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Thorium blanket fuel is investigated in Pebble Bed Fluoride salt-cooled High temperature Reactor (PBFHR) with 19.9 at% 235U seed fuel to improve the utilization of uranium fuel. Uranium fuel utilization is
optimized with lots of parameters, such as graphite-to-thorium atom ratio (C/Th), graphite-to-uranium
atom ratio (C/U), discharge burnup of thorium and uranium, and the dimension of the seed/blanket
region. It is found that the equivalent discharge burnup, deﬁned as total released energy over the mass of
uranium, could be improved to around 265 MWd/kgU, which is 20% higher than discharge burnup using
pure uranium fuel. In equilibrium state, the temperature reactivity coefﬁcients of fuel and coolant are
both negative. Other properties such as radial power peak factor, life of reﬂector, in-pile residence time of
thorium pebble and radioactive waste are analyzed. Finally, baseline design parameters are recommended for further thermal-hydraulic analysis and TRISO fuel performance.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
According to current consumption, the proven reserves for
natural uranium will last only about 100 years. Thorium is a kind of
potential nuclear fuel and is three to four times more abundant in
the earth's crust than uranium (IAEA, 2005). One of the purposes of
introducing thorium into thermal reactor is to improve the utilization of fuel.
Since thorium resources have a lot of differences with uranium
resources, such as exploitation cost, abundance and containing
ﬁssile fuel or not, the ﬁrst issue is how to measure the utilization of
thoriumeuranium fuel. Actually, the most precious and scarce
resource is 235U. 232Th or 238U is just used to improve the utilization
of 235U, which not only releases energy but also provides extra
neutrons. As this point, energy released from 232Th or 238U or their
transmuted nuclides also owes to 235U, thus thoriumeuranium fuel
can be compared with pure uranium fuel by the total released
energy based on the same mass of 235U. It has been done in PWRs
by replacing some of 238U with 232Th and keeping the mass ratio of
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the ﬁssile fuel to heavy metal constant, and comparing the
discharge burnup between thoriumeuranium fuel and pure uranium fuel. However, the cost of enrichment and 235U loss in tails are
ignored in thoriumeuranium fuel, which makes the evaluation of
thoriumeuranium fuel optimistic. To avoid this problem, we can
compare the thoriumeuranium fuel and pure uranium fuel under
the same enrichment of uranium and the same mass of uranium.
Corresponding to the discharge burnup of pure uranium fuel, we
can use equivalent discharge burnup (EDB), deﬁned as the total
energy per mass of uranium, in thoriumeuranium fuel.
The second issue is how to improve the EDB of thoriumeuranium fuel. Since 233U has more favorable neutronic properties than 239Pu in thermal reactors, more ﬁssion neutrons from
235
U should be absorbed by 232Th than 238U. Usually, 238U shows
better conversion capacity than 232Th in thermal reactor because of
the larger resonance capture cross-section. In order to enhance the
neutron absorption by thorium, it is necessary to decrease the mass
proportion of 238U, namely to increase the enrichment of uranium.
On the contrary, using thorium fuel in low enriched uranium fuel
could not improve the utilization of uranium, which has been reported in PWR (Wang, 2003; Saglam et al., 2004; Joo et al., 2004). In
an open fuel cycle, 233U not only should be converted effectively,
but also should be fully burned in situ. Since the consumption rate
of 235U is faster than the conversion rate of 232Th, the irradiation
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Fig. 1. General core model.

Table 1
The radial dimensions of the PB-FHR core with inner reﬂector/central thorium
channel.
Channel

Outer radius(cm)

Number of cycles

Inner reﬂector/central thorium channel
Uranium channel
Inner thorium channel
Outer thorium channel

90
165
206
240

0/5
13
11
11

Fig. 2. Flow chart of PBRE code.

time of thorium fuel should be longer than uranium's, which means
thorium should be separated from uranium, and it is also proved in
PWR with heterogeneous structure and more batches of thorium
fuel than uranium fuel. In addition, if possible, neutron spectrum in
thorium should be different from that in uranium. The hard
neutron spectrum in thorium can enhance conversion of 232Th,
while the soft neutron spectrum in uranium can inhibit the absorption of 238U. These are actually equivalent to increasing the
enrichment of uranium.
High Temperature Gas-cooled Reactor (HTGR) displays excellent
neutron characteristics and is ﬂexible at utilizing a wide range of
different fuel cycles. The TRISO (tristructural-isotropic) coated fuel
particles allow high enriched uranium fuel due to the high burnup
capacity. The neutron-transparent gas coolant and refueling online
show high neutron economy. Thorium used in HTGR displays good
performance to save uranium fuel (Gintner, 2010; Panday, 2011;
Brogli et al., 1975; Frank Wols et al., 2014). However, more attention should be paid to the lower power density of HTGR, if thorium
is used (Frank Wols et al., 2014).
Pebble Bed Fluoride salt-cooled High temperature Reactor (PBFHR) (Forsberg et al., 2008; François-Paul and Fabien, 2006; Fratoni
and Ehud Greenspan, 2011), which synthesizes the advantages of
HTGR and Molten Salt Reactor (MSR), can both provide high burnup
and high power density. Study (Cisneros et al., 2010) in PB-FHR
shows that, the effective discharge burnup of 19.9 wt% seed fuel
with thorium blanket could be 35 MWd/kgU higher than that with
only seed fuel in modular PB-AHTR.
We have done some work in our previous unit cell model of PBFHR (Guifeng Zhu et al., 2014), as represented in appendix A. The
basic idea is described here. In an equilibrium state of PB-FHR with
refueling online, the core can be divided into three parts: part 1
contains the uranium cells with low burnup and each cell could
provide extra neutrons; part 2 contains the thorium cells and each
cell always needs extra neutrons to keep critical; and part 3

