi-recycling of LLFPs might need to
be evaluated in existing PWRs.

Setiawan and Kitamoto investigated the multi-
recycle transmutation of LLFP both in PWRs and
in boiling water reactors (BWRs) based on the mass
balance of nuclides in the core by the cell depletion
calculation for the homogeneous core model [6].
Yang utilized assembly calculation with reflective
boundary conditions to estimate the LLFP trans-
mutation performance of PWRs through various

Figure 1. Relative contribution of long-lived fission products
to the total radiotoxicity of fission products [3].

LLFPs target designs and loading optimization studies
based on the assumption of good agreement between
assembly-level and full-core analyses [7]. Scoping-type
studies of various target design and loading opti-
mization have been performed to determine the best
transmutation capabilities. However, almost all the for-
mer studies focus on analyses to estimate the potential
transmutation rates in LWR with limited considera-
tion to design and safety constraints. It is difficult or
practically impossible to extrapolate certain neutronic
values obtained from the assembly calculations to the
behavior of the whole core. To devise an optimal strat-
egy for LLFP transmutation in the thermal reactors,

Figure 2. Multi-tier fuel approaches for TRU and LLFP transmutation.
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the whole-core irradiation capacities, operation history,
and their impacts on the geologic repository should be
carefully considered. Therefore, the LLFP transmuta-
tion analyses based on the whole-core calculation are
performed in this paper.

In the present paper, LLFP in-core transmutation
is evaluated. The equilibrium cycle with LLFP target
loading is analyzed. The modular in-core transmutation
analysis code system namedCATE (ComputationAnal-
ysis code system of Transmutation Evaluation) is ap-
plied in the evaluation, involving the pin-wise neutron-
ics calculation and detailed depletion analysis for the
PWRs. Numerical verification results for CATE code
system indicate that it is reliable and competent for fuel
management, core follow, reload physics calculations,
and in-core transmutation evaluation and optimization
[8].

This paper reviews the computational models of
CATE in Section 2, addresses the assembly designs and
equilibrium cycle studies in Section 3 and Section 4,
respectively, and summarizes some conclusions in
Section 5.

2. Computational model and method utilized

Three limitations occur if the conventional two-step
fuel management code systems are employed directly for
the in-core transmutation calculations. First, the con-
ventional resonance calculations do not consider the res-
onance absorption of 99Tc [9] and 129I [10]. However,
such phenomenon as shown in Figure 3 is truly impor-
tant if large quantities of LLFP nuclides are loaded in
the core. Second, the nodal method applied in the tra-
ditional fuel management codes could not give the pre-
cise flux in the transmutation target pins. Third, the
conventional in-core depletion calculation is too simple
to get accurate transmutation results. Therefore, a new
code system for three-dimensional two-group reactor

analysis and transmutation evaluation is developed, us-
ing the computational flow presented in Figure 4.

The lattice physics codeDRAGON [11] is coupled to
the point depletion code ORIGEN2 [12] to generate the
few-group constants for the core analysis calculation, as
shown in Figure 5.

The fine-mesh differential calculation code CITA-
TION [13] is applied for the pin-wise flux calculation
and the point depletion calculation code ORIGEN2 is
employed for a detailed depletion analysis of the reactor
core. To enhance the reliability and accuracy of the de-
pletion calculation, the local few-group flux obtained by
CITATION is utilized for target nuclide one-group mi-
croscopic cross-sections updating. Meanwhile, the bur-
nup interpolation is kept for nontransmutation lattices
as well. Figure 6 gives the computational flow.

3. LLFP transmutation target design

The cross-section of 99Tc and 129I exhibits strong res-
onance absorption behavior in the epithermal energy
range. The cylindrical target reduces the effective cap-
ture cross-sections because of the spatial self-shielding
effects. This is especially true for 99Tc since it has a large
capture resonance peak at 5.6 eV. In order to maximize
the effective capture cross-section, the LLFP isotopes
should be loaded dilutely into the inert matrix mate-
rial to reduce the self-shielding effect. Besides, the extra
moderation effect for target spectral softening is benefi-
cial for LLFP transmutation.

