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a b s t r a c t

The Korean Prototype Gen-IV sodium-cooled fast reactor (PGSFR) is supposed to be loaded

with a relatively-costly low-enriched U fuel, while its envisaged transuranic fuels are not

available for transmutation. In this work, the U-enrichment reduction by improving the

neutron economy is pursued to save the fuel cost. To improve the neutron economy of the

core, a new reflector material, PbO, has been introduced to replace the conventional HT9

reflector in the current PGSFR core. Two types of PbO reflectors are considered: one is the

conventional pin-type and the other one is an inverted configuration. The inverted PbO

reflector design is intended to maximize the PbO volume fraction in the reflector assembly.

In addition, the core radial configuration is also modified to maximize the performance of

the PbO reflector. For the baseline PGSFR core with several reflector options, the U

enrichment requirement has been analyzed and the fuel depletion analysis is performed to

derive the equilibrium cycle parameters. The linear reactivity model is used to determine

the equilibrium cycle performances of the core. Impacts of the new PbO reflectors are

characterized in terms of the cycle length, neutron leakage, radial power distribution, and

operational fuel cost.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Production of spent nuclear fuel during the operation of a

nuclear power plant is inevitable. In an open nuclear fuel cycle

with pressurized water reactors (PWRs), the spent fuel volume

should keep increasing with time. In general, there are two

possible options for managing spent fuel: (1) direct disposal in

a repository; or (2) recycling the spent fuel. Although, the first

option is feasible, it is largely recognized that recycling spent

nuclear fuel can offer a sustainable solution to nuclear energy.
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As is well known, PWR spent fuels can be reused in a fast

spectrum reactor. Fast reactors can be designed to effectively

burn the long-lived transuranics (TRUs) and fission products

from the spent fuel [1,2].

Korea has decided to build a sodium-cooled fast reactor

named Prototype Gen-IV sodium-cooled fast reactor (PGSFR)

for the transmutation of TRUs contained in the ever-increasing

PWR spent nuclear fuels [3]. The PGSFR is currently under

development at Korea Atomic Energy Research Institute in

collaboration with Argonne National Laboratory in the US and

it is expected to be built by 2028. For the first criticality of the

PGSFR core, low-enriched U (LEU) metallic fuel is supposed to

be used since the targeted TRU fuel will not be available by

2028. Also, the TRUmetallic fuel will be irradiated in the PGSFR

core to collect its irradiation performance. After sufficient data

are gathered for validation of the TRU fuels, the PGSFR will be

gradually converted into a 100% TRU-loaded core to demon-

strate the transmutation feasibility.

However, the so-called pyro-technology is required for the

fabrication of the TRU fuels in Korea [4]. This pyro-recycling

technology is also currently under development and it is not

guaranteed that the pyro-technology will be ready by the time

it is needed. In this regard, this work was performed with the

recognition that the PGSFR should be loaded with an LEU fuel

at the beginning of its operation. The LEU fuel is supposed to

be used for an indefinite period of time until the targeted TRU

fuels are available. The required maximum uranium enrich-

ment for the initial core of PGSFR is high, 19.2%, due to large

neutron leakage and low conversion ratio. As a result, the fuel

cost for the initial core is rather high. Furthermore, if the

PGSFR should be operated with the costly LEU fuel for a sig-

nificant period of time, the associated fuel cost is expected to

be excessively high. Consequently, the uranium enrichment

of the PGSFR core needs to be minimized to enhance its

economy and competitiveness.

In this study, it is assumed that a lead-based (PbO) reflector

is introduced to the PGSFR core design, instead of the con-

ventional steel reflector, in order to reduce the uranium

enrichment without compromising the core performance.

Lead-based reflectors have been studied and proposed as an

alternative reflector for small sodium-cooled fast reactors in

favor of better neutron reflection performance due to higher

ratio of scattering-to-capture cross-sections [5]. It is expected

that with a better neutron economy resulting from the PbO

reflector, the required uranium enrichment to achieve the

same core performance can be lowered. The impact of the PbO

reflector on the PGSFR core performances such as power dis-

tribution, fuel burnup, and fast neutron leakage outside of the

core, are also investigated in this work. In addition, the asso-

ciated LEU fuel costs are also evaluated in comparison with

the reference PGSFR core design. The neutronics calculations

are performed by using the Monte Carlo Serpent code [6] in

conjunction with ENDF/B-VII.0 nuclear data library.