contains the uranium cells with high burnup and each cell needs
extra neutrons to keep critical. Neutrons provided by part 1 are
more valuable than fuels in part 2 and part 3. The question is how to
use those neutrons to release more energy in part 2 and part 3, not
how to improve the fuel utilization in part 2 and part 3. Here we use
Energy Per supplementary Neutron (EPN) to evaluate the neutron
utilization in part 2 and part 3. Actually, the concept of EPN is
similar to burnup, dependent on what is more valuable between
neutrons and fuel. Calculation method is shown in appendix A. In
our results, for part 2, the maximal EPN occurs at 80 C/Th ratio. The
C/Th is low because it is the tradeoff between conversion of 232Th
and burning of 233U, and also affected by the neutron absorption
and scattering from ﬂuoride salt. From 140 to 200 MWd/kgTh
discharge burnup, EPN of part 2 is almost steady because concentration of 233U will reach saturation in that burnup range. For part 1
and part 3, as C/U increases, more neutrons can be provided from
part 1, and more neutrons should be required in part 3 because
capture absorption of 238U will be inhibited in a softer spectrum,
and as a result, less 239Pu will be produced. EPN of part 3 drops
exponentially with the increase of burnup. If EPN of uranium cell at
some burnup is lower than the maximal EPN of part 2, it beneﬁts to
discharge such uranium pebble. The optimal discharge burnups of
19.9% enriched uranium with C/U equal to 400,500,600 are
195,188,182 MWd/kgU respectively.
Although the unit cell model tells us the optimal discharge
burnup of uranium and thorium and the optimal C/Th ratio, we still
not know how to achieve it in the core and how much is the EDB of
thoriumeuranium fuel. The aim of this work is to maximize the
EDB in PB-FHR core model with thorium blanket. The enrichment
of uranium chosen in this article is 19.9%. Calculation method and
core model are discussed in Sec. 2. Results and analysis of EDB in
core model are presented in Sec. 3. Some other main properties
such as temperature reactivity coefﬁcient, radial power peak factor,
life of reﬂector, in-pile residence time of thorium pebbles and
radioactive waste are analyzed in Sec. 4. Conclusions are drawn in
Sec. 5.

Table 2
Parameters of uranium/thorium pebble in test cases.
Region

Kernel

Buffer

Inner PyC

SiC

Outer PyC

Matrix

Shell

Radius (cm)
Density (g/cm3)
Temperature (K)

0.02125/0.0300
10.5/9.7
1050

0.03125/0.0364
1.0
1050

0.03475/0.0390
1.87
1050

0.03855/0.0421
3.2
1050

0.04175/0.0476
1.87
1050

1.4
1.74
1050

1.5
1.74
1000
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Table 3
Core model tests for mixed processing and number of cycles.

Concentration mixed?
Number of cycles in each channel
keff (±0.00036)
Thorium power fraction
EDB (MWd/kgU)

Model 1

Model 2

Model 3

Model 4

Model 5

Model 6

No
3
1.0003
18.1%
203

Yes
3
0.9995
18.2%
206

Yes
1
0.9999
17.6%
186

Yes
6
0.9998
18.6%
212

Yes
10
1.0005
18.8%
214

Yes
15
0.9996
18.8%
215.5

Pebbles in each region are enclosed in a hexagonal prism lattice
of 2LiFeBeF2 salt (Flibe). Pebble volume fraction is 60%. C/HM ratio
is adjusted by changing the lattice length. In test cases, parameters
of pebble are listed in Table 2.

2.2. Calculation method in equilibrium state

Fig. 3. Local graph of random distribution model with three batches of pebbles.

2. Model and method
2.1. Reactor model
A general core model is depicted in Fig. 1. There are ﬁve radial
channels. In test cases, radial channel 1 is ﬁlled with solid graphite
reﬂector; while in optimization cases, it's ﬁlled with thorium
pebbles. In every case, the volume of outer thorium channel is equal
to the volume of inner thorium channel. Thorium fuel is ﬁrstly
recycled in the outer thorium channel for several times, then
recycled in the inner thorium channel for the same times, and
ﬁnally recycled in the central thorium channel. Channels of the core
are 5 m high and are uniformly divided into 7 layers. Totally, 35
burnup regions in optimization cases and 28 burnup regions in test
cases are used for neutronic calculation. Thickness of top and bottom reﬂector is 50 cm. Vacuum boundary condition is assumed
outside the reﬂector. Radial dimensions are listed in Table 1. Radial
dimensions will be varied in the following sections.