3.1. Material forms for transmutation nuclides
With respect to transmutation of 99Tc and 129I in a

PWR core and with the consideration of decrease of
the capture of parasitic neutrons, sound physical proper-
ties, such as high melting point and atomic density, and

Figure 3. Capture cross-sections of 99Tc and 129I.
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Figure 4. Diagram of CATE code system.

Figure 5. Coupling of DRAGON and ORIGEN2.

compatibility with cladding material, several target ma-
terial forms for 99Tc and 129I transmutation have been
studied.

Typically, the metallic targets are proposed for
99Tc transmutation because of its high melting point
(2250◦C), high metal density (11.46 g·cm–3), and sound
irradiation properties. The transmutation of 129I yields
gaseous xenon; meanwhile, the melting and boiling
points of 129I are lower than the PWR core temperature
and its vapour pressure is very high around its melting
points, which requires candidate chemical forms for in-
core transmutation loading. Several iodide forms have
been considered. Calcium iodate [Ca(IO3)2] is found to
be disadvantageous for its cladding interaction [4]. Sim-
ilarly, lead di-iodide (PbI2) causes strong corrosion. Al-
though cerium iodide (CeI3) has the merit of a low va-
por pressure, it appears to be very sensitive to air and

moisture, which leads to a troublesome process of pure
CeI3 target fabrication [14]. Comparing with other io-
dide forms, calcium iodide (CaI2) has a good irradia-
tion performance and limited swelling, the highest melt-
ing point, and the lowest vapor pressure, but it is very
sensitive to air [15]. Cuprous iodide (CuI) shows good
solubility and strong corrosion with the cladding ma-
terial under the irradiation condition. To prevent the
cladding interaction, CuI can be used in combination
with a Cu liner on the stainless cladding [4]. Sodium io-
dide (NaI) and magnesium iodide (MgI2) have mediocre
properties but are stable in air for pure target process.
Such target forms are desirable for 129I in terms of their
chemical characteristics. Higher iodine densities are ob-
tained, which is essential for the better transmutation
rate of LLFP that can be achieved [4]. NaI has the dis-
advantage of having the lowest iodine density among
all other iodide compounds, as seen in Table 2. From
the aspect for 129I in-core transmutation analysis, NaI
might not achieve sound transmutation performance in
present PWRs. Besides, NaI is expected to melt when
sodium is liberated from iodine due to the transmuta-
tion, and this might be a problem for achieving a high
discharge burnup [16].

Table 2. Properties of metal iodide.

Melting Density of metal Density of
point (◦C) iodide (g·cm−3) iodine (g·cm−3)

NaI 661 3.67 3.10
CaI2 786 4.01 3.46
MgI2 633 4.43 4.04
CuI 595 5.62 3.75
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Figure 6. Flowchart of in-core fuel management calculation.

To evaluate the neutronic properties of these metal
iodides, the cylindrical targets, containing a mixture of
different iodides (CaI2, CuI, and MgI2) with ZrH2, are
loaded in the control rod guide tube and evaluated us-
ing the depletion codes. To avoid the expense of iso-
topic separation, the iodine target is directly formed
with the elemental iodine extracted from the SNF, for
which an isotope vector of 77% 129I and 23% 127I
was assumed. Both transmutation rate and achievable
consumption fraction are compared in different io-
dide volume loading fractions, as seen in Figure 7.
The results denote that the transmutation rate of 129I de-
creases almost linearly with target loading increase. For
129I, spectral softening is themain cause of capture cross-
section increase and the resonance self-shielding effect,
which comparing with that of 99Tc is relatively insignif-
icant. Therefore, the transmutation rate will increase
monotonically as the capture cross-section increases.
MgI2 can achieve a higher fractional consumption

compared with both CuI and CaI2 under the same io-
dide volume loading because of its higher iodine density,
as presented in Table 2. Consequently, MgI2 (density of
4.43 g·cm–3) is selected as the 129I target form to obtain
a better transmutation performance.

3.2. Inert matrix material selection
Since both 99Tc and 129I have relatively large cap-

ture cross-sections in the thermal and epithermal en-
ergy range, a solid cylindrical target form reduces the
effective capture cross-sections significantly because of
spatial self-shielding effects. To enhance the capture re-
actions by reducing the spatial self-shielding effects,
the LLFP target materials need to be loaded as di-
lutely as possible. Moreover, in order to take full ad-
vantage of larger thermal capture cross-sections of such
nuclides, further softening of the neutron spectrum by
extra moderation might be desirable. Accordingly, the
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Figure 7. Comparison of transmutation rate and achievable consumption fraction of different iodides.

investigation of matrix materials for transmutation is
meaningful.