2. Materials and methods

2.1. PGSFR core design concepts

PGSFR is a pool type sodium-cooled fast reactorwith a thermal

power of 393.2 MWth. It is being designed to demonstrate and

verify the TRU transmutation feasibility in SFR in combination

with pyro-processing. Fig. 1 shows a radial configuration of

the evolving PGSFR core. It should be mentioned that the

current work is not based on the final PGSFR core design since

the core design is still on-going. The core consists of seven

rings of fuel assemblies, two rings of reflector assemblies, and

two rings of shielding assemblies. In the PGSFR core, the

conventional U-10Zr metallic fuel, with a smear density is

75%, is used. The hexagonal fuel assembly of PGSFR is briefly

depicted in Fig. 2. A conventional reflector assembly design is

adopted in the PGSFR core and natural B4C is used in the

shielding assembly.

There are 112 metallic fuel assemblies, 90 HT9 reflector

assemblies, and 102 natural B4C shield assemblies in the

whole core. Meanwhile, nine control assemblies are scattered

across the core with a rotational symmetry. The height of the

Fig. 1 e Prototype Gen-IV sodium-cooled fast reactor core

layout [7].

Fig. 2 e Concept of the Prototype Gen-IV sodium-cooled

fast reactor fuel assembly [7].
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active core is 90 cm and there is no blanket fuel in the PGSFR to

improve the proliferation resistance. HT9 is used for the

structural materials and also for the reflector material. The

cladding material is a modified HT9 called HT9M [7]. Some of

the PGSFR core design parameters are shown in Table 1, and

Table 2 contains design parameters of the reflector assembly.

2.2. Reflector modification strategies

The fission cross-sections of U-235 in fast reactors is much

lower than in the thermal energy range. However, the hard

neutron spectrum is strongly necessary for a superior neutron

economy of fast reactors.Meanwhile, the neutron leakage from

the active core ismuchhigher in the fast reactors. Therefore, in

order to reduce the uranium enrichment in PGSFR-like fast

reactors, the neutron economy should be improved by

reducing the high neutron leakage to the reflector region. In

this study, a new reflector material with a better reflecting

performance is considered to achieve this goal.

Recent research has looked into alternative reflector ma-

terials for fast reactors such as MgO and Pb-based reflectors

[5,8]. In Hartanto and Kim [5], these alternativematerials were

evaluated for use in a SFR and it was found that MgO softens

the neutron spectrum and that local power peaking can be

rather high in the peripheral fuel assemblies, but can enhance

core reactivity for fresh or low-burnup conditions. However,

lead-based reflector is recommended as an alternative

reflector material because it can noticeably improve the

neutron economy due to the high scattering-to-capture ratio

of the lead in a long-life fast reactor core. Although lead-based

reflectors can improve the neutron economy, the coolant void

reactivity (CVR) increment by this reflector was found to be

very small, approximately 100 pcm [5], for the long-life SFR. To

identify the effects of the PbO reflector on the CVR of the

PGSFR core, CVRs for several PbO reflectors are evaluated and

presented in comparison with those of HT9 in Tables 3 and 4.

It is found that, in the case of the PbO reflector, the whole-core

CVR becomes slightly less negative for both LEU and TRU

cores. It is obvious that neutron economy needs to be maxi-

mized for an optimal core performance in terms of fuel

burnup if safety requirements such as the CVR are satisfied.