The core model is calculated by PBRE code (Guifeng Zhu et al.,
2015) which is accurately veriﬁed by the HTR-10 model. PBRE is
an equilibrium state searching code directly skipping the initial
state and intermediate state. Method of PBRE is similar to literature
(Massimiliano Fratoni and Ehud Greenspan, 2010; Gougar et al.,
2004; Cisneros, 2013). The ﬂow chart of PBRE is depicted in Fig. 2.
Guessing an initial concentration of nuclides, MCNP code calculates
ﬂuxes and one-group cross sections of different regions. Combined
with refueling scheme, residence time T in each region and ﬂow
paths of pebbles are determined. Therefore, along the ﬂow path of
pebbles, ORIGEN2 can give their concentrations in each region they
pass through. The total concentrations in each region are obtained
by summing all the concentrations of passed pebbles. Iteratively,
total concentrations in each region return to MCNP code until the
keff and concentrations are convergent.
Usually, two loops are necessary for converging to desired k0. For
saving time, only one iteration loop was used by directly modifying
the new fuel feedrate V. The correction equation is

V l  V l1 kl  kl1
k0
¼
V l1
kl1 k0 þ k0
k0 is the k with all fresh fuel in the core, corresponding to the
inﬁnite V.
In this paper, a 30 MW/m3 power density of uranium channel is
assumed, and the power of thorium is a consequence of the ﬂux
amplitude. The feedrate of fresh thorium pebbles is decided by
discharge burnup of thorium. The feedrate of fresh uranium pebbles is adjusted to keep the k convergent to the desired value.
Notably, the total feedrate in uranium channel is dependent with
that in thorium channel, but the feedrate of fresh pebble in each
channel can be independent by changing the number of cycles.

Table 4
Core equilibrium parameters as functions of thorium discharge burnup for Model 5 with 160 cm outer radius of uranium channel.
Thorium discharge burnup (MWd/kgTh)

200

190

180

170

160

150

140

Uranium Discharge burnup (MWd/kgU)
Thorium power fraction
EDB (MWd/kgU)

169
19.4%
210

169
19.3%
210

169
19.5%
210

170
19.4%
211

168
19.4%
209

169
19.3%
209

169
19.1%
209

Table 5
The radial dimensions of the PB-FHR core dependent on the outer radius of uranium channel.
Outer radius of uranium channel/cm

140

150

160

170

180

190

200

250

Outer radius of central thorium channel/cm
Outer radius of inner thorium channel/cm
Outer radius of outer thorium channel/cm

84.6
202
250

81.6
206
250

78.4
210
250

74.8
214
250

70.8
218
250

66.3
222
250

61.2
226
250

/
/
/
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Table 6
Parameters of uranium/thorium pebble.
Region

Kernel

Buffer

Inner PyC

SiC

Outer PyC

Matrix

Shell

Radius(cm)
Density(g/cm3)
Temperature(K)

0.03
10.5/9.7
1050

0.04
1.0
1050

0.0435
1.87
1050

0.047
3.2
1050

0.0505
1.87
1050

2.5
1.74/1.25
1050

3
1.74/1.25
1000

Fig. 4. Equivalent discharge burnup as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.

2.3. Test of calculation method in equilibrium state
In core calculation model, it is assumed that concentrations of
different burnup pebbles in each region are mixed into the same
concentration. This hypothesis doesn't take the heterogeneity of
burnup into account and is remains to be proved when the burnup
discrepancy is extremely high. In addition, the ﬂow speed of pebble
here is supposed to be same everywhere, a suitable number of
cycles must be found to maximize equivalent discharge burnup.
Some tests are performed here. The C/Th ratio in thorium region is
100, corresponding to 14.3% packing factor; the C/U ratio in uranium region is 363, corresponding to 12.5% packing factor; Geometry parameters of reactor are in Table 1. Results are listed in
Table 3.
Model 1 is a random distribution model with three cycles in
each region (Fig. 3), fuel in each cycle is loaded into each kind of
pebbles. Model 1 can be regarded as an accurate model without
above hypothesis. In other models, each region has only one kind of
burnup pebble, whose concentration is the average concentration
of pebbles in different cycles. Comparing model 1 with model 2, the
EDB are almost equal, which illustrates that the assumption of
mixed average concentration is reasonable, and it can be explained
by the larger diffusion length of neutron in PB-FHR than the size of
the fuel region. Comparing models from 2 to 6, it is concluded that
when the number of cycle is larger than 10, the EDB will keep as a

constant. In the following sections, the core models with mixed
concentration and more than 10 cycles are adopted.
3. Results and discussion of equivalent discharge burnup
The EDB is a function of many parameters, such as, C/U ratio, C/
Th ratio, discharge burnup of thorium, discharge burnup of uranium, core conﬁguration, dimensions of seed/blanket region, size of
TRISO kernel, and effect of 233Pa. This makes the optimization of
EDB difﬁcult. Our strategy is: ﬁrstly to eliminate the insensitive
parameter, such as discharge burnup of thorium (in Sec. 3.1); secondly, to select core conﬁguration pattern (Sec. 3.2); thirdly to
analyze main parameters such as C/U ratio, dimensions of seed/
blanket region (Sec. 3.3); ﬁnally to analyze subordinated parameters, size of TRISO kernel and effect of 233Pa (Sec. 3.4 and Sec. 3.5).
According to our previous work, C/Th is ﬁxed as 80, and the
sensitivity analysis of C/Th is also shown in Sec. 3.6.
3.1. Discharge burnup of thorium
Discharge burnup of thorium can be set by user. Results of
different discharge burnups of thorium in model 5 with 160 cm
outer radius of uranium channel are listed in Table 4. As mentioned
in Sec. 3.1, the EPN of thorium is steady when discharge burnup of
thorium is between 140 and 200 MWd/kgTh. Moreover, the

Fig. 5. Discharge burnup of uranium as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.
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Fig. 6. Thorium power fraction as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.
Table 7
Equivalent discharge burnup as a function of TRISO kernel size in thorium pebble.
Kernel radius (mm)

200

250

300

350

keff (±0.00036)
Discharge burnup of uranium (MWd/kgU)
Uranium power fraction
Equivalent discharge burnup (MWd/kgU)

