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ABSTRACT 

Thorium is very attractive as sustainable resource in nuclear industry for its large resource 

inventory, high potential conversion ratio in thermal reactors because of the produced 233U, and 

less amount of long life MA products. HTR-PM is a demonstration plant of the modular high 

temperature reactor with two pebble-bed cores of 250 MWth. In a series of previous works, the 

feasibility of maximizing thorium utilization and minimizing the refueling effort of uranium 

fissile under the framework of HTR-PM has been investigated. Two types of thorium-based 

fuelling strategies of in situ utilization in HTR-PM were discussed, namely the Th+HEU (93% 

enriched) MOX fuel schemes and the Th+LEU SEP (uranium and thorium are loaded into 

SEParate pebbles) schemes, respectively. In this work, further investigation was implemented, 

including comprehensive parametric analysis on both strategies mentioned above by 

implementing coupled neutronics and thermal-hydraulics calculations and transient analysis in 

accidental conditions. The analysis on MOX schemes reveals that the one can obtain further 

uranium ore saving with about 9% uranium atomic fraction in the MOX fuels as the C/HM ratio 

decreases, compared with the traditional LEU loading. This is mainly attributed to the reduction 

of core leakage when the heavy metal loading increases. However, as the C/HM ratio decreases, 

most of the safety features of HTR-PM are observed to get worse, especially the maximum fuel 

temperature after DLOFC accident, which restricts the improvement of uranium ore saving. 

The optimized uranium ore saving is about 20 kg/GWd, corresponding to the thorium loading 

requirement about 10 kg/GWd, with far insufficient utilization fraction of thorium fuel up to 

6% and relatively high-level residual 233U in spent fuels of about 0.2 kg/GWd. On the other 

hand, one can obtain superior performance of in situ utilization of thorium in the SEP schemes 

if the thorium residence time is lengthened sufficiently. A series of SEP schemes of 7g heavy 

metal loading per pebble are investigated, with varied uranium to thorium ratio and thorium 

discharge burn-up, as well as fixed uranium discharge burn-up of 90 GWd/tHM. When the ratio 

of uranium to thorium is set as 12:3 and the thorium discharge burn-up goes as high as 200 

GWd/tHM, the uranium ore saving for SEP schemes can reach about 10 kg/GWd, compared 

with the LEU loading scheme. Although this saving is smaller than the MOX case, the thorium 

loading requirement decreases dramatically with the increased thorium discharge burn-up, 

maximally one order of magnitude lower than the MOX schemes, indicating that the cost of 

thorium fuel can be minimized with relatively considerable uranium loading saving. The 

superior performance of the SEP scheme can be mainly attributed to the sufficient burning of 

thorium fuel, with maximum in-core utilization of thorium of more than 20%. It is concluded 
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that the SEP schemes are better choices for in situ utilization of thorium and minimizing the 

uranium loading requirement than the MOX schemes. 

1 INTRODUCTION 

Thorium is very attractive as sustainable resource in nuclear industry for its large resource 

inventory, high potential conversion ratio in thermal reactors because of the produced 233U, and 

less amount of long life MA products. High temperature gas-cooled reactors (HTGRs) have 

excellent performance in utilization of thorium-based fuel, due to their high degree of neutron 

economy. Some breeding or near-breeding fuelling schemes for HTGRs have been proposed 

since 1970s [1, 2]. There are two ways to utilize thorium in thermal reactors, namely breeding 

and in situ utilization. For HTGRs, the in situ utilization can avoid the challenges of 

reprocessing of the TRISO fuel particles, compared with breeding. Moreover, the pebble-bed 

HTGRs are more suitable for in situ utilization of thorium fuel due to the superior flexibility of 

fuelling. In this work, the term “PB-HTGR” is used to refer to the pebble-bed HTGR. In 

previous works, two types of thorium-based fuelling strategies of in situ utilization in HTR-PM 

were discussed [3], namely the Th+HEU MOX fuel schemes and the Th+LEU SEP (separate) 

schemes, respectively, as shown in Figure 1. In this work, further discussion on this topic will 

be presented, including comprehensive parametric analysis on both strategies mentioned above 

by implementing coupled neutronics and thermal-hydraulics calculations and transient analysis 

in accidental conditions. 