The requirements for the fuel matrix materials in-
clude low parasitic neutron absorption, chemical com-
patibility with the cladding and the coolant, resistance to
irradiation damage, good thermal andmechanical prop-
erties, and so on [17]. The effect of different inert matrix
materials on the neutronic performance is expected to
be small because a low cross-section for interaction with
neutrons is one of the major requirements for the ma-
trix material choice. The transmutation performances
of metallic technetium and the iodides (40 v/o loading)
with different inert materials (ZrH2, BeO, Al2O3, ZrO2–
MgO, and SiC) are calculated in the present section (as
seen in Figure 8). For 99Tc, the transmutation perfor-
mance is mainly due to self-shielding of the large res-
onance peak at 5.6 eV. With the same volume percent
of 99Tc loading with different inert matrix materials, the
spectral softening effect is influenced by the moderating

power of the matrix materials. In the case of 129I, since
the resonance self-shielding effect is relatively insignif-
icant (the resonance integral is ∼340 barns for 99Tc,
while it is ∼36 barns for 129I), spectral softening is the
main cause of the annual transmutation rate increase.
Results indicate that a homogeneous mixture of target
and ZrH2 provides a superior moderating power com-
pared with that of the other inert materials, which leads
to a higher annual transmutation rate and achievable
consumption fractions of target materials. For hydride
material, various studies have been performed to evalu-
ate the potential application in present nuclear facilities.
The neutronics, material compatibility analysis, thermal
hydraulics, safety, fuel rod vibration and mechanical in-
tegrity, and economic analysis for hydride fuels in LWR
were reviewed [18]. Wakabayashi and Higano evaluated
the duplex pellet – a moderator annulus surrounding
a 99Tc wire in a fast reactor [19]. Park et al. studied
the LLFP transmutation target assembly design in the

Figure 8. Effects of different inert matrix materials on LLFP transmutation.
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HYPER system. They concluded that the assembly con-
figuration where 99Tc is loaded as a plate type in the out-
ermost region and 129I is loaded as NaI rods with CaH2

in the inner region might achieve the best transmutation
performance [20]. Kim et al. concluded that the homo-
geneous mixture shows the best performance due to the
minimized target nuclide self-shielding effect [16]. Yang
et al. investigated the possibilities for cylindrical target
mixed with a ZrH2 moderator placed in the guide tube
for both 99Tc and 129I transmutation in PWR assemblies
[7]. Moreover, ZrH2 has a good irradiation experience in
TRIGA reactors [21]. Based on open-literature informa-
tion collected and thoroughly assessed, it appears that
hydride materials can safely operate in present nuclear
facilities based on the design performance feasibility is-
sues.

3.3. Target loading volume study
Using metallic 99Tc and MgI2 targets and a ZrH2

moderator, target loading design studies in the transmu-
tation assembly need to be accomplished first to maxi-
mize the LLFP transmutation performance.

In general, in a moderated LLFP target assembly,
as the moderator loading fraction increases, the effec-
tive capture cross-section (i.e., transmutation rate) in-
creases due to the enhancedmoderation and the reduced
self-shielding of LLFP isotopes. On the other hand, the
increase in the moderator loading fraction results in a
reduced LLFP loading and hence a reduced absolute
achievable consumption fraction. In Figure 9, the rel-
ative transmutation rates and the absolute transmuta-
tion fractions are plotted for the target volume fraction.
For 99Tc, the remarkable decrease in the annual trans-
mutation rate is due to the self-shielding effect since
the resonance absorption is significant in the epither-
mal energy range. In the case of 129I, the spectral soft-
ening effect induced by different target loadings is the
main cause of the annual transmutation rate variation.