1.0003
185.4
71.37%
260

1.001
186.2
71.35%
261

0.9996
186.7
71.24%
262

0.99987
186.6
71.34%
262

discharge burnup of thorium has little impact on the neutron
leakage from uranium channel because the C/HM both in thorium
channel and uranium channel is not changed. Therefore, many key
parameters, such as thorium power fraction and EDB are basically
invariant with discharge burnup of thorium from 140 to 200 MWd/
kgTh (Table 4). Thus, we have large choice space of discharge
burnup of thorium in the following analysis.
3.2. Central thorium channel conﬁguration
Core models with inner graphite reﬂector demonstrate some
advantages, such as layout of control rods and reducing of the peak
fuel temperature. However, the inner graphite reﬂector has to be
replaced after several years due to irradiation damage, which could
bring about engineering and technical problems due to the leakproofness of Flibe. In addition, it will reduce the capacity factor and
destroy the pebble arrangement in equilibrium.
A ﬂowing central thorium pebble channel is a good candidate
conﬁguration. It also provides low peak temperature and even
improves the average power density because of the low power
density of central thorium channel. Moreover, affected by uranium
channel, small central thorium channel offers a soft neutron
spectrum, in which 233U can be well burned before thorium pebbles
discharge. For the layout of control rods, they may be inserted in the
pebble bed with guide tubes.

C/U ratio. In the process of adjusting outer radius of uranium
channel, the radial dimensions of all channels are changed except
for the 250 cm outer radius of outer thorium channel (Table 5). The
outer radius of inner thorium channel is adjusted to keep the same
volume of outer thorium channel and inner thorium channel. C/Th
is still 80 and the discharge burnup of thorium is chosen as
170 MWd/kgTh. Additionally, to keep about 30 MWd/kgTh burnup
in the central thorium channel to burn 233U, the radius of central
thorium channel is modiﬁed. Here we set central thorium channel
as the 1/7 volume fraction of total thorium channels.
Pebble parameters are listed in Table 6. Since the loadage of
thorium in a pebble is high, thorium pebble is usually heavier than
uranium pebble. To keep a similar average density with uranium
pebble, the density of matrix and shell in thorium pebble is chosen

3.3. Size of uranium channel and C/U ratio
Based on the above analysis, core model with central thorium
channel is optimized by adjusting the size of uranium channel and

Fig. 7. Evolution of 233Pa in core at different power densities and decay times (One
wave represents one cycle through the core, three different levels correspond to three
thorium channels).

Table 8
Equivalent discharge burnup as a function of TRISO kernel size in uranium pebble.
Kernel radius (mm)

200

300

400

500

keff (±0.00036)
Discharge burnup of uranium (MWd/kgU)
Uranium power fraction
Equivalent discharge burnup (MWd/kgU)

1.00018
184.0
71.84%
256

0.9996
186.7
71.24%
262

0.99913
187.2
70.68%
265

1.00007
184.8
70.04%
264
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From Fig. 6, we can get the consume ratio of uranium to thorium.
For case with 500 C/U ratio and 180 cm outer radius of uranium
channel, the consume ratio of uranium to thorium is about 2.5 if
discharge burnups of uranium and thorium are both 180 MWd/
kgHM. However, one ton 19.9% enriched uranium is equivalent to
43.7 tons nature uranium if tails assay is 0.25%. It means the
consume ratio of nature uranium to thorium is about 109. The cost
of thorium could be very low. It is worth noting that the number of
fuel element per unit energy has an 8.5% increase, which will increase the fuel cost, but is still much lower than 20% improvement
of uranium utilization.

Fig. 8. Evolution of 233U in core at different power densities and decay times (One
wave represents one cycle through the core; curve in the low power density is envelope curve in the high power density).

Table 9
Equivalent discharge burnup (MWd/kgU) as a function of decay time and core power
density.
Decay time
Power
Power
Power
Power

density
density
density
density

¼
¼
¼
¼

7.6 MW/m3
15 MW/m3
29 MW/m3
43 MW/m3

90day

30day

10day

3day

275
263
251
240

273
263
249
240

274
263
249
239

274
263
249
238

3.4. Size of TRISO kernel
Keeping the uniform C/U ratio and C/Th ratio, the equivalent
discharge burnup is analyzed by changing the TRISO kernel size of
thorium pebble and uranium pebble. Calculation model comes
from case with 180 cm outer radius of uranium channel and 500 C/
U in Sec. 3.3. Due to the weak spatial self-shielding effect of 232Th,
the TRISO kernel size of thorium pebble has little impact on the
equilibrium parameters (Table 7). However, spatial self-shielding
effect of 238U will become obvious when kernel radius is below
200 mm. With the decrease of uranium kernel radius, more neutrons are absorbed by 238U than by 232Th, which will lead to the
increase of uranium power fraction and the drop of EDB (Table 8).
3.5. Effect of