Based on the previous study [5], lead-based materials are

considered as a new reflector material of the PGSFR and PbO

has been chosen among several candidates since it is

considered to be very compatible with HT9 clad and its

melting temperature is 888�C, which is much higher than the

operating temperature of PGSFR. Unlike the heavy density of

pure lead (~11.4 g/cm3), PbO, with a density of approximately

9.29 g/cm3, is notmuch heavier than HT9, of 7.87 g/cm3. Figs. 3

and 4 compare the elastic scattering and capture cross-

sections of several reflector materials. Iron, which is the

major component in the HT9 reflector used in PGSFR, has a

high scattering cross-section but also a high capture cross-

section. Compared with the other candidates, lead has the

highest scattering-to-capture cross-section ratio, and also a

heaviermass, leading to lessmoderation of neutrons. It is also

recalled that [5] the neutron spectrum in the PbO reflector

region is still hard and there is no concern about the local

power peaking in the peripheral fuel assemblies.

Meanwhile, due to the low neutron capture cross-section of

lead, the performance of the PbO reflector is relatively sensitive

to the thickness of the reflector assembly in the core [5]. For

example, a PGSFR core with three rings of PbO reflector as-

semblies is expected to provide a better performance than the

core with one ring or two rings of PbO reflectors. It is worth-

while to note that, in the case of HT9 reflector, the reflector

thickness does not strongly affect the core performance since

the neutron absorption by HT9 is relatively noticeable and two

layers of HT9 reflector assemblies is optimal.

To improve the neutron economy of the PGSFR core, two

types of reflector assembly concepts are suggested in this

paper: (1) the conventional pin-type reflector assembly as

adopted in the current PGSFR; and (2) an inverted reflector

assembly concept. An inverted reflector concept is considered

to enhance the impact of the PbO reflector further by maxi-

mizing the volume fraction of PbO in a reflector assembly.

Fig. 5 shows the two newly introduced reflector concepts

based on the PbO reflector. The conventional pin-type PbO

reflector is identical to the current HT9 reflector design except

that the PbO reflector is clad with HT9. A relatively thick HT9

clad for the PbO reflector is considered in this study and the

outer radius of the HT9 clad is equal to the radius of the HT9

pin in the original PGSFR reflector design. Consequently, the

appearance of the new PbO-based reflector is exactly identical

to the original one. In the new pin-type reflector assembly,

volume fraction of PbO, structure material, and coolant are

68.2%, 18.5%, and 13.3%, respectively. It should be noted that

the new reflector material is only used in the radial reflector,

not the axial reflector.

The inverted reflector assembly is composed of bulky PbO

and seven coolant channels, as shown in Fig. 5. The coolant

channels are to remove heat deposited in the PbO reflector

region. The radius of the coolant hole is set as 0.785 cm in this

study. It is expected that heat generation in the PbO regionwill

be rather small due to the small neutron capture by PbO. It

Table 1 e Design parameters of the Prototype Gen-IV
sodium-cooled fast reactor core and fuel assembly [7].

Power (MWth) 392.2

Coolant temperature (�C), inlet/outlet 390/545

Fuel material U-10Zr

Cycle length (d) 290

Cladding material HT9M

Core structural material HT-9

Number of batches (inner/outer) 4/5

Active core height (cm) 90.0

Upper gas plenum length (cm) 125.0

Fuel pin diameter (cm) 0.74

Assembly pitch (cm) 13.636

P/D ratio in fuel assembly 1.14

Number of fuel pins per assembly 217

Table 2 e Design parameters of the Prototype Gen-IV
sodium-cooled fast reactor reflector assembly [7].

Reflector material HT-9

Reflector pin radius (cm) 0.785

P/D ratio 1.013

Number of reflector pins per assembly 61

Reflector volume fraction (%) 68.2
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should be mentioned that the coolant channel designs are

currently engineering judgments; the size and number of the

coolant hole can be slightly different in the actual design. The

hexagonal inverted reflector consists of 82.2% PbO, 8.9% HT9,

and 8.9% sodium coolant. It is clear that the PbO reflector

fraction can be significantly increased with the inverted

concept.