The annual transmutation rate decreases, while the an-
nual achievable transmutation consumption fraction in-
creases monotonically as the target volume loading in-
creases. For a fixed amount of LLFP loading per target
assembly, the maximum transmutation performance is
achieved by arranging the LLFP target pins in such a
way that the moderator volume is maximized; however,
it is necessary to maximize the target material volume
loading under various design constraints if the goal is to
maximize the achievable consumption fraction. Consid-
ering these conflicting performance indices, it is believed
that a target volume fraction of 30–40 v/o is a good com-
promise. Similar moderator volume loading conclusion
has been achieved byKim et al. for LLFP transmutation
in ATWs [16]. Forty v/o moderator loading fraction is
selected for the preliminary study to keep the supportive
ratio bigger than 1.0 in present transmutation facilities.

4. Study on the LLFP transmutation in PWR
equilibrium cycle

Loading 99Tc and 129I targets in a reactor will lead
to a shorter cycle length for their parasitic neutron ab-
sorption. In this paper, the length of the cycle is set to
be 480.0 EFPD (effective full power days); correspond-
ingly, the critical burnup (the average burnup at the end
of the cycle) is 19.247 GWd/tHM (gigawatt-days/metric
ton of heavy metal), to compensate the “poison effect”
of LLFP target in-core loading and to compensate the
decrease in core power.

The daughter of 99Tc capture reaction is 100Tc, which
shortly decays to stable 100Ru with a half-life of 15.8 s.
The daughter nuclide 100Ru is transmuted only to sta-
ble or short-lived nuclides by further neutron capture.
The capture cross-section of 100Ru is smaller than that
of 99Tc, which denotes that the depletion of 99Tc might
increase the reactivity of the core when transmuting, al-
though it might be quite small. Since the half-lives of 128I

Figure 9. LLFP transmutation rate and achievable consumption fraction versus target volume fraction.
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Figure 10. Transmutation target pin guide tube loading and target design for LLFP loading.

and 130I are short, it can be assumed that 127I and 129I
would be converted to stable 128Xe and 130Xe by neutron
capture. 130Xe has a much smaller capture cross-section
than 129I. Thus, the transmutation of 129I in PWRs may
also result in reactivity increase.

The PWR ismaintained critical by adjusting the con-
centration of boric solution, and a significant amount of
excess reactivity is usually controlled by the burnable ab-
sorbers (BAs). Such thermal neutron absorbers have two
opposite impacts on LLFP transmutation. Since they
make the neutron spectrum slightly harder, the effective
capture reactions of LLFPs are slightly reduced. At the
same time, for a fixed power density, the increase in the
flux level, relative to the no-absorber case, thereby en-
hances the LLFP rates. Preliminary analyses [7] indicate
that net effects of these absorbers on the LLFP trans-
mutation rate are slightly positive, and were neglected in
this study for simplicity.

Two types of loading patterns of the target pins in
the fuel assembly are considered: target loading in the
guide tube and loading by replacing some fuel pins in
the assembly (the discrete target loading). The designs
and numerical analyses are discussed next.

4.1. Target loading in the guide tube
In order to minimize the change of fuel assemblies

and core, the LLFP targets mixed with the moderator
are loaded in the guide tubes (active target height equals
to 365.8 cm), as shown in Figure 10. Table 3 summa-
rizes the fuel temperature coefficients (FTCs), modera-
tor temperature coefficients (MTCs), and boron reactiv-
ity worth (BW) at the beginning of life (BOL) for the
transmutation assemblies. The parameters of the origi-
nal PWR assembly are also given in the table to show
the difference.

It is observed that FTCs of the LLFP-loaded assem-
blies are comparable with the base FTCs. The MTC for

LLFP-loaded assemblies has more negative values, and
it is considered that this amount of change would not
cause any safety problem. The enhancedMTCmay help
in maintaining the core safety when the soluble boron
concentration is high at the beginning of the cycle. BWs
are slightly reduced in the LLFP-loaded cases compared
with the standard assembly. The boron BW reduction is
due to the neutron spectrum hardening caused by LLFP
loading. Taking into account all these results, 99Tc and
129I can be transmuted in a UO2-fueled PWR core with-
out any problem from the viewpoint of reactivity coeffi-
cients.

When the target pins are loaded in the guide tubes,
the available space for LLFP loading is limited because
a significant fraction of the locations must be reserved
for the control rod cluster insertion. Figure 11 illustrates
the locations of control rod clusters in a 1000 MWe
PWR nuclear power plant and the reference core load-
ing pattern. Based on it, the assemblies with transmuta-
tion targets are loaded as illustrated in Figure 10. Op-
timizations for equilibrium fuel cycle designs, consider-
ing the all control rods out (ARO) condition, to achieve
sound LLFP transmutation capacities based on present
PWR assembly design and core loading pattern are per-
formed.