as 1.25 g/cm3. Packing factor of TRISO in thorium pebble is 28%, and
packing factor of TRISO in uranium pebble is varied from 10% to 5%
with C/U ratio from 300 to 600.
The EDB and discharge burnup of uranium with different C/U
ratios and different outer radii of uranium region are shown in
Figs. 4 and 5. The maximal EDB is 265 MWd/kgU. The optimal outer
radius of uranium region is about 170e180 cm, and the optimal C/U
ratio has a range from 400 to 600. Particularly, pure uranium fuel
models are also performed in Fig. 4 in case with 250 cm outer
radius of uranium channel. The discharge burnup of pure uranium
fuel is about 220 MWd/kgU.
The outer radius of uranium channel determines the neutron
leakage rate of uranium channel. With the increase of outer radius
of uranium channel, uranium discharge burnup increases due to
the lower leakage. When the outer radius of uranium channel is
about 170e180 cm, the discharge burnup of uranium reaches to
180e200 MWd/kgU (Fig. 5), it is appropriate to discharge uranium
pebble because of its lower EPN than thorium's, as a result, the EDB
is maximal.
As mentioned in Sec. 1, with the increase of C/U ratio, more
neutrons could be provided to thorium, the thorium power fraction
will increase (Fig. 6). In addition, C/U ratio affects the utilization of
uranium, As the C/U ratio increases, the status of uranium channel
are varied from undermoderated to overmoderated, meanwhile,
there exist a maximal discharge burnup of uranium at 400e500 C/
U (Fig. 5). The EDB is determined by the discharge burnup of uranium and the thorium power fraction. Synthetically, the maximal
EDB occurs at higher C/U ratio than that of the maximal discharge
burnup of uranium.

233

Pa

In the conversion process of thorium, some of 232Th will be lost
by the irradiation of 233Pa. In PB-FHR, 233Pa has the opportunity to
decay away when thorium pebbles are periodically removed from
the core. Calculation model comes from case with 180 cm outer
radius of uranium channel and 500 C/U in Sec. 3.3. The evolutions of
233
Pa and 233U in core are shown in Figs. 7 and 8, concentration of
233
Pa is in direct proportion to ﬂux or power in core, High power
will enhance the effect of 233Pa, as a result, yield of 233U will
decrease. By extending decay time, a little more 233U will be
produced.
Table 9 shows that low power can markedly increase EDB. While
low power makes the reactor less economically competitive.
Attention should be paid to balancing the power density and EDB.
In addition, decay time seems to have no inﬂuence on EDB. Further
analysis indicates that the residence time of thorium in one cycle is
about 4.3 months, which is far longer than the equilibrium time
(about 40 days) of 233Pa. Much 233Pa has been lost during passing
the core. Therefore, the effect of 233Pa can be reduced by adding
cycle number. As shown in Table 10, more than 18 MWd/kgU EDB
can be obtained, if the cycle number is rised to 200. While the high
number of cycles makes the refueling system more difﬁcult, and
leads to more out-pile residence time, which requires large
shielding layers and large pool for decay residual heat.
3.6. Sensitivity analysis of C/Th ratio
Actually, affected by the graphite reﬂector and uranium region,
the optimal C/Th value in thorium region should be lower than 80.
Calculation model comes from case with 180 cm outer radius of

Table 10
Equivalent discharge burnup as a function of cycle number (43 MW/m3, 90day).
Number of cycles (uranium/thorium)

10/25

20/50

40/100

60/150

80/200

Discharge burnup of uranium (MWd/kgU)
Uranium power fraction
Equivalent discharge burnup (MWd/kgU)

166
69.0%
240

168
68.6%
245

170
68.2%
249

172
68.1%
253

175
68.0%
258
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Table 11
Equilibrium parameters as functions of graphite-to-thorium atom ratio.
C/Th

40

50

60

80

200

Discharge burnup of uranium (MWd/kgU)
Equivalent discharge burnup (MWd/kgU)
Thorium power fraction

185
276
33.1%

187
274.3
31.9%

188
269.5
30.6%

190
264
28.0%

194
241.5
19.5%

Table 12
Fuel/Flibe/graphite temperature reactivity coefﬁcient (pcm/K) as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.

C/U
C/U
C/U
C/U
C/U

¼
¼
¼
¼
¼

400
450
500
550
600

140 cm

160 cm

180 cm

200 cm

4.34/3.04/0.70
4.11/3.66/0.34
3.36/2.59/0.01
4.30/2.88/1.16
3.11/1.20/0.98

5.00/4.04/0.29
4.71/2.85/0.24
2.84/2.79/0.32
5.01/2.81/1.57
3.27/1.61/0.21

3.47/1.82/0.92
4.49/1.33/0.50
2.59/1.04/0.69
4.07/1.20/0.74
2.97/0.07/0.43

3.77/1.54/0.44
5.68/2.00/1.45
4.39/1.90/0.46
2.29/0.17/0.57
3.87/1.17/0.20

uranium channel and 500 C/U in Sec. 3.3. Table 11 shows that the
EDB increases as C/Th ratio decreases. In addition, neutron leakage
from uranium region increases due to the attenuate reﬂection by
graphite in thorium region, as a result, uranium discharge burnup
decreases; and thorium power fraction will obviously increase
caused by the rising EPN of thorium and enhanced leakage.
Unfortunately, thorium pebble with low C/Th ratio is hardly to
be manufactured, a compromise value should be chosen.
4. Other main properties analysis
Except for equivalent discharge burnup, other factors such as
the temperature reactivity coefﬁcient, the radial power peak factor,
the reﬂector life and in-pile residence time of thorium pebble and
radioactive waste are also signiﬁcant for reactor safety and
economy.
4.1. Temperature reactivity coefﬁcients

In general, the lower C/U value is, the more negative is TRC of
Flibe. In addition, the TRC of Flibe is affected by the core average
burnup. With the increase of burnup, TRC of Flibe is apt to be
negative due to the effect from effective number of ﬁssion neutrons
of 239Pu and 241Pu (Fratoni, 2008). The TRC of ﬂibe with fresh
uranium fuel may be positive when C/U value exceeds 400 (Fratoni,
2008), hence, more safety analysis must be performed in the initial
state.
4.2. Radial power peak factor
The radial power peak factor (RPPF) is deﬁned as the average
power density of uranium channel over the average power density
of core. Results in Fig. 9 indicate that RPPF in the optimal model is
about 1.8.
As analyzed above, as C/U ratio increases, the thorium power
fraction increases, thus the RPPF decreases. In addition, with outer
radius of uranium region increases, the size of uranium channel
increases and the size of thorium channel decreases, thus the RPPF
decreases. Notably, the power nonuniformity in uranium channel
increases. Fig. 10 shows the radial power distribution of case with
500 C/U and 180 cm outer radius uranium channel. The RPPF in
Fig. 10 is in accord with that in Fig. 9.