Taking into account characteristics of the PbO reflector,

two arrangements of the reflector assemblies are considered

for the PGSFR core, one is the current PGSFR core layout, i.e.,

two rings of reflectors and the other one is a thicker reflector

with three rings, as shown in Fig. 6. It should be noted that the

modified PGSFR core has three rings of reflector assemblies

and one ring of shield assemblies in order to keep the same

overall dimension of the core. However, because the number

of shield assemblies is decreased, and as PbO reflector absorbs

fewer neutrons in the modified core, the neutron leakage is

expected to be increased.

3. Reactor performance analysis

3.1. Fuel depletion in the PGSFR core

To analyze the impact of the PbO reflector material and ge-

ometry modifications in the reflector design, depletion cal-

culations with single batch fuel management have been

carried out by using the Serpent code. For the calculation, 75%

smear density and 8% axial fuel growth are taken into ac-

count. For simplicity, a full swelling of U-Zr metallic fuel was

modeled from the beginning of neutronics simulation. The

height and radius of fuel slug were elongated and enlarged,

and the fuel mass is conserved. In reality, it is recalled that the

U-10Zr metallic fuel swells rather quicklydup to ~2% bur-

nupdand the fuel slug contacts the clad and grows gradually

in the axial direction [10]. For the depletions calculations, 250

active cycles and 50 inactive cycles are considered with 50,000

neutron histories for each cycle. The resulting statistical un-

certainty is approximately 20 pcm for k value.

Fig. 7 shows the result of the single batch depletion

calculation and the required uranium enrichment of several

conventional pin-type reflector configurations. The required

enrichment is estimated by balancing the reactivity increase

by reflector modification and reactivity decrease by enrich-

ment reduction. The depletion calculations were performed

with and without axial fuel growth to clearly identify the

impact of the axial fuel growth. It is clearly shown that reac-

tivity is largely reduced when fuel elongation is considered

due to enhanced neutron leakage.

From Fig. 7, one can note that the U enrichment is simply

reduced by ~0.6% with the introduction of the pin-type PbO

reflector assemblies. Also, in the case of three rings of the PbO

reflector, the required U enrichment for U-10Zr fuel can be

further reduced to 18.28%, which is 1% lower than that of the

original PGSFR core. It is also noteworthy that the cycle length

is also slightly longer for the PbO reflected core. This is due to

the better reflector performance of the PbO reflector. As shown

in Fig. 7, a lower Zr content fuel, U-8Zr, is also considered for

Table 3 e Coolant void reactivity of low-enriched U-fueled Prototype Gen-IV sodium-cooled fast reactor.

Reflector type CVR at fresh core (pcm) CVR at burned corea (pcm)

2 rings of HT9 �4,870 ± 26b (�1090 ± 25)c �4,588 ± 29b (�705 ± 28)c

2 rings of PbO �4,066 ± 26 (�767 ± 25) �3,606 ± 29 (�356 ± 28)

3 rings of PbO �3,695 ± 26 (�1081 ± 25) �3,230 ± 28 (�630 ± 28)

3 rings of inverted PbO �3,528 ± 26 (�981 ± 25) e

2 rings of inverted PbO �3,863 ± 26 (�717 ± 25) e

CVR, coolant void reactivity; Pbo, lead based.
a Seven hundred and fifty effective full power days or ~40 MWD/kgU.
b Whole-core voiding.
c Active-core voiding.

Table 4 e Coolant void reactivity of 100% transuranic-
fueled Prototype Gen-IV sodium-cooled fast reactor.

Reflector type CVR at fresh core (pcm)

2 rings of HT9 (reference) �1063 ± 12a (404 ± 11)b

2 rings of PbO �719 ± 11 (513 ± 11)

3 rings of PbO �479 ± 11 (556 ± 11)

3 rings of inverted PbO �434 ± 11 (593 ± 11)

2 rings of inverted PbO �608 ± 11 (534 ± 11)

CVR, coolant void reactivity; Pbo, lead based.
a Whole-core voiding.
b Active-core voiding.