Table 3 Reactivity coefficients of LLFP transmutation
assembly.

FTC MTC BW
(pcm·K−1) (pcm·K−1) (pcm·ppm−1)

PWR UO2 −1.685 −31.969 −5.874
assembly (4.45 wt.%)
Transmutation
assembly

Tc −2.045 −51.664 −5.211
MgI2 −1.906 −37.887 −4.710
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Figure 11. Specification of the reference core.

For better transmutation performance of 129I, the
optimized in-core assembly loading pattern is given in
Figure 12. For refueling loading specification, label XY
in the equilibrium refueling specification stands for the
exposed fuel assembly loading position in the last fuel
batch. Label X here stands for the horizontal assembly
region going from left to right; label Y stands for the
vertical assembly region going from top to bottom. The
equilibrium cycle for iodide target loading is searched,

and the final loading pattern and related refueling pat-
tern are illustrated in Figure 12 as well.

The variation of critical concentrations of the boric
solution in different cycles is presented in Figure 13.
From the curves, the equilibrium cycle with transmuta-
tion target loading is reached in the third cycle. It can
be found that severe criticality exists in the second cy-
cle (transition cycle). This is mainly due to the fuel as-
semblies loading scheme in different cycles. The initial

Figure 12. Fuel loading pattern for MgI2 transmutation.
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Figure 13. Critical concentration of the boric solution with
burnup.

burnup of the burnt twice-burnt assemblies are higher
for the transition fuel cycle in the comparison with those
of the twice-burnt assemblies for equilibrium fuel load-
ing. Figure 14 compares the initial burnup distribution
for the assemblies loaded in the twice-burnt position
(such as A1, F2, A2, and C5) for the second cycle and
the third cycle. Meanwhile, as the exposure period goes,

Table 4 Transmutation rate of 129I in the equilibrium fuel
cycle.

Target no. Transmutation rate (%)

T1 6.047
T2 5.767
T3 4.608
T4 5.372
T5 2.266
T6 5.618
T7 2.454
T8 1.744
T9 4.570

higher burnup requires lower boron concentration to
compensate the reactivity penalty, which leads to a sev-
erer criticality situation at the end of the transition fuel
cycle.

The transmutation rates of different targets are sum-
marized in Table 4. From the results presented in the
table, the net consumption of 129I after discharging is
about 16.40 kg, and the average transmutation rate is
4.112% per cycle. The approximate buildup of 129I in a
1000MWe PWR per fuel cycle is 4.80 kg; the supportive
ratio (the transmuted amounts of LLFPs over the yields

Figure 14. Mean axial burnup distribution for the twice-burnt assembly.
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Figure 15. Fuel loading pattern for metallic technetium transmutation.

of 1000 MWe PWRs for the same exposure period) of
129I is equal to the yield from 3.13 1000 MWe PWRs.

For 99Tc transmutation, the initial in-core fuel ar-
rangement is given in Figure 15. The equilibrium fuel
cycle for the transmutation targets is achieved and the
fuel arrangement is illustrated in Figure 15.

Similarly, the critical concentrations of boric solu-
tion in different cycles are shown in Figure 16. The

Figure 16. Critical concentration of the soluble boron
for 99Tc with burnup.

Table 5 Transmutation rate of 99Tc in the equilibrium fuel
cycle.

Target no. Transmutation rate (%)

T1 7.736
T2 7.876
T3 3.192

results show that the core with transmutation assem-
blies reaches the equilibrium cycle in the third cycle. The
transmutation rates for different targets, with different
target isotopes loading volume, are reported in Table 5.

From the results illustrated in Table 5, the net con-
sumption of 99Tc after discharging is about 22.16 kg; the
average transmutation rate for the equilibrium cycle is
6.115%. The approximate production of 99Tc in a 1000
MWe PWR per cycle is 19.2 kg. The present LLFP tar-
get loading core can transmutate 99Tc produced by 1.15
PWRs.