The temperature reactivity coefﬁcients (TRC) of the equilibrium
systems are shown in Table 12, The fuel TRC are calculated by
increasing the fuel kernel temperature by 100 K and maintaining all
other components at the nominal operating temperature; the Flibe
TRC are obtained by increasing temperature by 100 K and
decreasing its density from 1.96 to 1.91 g/cm3; the graphite TRC are
calculated by increasing the TRISO coatings, the matrixs and pebble
coatings temperature by 100 K. The statistical standard deviation of
TRC is about 0.5 pcm/K. The TRC of fuel and Flibe (2LiFeBeF2 salt
with 26 ppm Li-6) are always negative, and the TRC of graphite is
near to zero. It means that all the equilibrium systems are in the
safety range.

The fast ﬂux of reﬂector is calculated at inner surface of side
reﬂector. The reﬂector lifes are shown in Fig. 11, supposing a
maximum permissible fast ﬂuence (>100 keV) limit of 3E þ 21 n/
cm2 (Zhang et al., 2002). The maximal life of reﬂector will not
longer than 25 GW$year, which implies that outer thorium region is
not expected to extend the reﬂector life. This is because the total

Fig. 9. Radial power peak factor as a function of graphite-to-uranium atom ratio and
outer radius of uranium channel.

Fig. 10. Radial power distribution in case with 500 C/U and 180 cm outer radius
uranium channel.

4.3. Reﬂector life
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Fig. 11. The graphite reﬂector life (GW$year) as a function of graphite-to-uranium
atom ratio and outer radius of uranium region.

macroscopic scattering cross section of thorium beyond the
0.1 MeV is low and thorium pebble will also release fast neutrons.
One graphite pebble region around the reﬂector is recommended
(Cisneros et al., 2012). Results in Fig. 12 shows that graphite pebble
region plays a critical role to prolong the life of graphite reﬂector
and has little inﬂuence on the keff. When the thickness of graphite
pebble is beyond 20 cm, the life of reﬂector will be more than
200 GW year.
4.4. In-pile residence time of thorium pebble
In-pile residence time of thorium pebble is shown in Fig. 13.
According to above analysis, increasing C/U or reducing the outer
radium of uranium can enlarge thorium power fraction, which will
reduce the in-pile residence time of thorium pebble. With 2 GW
power, in-pile residence time of thorium pebble is about 8 years in
case with 500 C/U and 180 cm outer radius of uranium channel. In
addition, in-pile residence time of thorium pebble can be further
reduced by lessening discharge burnup of thorium.
4.5. Radioactive waste in uranium Pebble
Using thorium blanket decreases the discharge burnup of uranium, which may have an inﬂuence on radioactive waste. According to the models in Section 3.3, waste related characteristics
normalized per unit thermal energy are analyzed in this section.
Since concentration of 239Pu has reached equilibrium after
90 MWd/kgU burnup (Fig. 15), and non-ﬁssile isotopes of plutonium produced primarily by neutron capture in 239Pu and 241Pu,
slowly increases with the increasing burnup of uranium, plutonium
yield per unit fresh uranium has little increase with the increasing
burnup of uranium. Therefore, plutonium yield per unit thermal

Fig. 12. Graphite reﬂector life as a function of thickness of graphite pebble region for
500 graphite-to-uranium atom ratio and 180 cm outer radius of uranium channel.

Fig. 13. In-pile residence time of thorium pebble (GW$year) as a function of graphiteto-uranium atom ratio and outer radius of uranium channel.