Fig. 3 e Elastic cross-sections of the major isotopes of

reflector materials [9].
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comparisonwith the standard U-10Zr fuel for the PGSFR core. It

was clearly observed that the U-8Zr fuel provides a longer cycle

length than U-10Zr, which is mainly due to the enhanced

conversion ratio of the U-8Zr fuel. A lower Zr content such as

U-8Zr may be allowable in the PGSFR core since the plutonium

content of the fuel is quite small, <5% during the whole irra-

diation period. Usually, the zirconium content in the standard

U-Zr metallic fuel is 10% and it is known that a relatively high

Zr content is required when the Pu fraction is high, e.g., 20% in

a U-Pu-Zrmetallic fuel, which is to prevent the eutecticmelting

between Pu and the cladding [10].

Fig. 8 compares the performance of the conventional pin-

type and inverted PbO reflector designs. With the inverted

reflector geometry, the required U enrichment is further

reduced from 18.20% to 18.05% simply due to the higher PbO

volume fraction in the three-ring reflector configuration. It is

also shown in Fig. 8 that the cycle length of PGSFR can be

slightly improved by applying the inverted reflector geometry.

3.2. Multi-batch fuel management

The current fuel management scheme of PGSFR is a four-

batch one for the inner core and a five-batch one for the

outer core [7], which is referred to as a four/five-batch scheme.

For simplified modelling of the equilibrium PGSFR core, the

linear reactivity model [11] has been utilized in the current

work to determine the equilibrium cycle parameters, such as

cycle length and discharge burnup. The average value of four-

batch and five-batch results is used as the representative

value for the equilibrium core based on the four/five-batch

fuel management of the original PGSFR core.

The linear reactivity model shows good accuracy in fast

reactor analysis since the reactivity decrement is mostly

linear along the burnup. It should be noted that the reactivity

change over fuel burnup in the LEU-loaded PGSFR core is very

linear, as shown in Figs. 7 and 8. The basic formula for this

method is shown in Eq. (1), where Bud is discharge burnup

(MWd/kgU), Buc is cycle burnup (MWd/kgU), n is the number of

batches, and Bu1is the burnup of a single batch (MWd/kgU).

Bud ¼ nBuc ¼ 2n
nþ 1

Bu1 (1)

Table 5 shows the equilibrium cycle parameters (discharge

burnup and cycle length) of the four/five-batch fuel manage-

ment for various kinds of reflector designs.With three rings of

PbO radial reflector assemblies, the discharge burnup is

approximately 8% higher than that of the original PGSFR core

with the conventional HT9 reflector assemblies, while the

burnup increase is approximately 6% in the case of two rings

of PbO assemblies. It is also noticed that the discharge burnup

can be slightly higher (~9% relative to the original HT9) with an

inverted PbO reflector concept, than in the pin-type PbO

reflector design. It is also interesting to observe that the

improvement due to the PbO reflector is even a little improved

with the U-8Zr metallic fuel: the fuel burnup and cycle length

are enhanced by approximately 12% with the pin-type PbO

reflector assemblies.

3.3. Neutron leakage from the reflector

Because PbO absorbs noticeably less neutrons than HT9, the

fast flux in the reflector region is increased with the new PbO

reflector designs and, as a result, the neutron leakage from the

shield is also increased. Moreover, for a three-ring reflector

and one-ring shield configuration, neutron leakage from the

core increases largely because the number of the neutron

shield assemblies is reduced To evaluate how much the

neutron leakage increases with the PbO reflector, the fast

neutron flux (E > 0.1 MeV) was evaluated at a shielding

Fig. 4 e Capture cross-sections of the major isotopes of

reflector materials [9].

Fig. 5 e Radial PbO-based reflector assemblies (left: conventional/right: inverted).
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assembly positioned in the outer-most ring of the core and the

results are tabulated in Table 6. The statistical uncertainty for

the fast flux is around 1%.

It is clear from Table 6 that the core configuration with two

rings of HT9 reflector assemblies has just a slightly lower fast

neutron leakage than the core with same number of PbO

reflector assemblies. This indicates that smaller neutron ab-

sorption by the PbO has just a minor impact on the neutron

leakage. However, the modified core configuration with three

rings of PbO reflector assemblies and one ring of B4C shield

assemblies clearly provides higher fast neutron leakage than

in the two rings of shield assemblies. As shown in Table 6, the

inverted PbO reflector shows similarly high fast neutron

leakage as in the conventional pin-type PbO reflector due to

the very low neutron capture of PbO.