4.2. Discrete target pins loading
As described above, the available space for LLFP

loading is limited because a significant fraction of the
locations must be reserved for the control rods inser-
tion. Under such restriction, the target in-core loading
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Figure 17. Transmutation target pin discrete loading patterns (one-quarter assembly specification) and target design for LLFP
loading.

optimization is limited. To break through the loading
limitation for higher transmutation characteristics, a
new target pins in-assembly loading pattern should be
studied and evaluated, as illustrated in Figure 17.

To consider the effects of LLFPs on the safety pa-
rameters, the reactivity coefficients at BOL for different
volume fractions of targets and various LLFP-loaded
patterns are calculated, as shown in Table 6. The pa-
rameters of the original PWR assembly are also given
to show the difference.

Table 6 Reactivity coefficients of LLFP transmutation
assembly.

FTC / MTC / BW /
pcm·K−1 pcm·K−1 pcm·ppm−1

UO2 assembly −1.685 −31.969 −5.874
08 −1.733 −36.515 −5.550
16 −1.733 −40.065 −5.776

Tc 20 −1.747 −41.749 −5.899
24 −1.761 −43.393 −6.026
08 −1.665 −31.665 −5.511
16 −1.633 −30.318 −5.690

MgI2 20 −1.618 −29.565 −5.791
24 −1.603 −28.766 −5.896

As seen from Table 6, the reactivity coefficients are
in reasonable agreements with those of normal PWR as-
sembly. It can be predicted that loading these transmu-
tation assemblies will not induce safety issues.

The optimized in-core assembly loading pattern for
129I transmutation is given in Figure 18. The equilibrium
cycle for iodide target loading is searched, and the final
loading pattern and related refueling pattern are illus-
trated in Figure 18 as well. The boric concentrations in
different cycles are presented in Figure 19, and the trans-
mutation rates are presented in Table 7.

The net consumption under such loading pattern is
22.00 kg, and the average transmutation rate reaches
6.028%. Similarly, the transmutation amount of 129I is
equal to the buildup from 4.59 1000 MWe PWRs.

From the results, it can be found that the trans-
mutation rate in the third batch is lower than that
in the other two batches, which means that the inte-
gral flux in this position is relatively low. To trans-
mute the LLFP nuclides effectively and enhance the
transmutation rate, the two-batch refueling scheme
is also calculated for 129I in-core transmutation. The
optimized result comes out with the same volume
fraction loading (24 target pins in-assembly discrete
loading). The loading pattern and the refueling pattern
can be seen in Figure 20. The boric concentrations in dif-
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Figure 18. Fuel loading pattern for metal iodide target transmutation.

ferent cycles are presented inFigure 21, and the transmu-
tation rates are presented in Table 8.

The net consumption under such loading pattern is
20.25 kg, and the average transmutation rate reaches
6.998%. The corresponding supportive ratio for 129I is
4.22 for the two-batch refueling scheme.

Though the net consumption is lower than that of the
three-batch refueling scheme, the average transmutation
rate is enhanced. The transmutation rate is influenced by

Figure 19. Critical concentration of the boric solution with
burnup.

the flux and capture cross-sections. For an in-core trans-
mutation study, the flux level is the main factor since the
capture cross-sections in different target loading posi-
tions are relatively small. The flux level of the third batch
is low for a long-time in-core exposure, which leads to a
small transmutation rate. However, since more fresh as-
semblies with BA pins are replaced by transmutation as-
semblies for 129I in the two-batch refueling equilibrium
fuel cycle than that in the three-batch refueling equilib-
rium fuel cycle, the excess reactivity at BOL requires a
higher boric concentration (comparing Figures 19 and
21).

Table 7. Transmutation rate of 129I in the three-batch refu-
eling equilibrium fuel cycle.

Target no. Transmutation rate (%)

T1 7.771
T2 7.540
T3 5.995
T4 6.816
T5 6.702
T6 7.262
T7 3.372
T8 2.316
T9 6.159
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Figure 20. Fuel loading pattern for metal iodide target transmutation.

Similarly, both the optimization for the three-batch
refueling scheme and that for the two-batch refueling
scheme for 99Tc transmutation are performed and com-
pared. The optimized loading pattern for the three-batch
loading scheme (8 target pins in-assembly loading) is il-
lustrated inFigure 22, and that for the two-batch loading
scheme (16 target pins in-assembly loading) is shown in
Figure 23.