energy has a negative relation with equivalent discharge burnup. As
shown in Fig. 14, plutonium yield is minimal when outer radius of
uranium channel is between 170 and 180 cm. Moreover, neutron
spectrum has a signiﬁcant inﬂuence on plutonium yield. Lower C/U
or harder neutron spectrum enhances the (n,g) reaction rate of 238U
and weakens the absorption rate of 239Pu. Therefore, lower C/U has
higher plutonium yield (Fig. 14). FHR with pure uranium fuel prefers to lower C/U (such as 350, corresponding to 174 mol/GW/year
plutonium yield), while FHR with thorium blanket system prefers
to higher C/U (for example, 500, corresponding to 116 mol/GW/year
plutonium yield), so thorium blanket fuel could reduce plutonium
yield by 33% compared with pure uranium fuel.
As shown in Fig. 16, ﬁssile plutonium fraction is negative with C/
U because the ﬁssile plutonium has a smaller absorption cross
section than non-ﬁssile plutonium in lower C/U, and negative with
outer radius of uranium channel or the discharge burnup of uranium because the non-ﬁssile plutonium does not reach equilibrium
even at the high discharge burnup of uranium. Thorium blanket
fuel discharges slightly higher quality of plutonium than pure
uranium in FHRs, which shows higher reclamation value but also
higher proliferation risks.
237
Np is mainly generated by absorptions in 236U, so systems
with higher discharge burnups of uranium will have higher 237Np
loadings (Fig. 17), and also harder neutron spectrum or lower C/U
increases the capture absorption of 236U and higher 237Np loadings.
Thorium blanket fuel under 500 C/U could reduce the 237Np yield
by 38% compared with pure uranium fuel under 350 C/U.
4.6. Radioactive waste in thorium pebble
Radioactive waste in thorium pebble is analyzed in this section
supposing 170 MWd/kgTh discharge burnup of thorium. As shown
in Fig. 18, uranium yield per unit thermal energy in thorium pebble,
keeping pace with thorium power fraction (Fig. 6), is negative with
outer radius of uranium channel and is positive with C/U ratio. For
case with 500 C/U ratio and 180 cm outer radius of uranium
channel, if 2 GW power is used, the uranium yield per year will be
172 mol or 40 kg. The trend of 233Pa yield is similar to uranium's,
but 233Pa yield is very low (see Fig. 19).
Fissile uranium fraction is basically irrelevant to outer radius
of uranium channel due to the same discharge burnup of thorium
and same neutron spectrum. However, harder neutron spectrum
or lower C/U ratio could enhance the conversion of 232Th and
capture absorption of non-ﬁssile isotopes of uranium. Therefore,
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Fig. 14. Plutonium yield as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.

lower C/U ratio increases the ﬁssile uranium fraction. As seen in
Fig. 20, ﬁssile uranium fraction is about 70%, which may introduce proliferation risks. Research in literature (MacDonald and
Kazimi, 2000) uses thorium fuel contains uranium to denature
bred-in 233U. However, the utilization of fuel will decrease.
Actually, pure 233U still can be formed by separating 233Pa from
waste. It is not necessary to prevent nuclear proliferation at the
source, especially for thorium-based fuel. There are some other
means for proliferation resistance, for example, radiation threat
from 232U. As shown in Fig. 21, about 0.048% 232U exists in uranium waste.

Fig. 15. Evolution of
channel.

239

Pu in case with 500 C/U and 180 cm outer radius of uranium

Fig. 16. Fissile plutonium fraction as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.

Fig. 17.

237

Np Yield as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.
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Fig. 18. Uranium yield in thorium pebble as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.

Fig. 19.

233

Pa yield as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.

Fig. 20. Fissile uranium fraction as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.

Fig. 21.

232

U Fraction as a function of graphite-to-uranium atom ratio and outer radius of uranium channel.
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Table 13
Recommended parameters of baseline design.
Total power
Volume of core active
Thickness of graphite pebble region
Reﬂector life
Average power density
Enrichment of uranium fuel
Thorium loading mass in a pebble (C/Th ratio)
Uranium loading mass in a pebble (C/U ratio)
Radius of TRISO kernel (thorium and uranium)
Outer radius of uranium region
In-pile residence time of thorium pebble
In-pile residence time of uranium pebble
Decay time of each cycle
Discharge burnup of thorium
Discharge burnup of uranium
Equivalent discharge burnup
Thorium power fraction
Temperature reactivity coefﬁcient
(Fuel/Coolant/Graphite)
Core inlet temperature
Core outlet temperature
Core mass ﬂow rate of Flibe
Core average ﬂow velocity of Flibe

1800 MWth
98 m3
20 cm
120 year
17 MW/m3
19.9 at%
33 g (80)
7.7 g (500)
300 mm
180 cm
9 year
0.7 year
1day
170 MWd/kgTh
187 MWd/kgU
260 MWd/kgU
28%
2.6/1.0/0.7 ± 0.5
600  C
704  C
7.15 t/s
0.17 m/s

Appendix A
A supplement for unit cell analysis in our previous work
(Guifeng Zhu et al., 2014 in Chinese) is translated here to understand the basic properties of thoriumeuranium in PB-FHR.
The model of unit cell is referred from Table 5 with total
reﬂection boundary conditions. The 6 cm diameter pebble is
enclosed in a hexagonal prism of ﬂibe, in which pebble volume
fraction is 60%. C/HM is adjusted by changing the lattice length. The
densities of thorium oxide and uranium oxide are 9.7 g/cm3 and
10.5 g/cm3. The enrichment of uranium is 19.9%. 6Li concentration
in this work is 26 ppm. A burnup code MOBAT.py, coupled with
MCNP and ORIGEN2, is used here. Since there is no ﬁssile nuclide in
thorium pebble at beginning of life, A constant ﬂux 5.0E þ 13 n/
cm2$s instead of constant power is chosen in the unit cell
calculation.