To deal with the enhanced neutron leakage, enriched B4C

is also considered as a shieldingmaterial, as shown in Table 6.

By using a 50% B-10 enrichment, the fast flux with three rings

of PbO reflector decreases by approximately 30%. However,

the neutron leakage with 50%-enriched B-10 is still a little

higher than in the original configuration. If the neutron

leakage should be reduced further down to the original level,

one more layer of shield assembly may be added to the core.

3.4. Radial power distribution

In this subsection, the impact of the new PbO reflectors on the

radial power distribution is analyzed. As discussed in the

previous subsections, the PbO reflector improves the neutron

economy by reflecting more neutrons and absorbing less

neutrons. This indicates that the neutron flux in the periph-

eral region should be higher with the PbO reflectors than in

the original HT9 reflector design. It is expected that the pe-

ripheral power sharing will be increased by the PbO reflectors

Fig. 6 e Radial layout of the modified Prototype Gen-IV

sodium-cooled fast reactor core.

Fig. 7 e Impacts of the reflector design on the reactivity

evolution during depletion. EFPD, effective full power day.

Fig. 8 e Comparison between inverted reflector and pin-

type reflector assembly. EFPD, effective full power day.

Table 5 e Equilibrium cycle performances for four/five-
batch fuel management.

Reflector U-10Zr U-8Zr

Two rings of HT9

Bud 74.53a/77.64b 75.79a/78.94b

Cycle length (d) 348a/290b 362a/302b

Two rings of PbO

Bud 78.67/81.95 83.05/86.51

Cycle length (d) 367/306 397/331

Three rings of PbO

Bud 80.60/83.96 84.63/88.15

Cycle length (d) 376/313 404/337

Three rings of inverted PbO

Bud 81.20/84.58 e

Cycle length (d) 379/316 e

Two rings of inverted PbO

Bud 79.14/82.44 e

Cycle length (d) 369/308 e

a Four batch.
b Five batch.
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for the same fuel assembly loading pattern. To compare the

radial power profile for the four reflector options, ring-wise

average powers were tallied for the fresh core condition

with a uniform U enrichment. These are given in Fig. 9. It is

clear that the PbO reflectors noticeably flatten the radial

power profile. It should be noted that the fractional increase of

the peripheral power density is remarkably higher than in the

central region.

3.5. Fuel cost evaluation

The influence of uranium enrichment on the fuel cost is rep-

resented by the SWU factor [12]. The SWU factor is calculated

by multiplying the cost per SWU and SWU factor as shown in

Eqs. (2)e(4), where F is the amount of feed materials (kg/unit

time), P is the amount of productmaterials (kg/unit time),W is

the amount of waste materials (kg/unit time), xf is the weight

fraction of U-235 in the feedmaterials, xp is theweight fraction

of U-235 in product materials, xw is the weight of U-235 in

waste materials, and t is SWU producing time in the enrich-

ment plant. In this study, it is assumed that the SWU cost is

88US$/kgSWU and UF6 cost is 100.5$/kgU [13].

SWU ¼ ½P$V�xp

�þW$VðxwÞ � F$V
�
xf

��
$t (2)

VðxiÞ ¼ ð2xi � 1Þ ln
�

xi

1� xi

�
; i ¼ f; p; or w (3)

SWU factor ¼ SWU
P$t

(4)

In Subsection 4.1, it is shown that approximately 1%

enrichment reduction is possible by introducing three rings of

PbO radial reflectors for the LEU fuel of the PGSFR core.

Assuming that an LEU fuel of 19.2% U enrichment is used in

the standard PGSFR core, the fuel cycle cost was evaluated for

two types of PbO reflector designs and the results are sum-

marized in Table 7. Note that the comparison in Table 7 is not

fair since the available operational period is slightly longer

with the PbO-based reflectors as shown in Figs. 7 and 8. Fig. 7

indicates that the possible operational period is approxi-

mately 871 days for the HT9 reflector. Nonetheless, Table 7

shows that the fuel cost for 970 effective full power days can

be reduced by approximately 3 million dollars in a single-

batch LEU fuel management.