Figure 21. Critical concentration of the boric solution with
burnup.

Table 8. Transmutation rate of 129I in the two-batch refuel-
ing equilibrium fuel cycle.

Target no. Transmutation rate (%)

T1 7.339
T2 7.351
T3 7.102
T4 7.123
T5 6.544
T6 6.820
T7 6.514
T8 7.150

The variations of critical boric concentrations in
different cycles for refueling patterns are shown in
Figure 24. From the figure, it can be found that 99Tc
transmutation in the two-batch refueling equilibrium
fuel cycle requires a higher soluble boric concentration
than that in the three-batch refueling equilibrium fuel
cycle, to compensate the excess reactivity in the first ini-
tial fuel cycle. The results for the transmutation rate are
listed in Tables 9 and 10.

For the three-batch refueling scheme, the average
transmutation rate is 9.052% and the achievable con-
sumption weight is 29.45 kg, comparing with results of
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Figure 22. Fuel loading pattern for metallic technetium transmutation (three-batch refueling).

9.482% and 37.29kg for the two-batch refueling scheme.
The supportive ratios for 99Tc discrete target loading for
the two kinds of refueling schemes are 1.53 and 1.94, re-
spectively.

4.3. Loading patterns comparison and analysis
The two types of in-core transmutation loading pat-

terns have been calculated in Sections 4.1 and 4.2. The
resulting transmutation performances for different load-
ing patterns are summarized in Table 11.

The results denote that the potential of using tar-
get loading in the guide tube is limited for two reasons.
First, the initial LLFP loading is constrained because
a significant fraction of the locations must be reserved
for the control rod cluster insertion. Second, the par-
asitic neutron absorption of excess cladding materials
(guide tubes and target cladding) and the poor modera-
tion effect of target pins have negative effects on LLFP
transmutation. For the discrete loading pattern, both the
three-batch refueling scheme and the two-batch refuel-
ing scheme are performed. It can be found that the two-
batch refueling scheme can achieve a high transmutation
rate.

The potential of using a PWR as an LLFP burner is
limited because the initial LLFP loading is constrained

by uranium enrichment. The amount of LLFPs inciner-
ated could be increased by maximizing the LLFP load-
ing within the imposed enrichment limit, but this would
reduce the cycle length and the LLFP discharge burnup.

In order for LLFPs to be routinely transmuted in
a PWR core, their loading should not significantly de-
grade the safety potentials of the core. Therefore, the hot
spot factors and the reactivity coefficients for different
equilibrium fuel cycles are calculated and compared in
Table 12.

Comparing with the hot spot factor of the reference
core, it is concluded that the introduction of a modera-
tor will lead to a higher hot spot factor for the LLFP-
loaded cores. This is mainly due to the fact that excess
moderator leads to more thermal neutron leakage. The
hot spot factor is affected by the introduction of moder-
ated LLFP transmutation assemblies. From the numeri-
cal results of this study, it is noted that the hot spot prob-
lem is more severe in the iodine target assembly loading
cases. This is mainly due to the larger mean free path
of thermal neutrons in MgI2 than in technetium; the
thermal neutron mean path is about two times larger in
MgI2 than in technetium since the iodine atomdensity in
MgI2 is∼2.7 times smaller than the 99Tc atom density in
metallic technetium target.Meanwhile, sincemoreMgI2
target pins are loaded for the target in the control rod
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Figure 23. Fuel loading pattern for metallic technetium transmutation (two-batch refueling).

Figure 24. Critical concentration of boric solution as a func-
tion of burnup.

guide tube loading pattern and the discrete target load-
ing pattern with the three-batch refueling scheme, the
hot spot factor gets worse. The hot spot factor for the
equilibrium fueling loading pattern, which exceeds the
hot spot factor design criteria for present PWRs (2.39),
is not acceptable from the viewpoint of reactor opera-
tion safety.

The MTC value is determined by the neutron spec-
trum and by the boron concentration in the coolant.
The MTC values of the equilibrium fuel cycles with dis-

Table 9. Transmutation rate of 99Tc in the three-batch
refueling equilibrium fuel cycle.