All above analysis is based on 170 MWd/kgTh burnup. If we
decrease the discharge burnup of thorium, the uranium yield per
unit thermal energy and ﬁssile uranium fraction will increase.
5. Conclusions
In this paper, PB-FHR with thorium blanket is optimized with
parameters such as C/U ratio, C/Th ratio, discharge burnup of
thorium, discharge burnup of uranium, core conﬁguration, dimensions of seed/blanket region, size of TRISO kernel, and effect of
Pa-233. The optimal equivalent discharge burnup is around
265 MWd/kgU, which is 20% higher than discharge burnup using
pure uranium fuel. As the discharge burnup of TRISO fuel will be
limited to 20% FIMA (Maki, et al., 2007) at present, using thorium
blanket fuel, the optimal equivalent discharge burnup could extend
65 MWd/kgU. As analyzed in Sec. 3.3, 265 MWd/kgU equivalent
discharge burnup could be converted into 6 or 9 MWd per kilogram
nature resources (nature uranium and thorium) with or without
considering 0.25% tails loss of U-235.
In the optimized design, the equilibrium systems are inherently
safe, but a further design for initial state and intermediate state
should be performed to guarantee negative TRC of Flibe. The radial
power peak factor is about 1.8 in the optimal case. In-pile residence
time of thorium pebble is usually about 8 years; it can be reduced
by lessening discharge burnup of thorium. Plutonium yield in
thorium blanket system is smaller than in pure uranium system,
but the high ﬁssile uranium fraction produced from thorium pebble
may introduce proliferation risks.
It is noteworthy that there are some approaches (such as
increasing the cycle number of thorium pebble, increasing the
TRISO kernel radius of uranium pebble and decreasing C/Th ratio)
to further increase the equivalent discharge burnup, while they will
bring in some negative effects.
For further thermal-hydraulic analysis and TRISO fuel performance, a recommended baseline parameter table is shown below
(see Table 13).

Fig. 1. Unit Cell Model and TRISO Structure.

Properties of thorium in unit cell
Fig. 2 shows the k-inf of thorium pebble with different C/Th and
burnup. Varying with burnup, the k-inf begins to increase quickly,
at about 20 MWd/kgTh, it reaches the peak, and then performs with
a slow and linear decrease. The peak of k-inf is less than 1 which
implies that thorium in PB-FHR could not breeder without
reprocessing and heterogeneity. Varying with the C/Th ratio, the
maximal k-inf peak is happening when C/Th ratio is close to 80. This
is different from thorium pebble in HTGR, where the optimal C/Th
is about 200e300, since Flibe salt has a large scattering cross section. In Fig. 3, it's shown that neutron absorption rate of Flibe is
remarkable when burnup is lower than 20 MWd/kgTh because
there is no ﬁssile fuel at the beginning and the one-group absorption cross section of thorium is very small. A higher thorium
loading can restrain the neutron absorption of Flibe.
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Fig. 2. k-inf of Thorium pebble vs burnup with different C/Th ratios.
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Generally, it's appropriate to burn the ﬁssion fuel in the thermal
neutron spectrum while transform the fertile in the hard neutron
spectrum. However, without chemical reprocessing, the 233U and
232
Th are always in the same neutron spectrum. In this case, it's
better to transform the thorium-based fuel at the beginning and
burn the thorium-based fuel when the concentration of 233U is
much more. putting the spent thorium pebble at hard neutron
spectrum into a softer neutron spectrum will raise the k-inf of
thorium unit cell, as showed in Fig. 6, An another more than
20 MWd/kgTh burnup may be obtained.

Fig. 3. Neutron absorption rate of Flibe vs burnup with different C/Th ratios.

One important criterion to judge whether the thorium fuel burn
effectively is that while a neutron is provided to thorium cell, it can
release the maximal energy. The Energy Per supplementary
Neutron (EPN) of thorium cell, which is a mix from fresh to some
exposure time, is calculated by following equation:

Z

t

PðtÞdt
EPNðtÞ ¼ Z

0
t
0

PðtÞ$yðtÞ=Q ðtÞ$ð1=kðtÞ  1Þdt

P is power, y is neutron yield per ﬁssion, Q is released energy per
ﬁssion. The result is depicted in Fig. 4. It shows that the maximal
EPN is 425 MeV/n at about 160 MWd/kgTh while C/Th ratio is near
80. In addition, the EPN is almost steady around the 160 MWd/kgTh
because the 233U concentration will reach saturation, as speculated
from Fig. 5, the power in one thorium pebble with 80 C/Th is almost
constant beyond 40 MWd/kgTh burnup.

Fig. 4. The energy production per neutron of thorium vs burnup with different C/Th
ratios.

Fig. 5. Power in one thorium pebble with 80 C/Th and 5E þ 13n/cm2∙s ﬂux vs burnup.

Fig. 6. k-inf Change when a thorium pebble cell mixed with a graphite pebble cell at
130 MWd/kgTh.

Properties of uranium in unit cell
The k-inf of uranium fuel behaves almost linear change with the
burnup. From Fig. 7, it's observed that the higher C/U ratio, the more
neutron will be producted before k-inf greater than 1 for burn of
uranium is dominant than transformation in thermal neutron
spectrum, and the more neutron will be consumed after k-inf less
than 1 for less Pu are produced.

Fig. 7. k-inf of Uranium pebble vs burnup with different C/Th ratios.

One important criterion to judge whether the uranium cell
burn effectively is that while an equivalent neutron is provided,
the uranium cell can release the maximal energy; or while an
equivalent energy is released, the uranium cell can provide
maximum neutrons. The Neutron Production per mass of Uranium
(NPU) change with different burnups and C/U ratios is presented
in Fig. 8, from which the Discharge Burnup of Uranium with
Continuous Refueling (DBU-CR) could be calculated. 600 C/U ratio
is overwhelming superior than others when the burnup of uranium is below about 180 MWd/kgU, while after that 500 C/U ratio,
400 C/U ratio and even 300 C/U ratio may be ascendant than
600 C/U ratio.
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In fact, the equivalent discharge burnup can be easily calculated using discharge burnup of thorium, discharge burnup of
uranium, the neutron production per mass of uranium and the
neutron consumption per mass of thorium. However, one problem we have to face with in unit cell analysis is that the neutron
provided by uranium cell has a totally different spectrum with
that in thorium cell, which means we could not use neutron
balance of production and consumption to get the equivalent
discharge burnup.
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