A more consistent fuel cycle cost comparison can be done

by taking into account not only the fuel enrichment, but also

the available cycle length in an equilibrium cycle resulting

from a feed fuel. It is clear that the fuel cost can be reduced if a

longer cycle length is available for a fixed fuel enrichment as

the fuel can be utilized in a more effective way. In this study,

the annual fuel cost in an equilibrium cycle is calculated by Eq.

(5), i.e., the total fuel cost in Table 7 is divided by the number of

batches and the cycle length in a year. The annual fuel costs

are with assumptions that the batch size is 4.5 and refueling

period is 60 days, and the estimation results are provided in

Table 8 for three types of reflector designs.

Annual fuel cost ¼ Total fuel cost
Number of fuel batch� cycle length ðyearÞ

(5)

From Table 8, it is noted that the annual fuel cost can be

reduced by around 1.4 million dollars with the three rings of

Table 6 e Fast neutron flux at outer-most shielding
assembly.

Reflector and shield design Fast neutron flux (n/cm2$s)

Two rings of HT9 þ two rings of B4C

Natural B4C 1.97E þ 12

50% enriched B4C 1.16E þ 12

Two rings of PbO þ two rings of B4C

Natural B4C 1.99E þ 12

50% enriched B4C 1.18E þ 12

Three rings of PbO þ one ring of B4C

Natural B4C 3.46E þ 12

50% enriched B4C 2.50E þ 12

Three rings of inverted PbO þ one ring of B4C

Natural B4C 3.47E þ 12

Two rings of inverted PbO þ two rings of B4C

Natural B4C 2.00E þ 12

Fig. 9 e Ring-wise average power distribution (1/12 core).
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conventional pin-type PbO reflectors, while the corresponding

inverted PbO reflector leads to an annual cost reduction of

approximately 1.5million dollars. Consequently, it can be said

that the fuel cost saving due to the PbO reflector is significant

when the PGSFR core is operated with an LEU fuel. In the

current work, the fuel enrichment cost is only accounted for

the fuel cost comparison. For a more concrete evaluation and

comparison of the fuel costs, other factors such as labor costs

should be also taken into account.

4. Conclusions

An alternative PbO reflector material has been applied to the

LEU-loaded PGSFR core to improve the neutron economy and

reduce the U enrichment. It has been clearly demonstrated

that replacement of the conventional HT9 by PbO in the

reflector noticeably reduces the U enrichment. In the case of

the conventional pin-type PbO reflector design, the U enrich-

ment reduction ranges from 0.6% to 1% and it is 0.7e1.2% for

the inverted reflector configuration maximizing the PbO vol-

ume in the reflector. As a result, the equilibrium cycle length

and, accordingly, the fuel burnup, can be enhanced by 6e10%

due to the PbO reflectors. It is also shown that the radial power

distribution is more favorable since the central power peaking

can be reduced due to the superior neutron reflection of PbO.

Although the PbO reflector enhances the neutron leakage as

well due to its low neutron capture, it is shown that the

leakage can be substantially reduced by using an enriched B4C

in the radial shield. It is concluded that introduction of the

PbO reflectors into the PGSFR core can reduce the U enrich-

ment and save a significant amount of annual fuel cost of

0.9e1.5 million dollars, depending on the PbO reflector design.

Also, the fuel cost saving can even be noticeably increased by

simply adopting a low-Zr metallic fuel such as U-8Zr, instead

of the standard U-10Zr. In the current work, the equilibrium

cycle was simply determined by the linear reactivity model.

For a more concrete conclusion, a detailed three-dimensional

analysis is required.
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Appendix 1. Coolant void reactivity of PGSFR
with PbO reflector

It is expected that the CVR value can be less negative or more

positive when a PbO reflector is used instead of the conven-

tional HT9 steel in the PGSFR core because the neutron

leakage from the active core can be slightly reduced. The

reflector-dependent CVR of the core has been analyzed in

view of both the whole-core and active core CVRs, and they

are presented in Tables 3 and 4. Table 3 shows the CVRs for the

LEU-fueled PGSFR core, while the comparison is given for a

TRU-loaded core in Table 4.