Target no. Transmutation rate (%)

T1 11.687
T2 11.278
T3 8.911
T4 10.340
T5 10.094
T6 10.915
T7 4.790
T8 3.178
T9 9.241

Table 10. Transmutation rate of 99Tc in the two-batch
refueling equilibrium fuel cycle.

Target no. Transmutation rate (%)

T1 9.559
T2 9.975
T3 10.606
T4 8.264
T5 9.120
T6 7.530

crete target loading and the two-batch refueling scheme
are close to the ones for conventional UO2 fueled core.
Specifically, the core physics of the transmutation cy-
cles allows maintenance of core safety and control
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Table 11. Summary of transmutation results.

Target loading Initial loading Net consumption Transmutation Supportive
Nuclide scheme weight (kg) (kg) rate (%/cycle) ratio

129I Guide tube 398.83 16.40 4.112 3.13
loading
Discrete loading 364.99 22.00 6.023 4.59
three-batch refueling
Discrete loading 289.38 20.25 6.997 4.22
two-batch refueling

99Tc Guide tube 362.37 22.16 6.115 1.15
loading
Discrete loading 325.34 29.45 9.052 1.53
three-batch refueling
Discrete loading 393.28 37.29 9.482 1.94
two-batch refueling

Table 12. Comparison of reactor safety coefficients for the
transmutation cycles.

Hot spot MTC
Target loading pattern factor (pcm·K−1)

All-UO2 (reference) 1.842 −7.942
129I Control rod guide tube

loading
2.794 −4.686

In-assembly loading
(three-batch refueling)

3.080 −6.162

In-assembly loading
(two-batch refueling)

2.348 −9.588

99Tc Control rod guide tube
loading

1.956 −10.783

In-assembly loading
(three-batch refueling)

2.827 −3.350

In-assembly loading
(two-batch refueling)

2.111 −5.717

characteristics comparable with that of conventional
fuel cycles.

Results in Table 12 show that the discrete target load-
ing patternwith the two-batch refueling schemewill ben-
efit in keeping an acceptable hot spot factor value and a
comparable MTC value of the equilibrium cycle under
present PWR design criteria. To sum up, the two-batch
refueling scheme provides better transmutation perfor-
mance for 129I and 99Tc.

5. Conclusion

A systemic study on the transmutation of LLFPs
in present PWRs has been performed in the presented
paper. First, 99Tc and 129I are chosen for their trans-
mutability and long-term geologic disposal risk. Then,
the assembly designs and core loading patterns are stud-
ied.

To minimize the modification of the present PWR
design, target pins that contain a homogeneous mixture
of the moderator ZrH2 and LLFP isotopes are applied.

To find the best transmutation capabilities, different tar-
get loading patterns and various refueling schemes are
designed and analyzed.

The research indicates that the LLFP isotopes have
a sound transmutation performance in a thermal spec-
trum. To reduce the spatial self-shielding effects, the
LLFP target materials should be loaded dilutely in the
inert matrix materials.

Two types of target loading patterns, aiming at min-
imizing the change of fuel assemblies and reactor core,
are proposed and the related equilibrium cycles are cal-
culated to analyze the LLFP in-core transmutation per-
formance.

The results indicates that the achievable consump-
tion weight in each equilibrium cycle for 99Tc and 129I
transmutation equals to the accumulated amounts from
1.94 and 4.22 PWRs on the same scale, respectively.
With sufficient initial target in-core loading, the trans-
mutation rates for 99Tc and 129I can be achieved to
9.482% and 6.997%, respectively. The LLFP nuclides
can be transmuted effectively by multi-reprocessing.
Moreover, a high flux in transmutation facilities can
improve the LLFP in-core transmutation performance
significantly.

The presence of large amounts of LLFP transmuta-
tion in PWRs implies that the core allows maintenance
of core safety and characteristics. Major safety-related
parameters were evaluated for two types of LLFP-
loaded assemblies and compared. For core analysis, the
hot spot factors for different cycles and the moderator
temperature coefficients for different transmutation cy-
cles are evaluated. The results indicate that 99Tc and 129I
can be transmuted in a UO2-fueled PWR core without
any problem from the viewpoint of reactivity coefficients
as long as the LLFP loading is bound by the current ura-
nium (235U) enrichment limit of 4.45 wt.%.
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