In this analysis, it is assumed that TRU is recovered from a

PWR spent fuel, its composition is as follows: Np-237 (4.69%),

Pu-238 (1.27%), Pu-239 (56.99%), Pu-240 (20.11%), Pu-241

(3.04%), Am-241 (9.99%), Am-243 (0.77%), and Cm-244 (0.06%).

Also, the TRU fuel is assumed to be TRU-50Zr metallic fuel. A

TRU-loaded PGSFR is considered since it is eventually sup-

posed to be fully loaded with a TRU fuel in the future. In fact,

the PGSFR TRU fuel is not likely to be a pure TRU since it is

Table 8 e Annual fuel cost reduction estimation for equilibrium cycle.

Reflector Two rings of HT9
reflector

Three rings of PbO
reflector

Two rings of inverted
PbO reflector

Three rings of inverted
PbO reflector

Enrichment 19.20% 18.20% 18.44 18.05%

Total fuel cost ($) 55,602,004 52,541,094 53,275,456 52,082,202

4.5 batch cycle length (d) 319 344 333 347

Refueling period (d) 60 60 60 60

4.5 batch fuel cost per yr ($) 11,899,091 10,548,182 11,838,990 10,379,091

Cost reduction per yr ($) e 1,350,899 904,079 1,520,106

Initial core cost reduction ($) e 3,060,910 2,326,548 3,519,802

Table 7 e Fuel cost reduction estimation in a single batch fuel scheme.

Reflector Two rings of HT9
reflector

Three rings of PbO
reflector

Two rings of inverted PbO
reflector

Three rings of inverted PbO
reflector

Enrichment 19.20% 18.20% 18.44% 18.05%

Feed factor 37.18 35.23 35.70 34.93

SWU factor (SWU/kgU) 43.74 41.23 41.827 40.85

Required feed (ton) 272.54 258.20 261.64 256.05

SWU cost ($) 28,211,329 26,592,033 26,980,407 26,349,384

Feed cost ($) 27,390,675 25,949,061 26,295,048 25,732,818

Total fuel cost ($) 55,602,004 52,541,094 53,275,456 52,082,202

Cost reduction ($) e 3,060,910 2,326,548 3,519,802
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extremely difficult and costly to recover TRUs from spent

fuels. Nonetheless, a 100% TRU fuel is considered since the

CVR can be worst in a 100% TRU core.

Table 3 clearly indicates that CVR is strongly negative in

the LEU core, regardless of the reflectors. It is noted that a PbO

reflector can clearly make the CVR less negative, and more

PbO volume leads to a less negative CVR, as expected. It is

noteworthy that a three-ring PbO reflector provides a more

negative CVR than that of a two-ring PbO reflector. This is

because the peripheral power density is increased a little with

the PbO reflector, as discussed in Section 4.4, and the radial

leakage can be slightly enhanced.

As expected, the CVR values are much less negative in the

100% TRU-loaded PGSFR and it is clearly observed that PbO

reflectors provide less negative or slightly more positive

CVRs, depending on the reflector configurations. It is note-

worthy that the whole-core CVR is clearly negative for both

HT9 and PbO reflectors and the active-core CVR is noticeably

positive for both reflectors. For the whole-core CVR, the PbO

reflector increases (less negative) it by 300e500 pcm, while

the active-core CVR is increased by only approximately 100

pcm. From this CVR analysis, it is observed that the rod-type

PbO reflector leads to just slightly less negative or a little

more positive CVR. In the case of practical TRU metallic fuel

for PGSFR, a significant amount of U should be alloyed with

TRU and the resulting CVR will be more negative or less

positive. Therefore, it is considered that the proposed rod-

type PbO reflector may also be applicable to the targeted

TRU-loaded PGSFR core.
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