Breeding and in situ utilization of thorium in thermal reactors have different requirements 

for the fuelling strategy. For the breeding purpose, the burning of converted 233U should be 

avoided as much as possible, and the neutron loss in fission products should be lowered, 

indicating the requirement of thorium discharge burn-up as low as possible. On the other hand, 

the on-line successive refueling, one of the main features of the PB-HTGRs, is also required by 

the thorium-based breeding in thermal spectrum. However, the reprocessing of the rigid TRISO 

fuel particles, featured by the combination of crushing and burning of the C-SiC coating and 

aqueous solvent extraction process, is more difficult than those of the traditional reactor fuels 

and needs to be developed in further researches. Moreover, the relatively high neutron leakage 

of PB-HTGRs (typically more than 10%) suppresses the possibility of thermal breeding of 233U. 

All the points mentioned above indicate that breeding is somehow unsuitable for the thorium 

utilization in PB-HTGRs. 

Compared with breeding, the in situ utilization demands high burn-up of the thorium-

based fuel. It is obvious that the more thorium fuels are depleted, the more 233U is produced and 

burned to support the chain reaction. Typically, the enhancement of burn-up in TRISO fuel 

particles is limited by the accumulation of the fission products, especially the gaseous ones. 

Fortunately, the fission product release rate of ThO2 fuels is much less than that of UO2 fuels. 

Hence the operation limits of burn-up of the thorium-based fuels can be higher than typical 

uranium fuels. The technology of fuel fabrication provides the possibility of combining oxides 

of uranium and thorium in one fuel particle and in different particles, corresponding to the MOX 

and SEP cases in this work. For the MOX schemes, the thorium burn-up is difficult to increase 

further, since the irradiation history of uranium and thorium fuels cannot be separated 

completely. On the other hand, the flexibility of refueling in PB-HTGR makes irradiation time 

of thorium pebbles in the SEP schemes to be easily lengthened, even several times that of 

uranium pebbles, indicating that the utilization of thorium could be improved significantly. 

Moreover, it is attractive that the in situ utilization of thorium in HTGRs needs no reprocessing, 

which avoids the complexity and challenges of technology. Thus, the in situ utilization will be 



402.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014 

the only topic for HTGR’s thorium utilization in this work, although the possible reprocessing 

of the TRISO fuel particles will also be discussed somewhere. 

 
Figure 1: Schematic figure of ThU-MOX and SEP fueling schemes 

Generally, high enriched uranium (HEU), with typical enrichment of 93%, is the ideal 

option for the feed material in the Th-U cycles of HTGRs, as performed in AVR and THTR 

300 in Germany [4]. It is mainly used in the ThU-MOX schemes for the reasons of non-

proliferation. For the so-called “separate loading scheme”, i.e. uranium and thorium fuels are 

loaded into different pebbles, only LEU should be selected as feed material. Since the uranium 

particles contain much more fissile nuclei than the thorium ones, the former will afford much 

more nuclear power than the latter, implying more rigorous challenges to the integrality of the 

uranium coated particles, especially for HEU loading. Hence, only LEU is considered in the 

SEP schemes mentioned above in this work. 

The ultimate aim of the in situ utilization of thorium is to reduce the loading requirement 

of fissile uranium, namely 235U in this work. This is often represented by the quantity of uranium 

ore requirement, i.e. the required amount of U3O8 per energy production. Generally, the 

requirement of heavy metal loading per energy production is inversely proportional to the 

discharge burn-up of fuel elements. Furthermore, the required amount of fissile materials is 

proportional to the enrichment of loaded fuel. Considering the tail material of natural uranium 

with enrichment of 0.25%, the required amount of 235U can be easily transformed into the mass 

of required uranium ore per energy production. 

The major purpose of this work is to investigate the possibility of minimizing the on-site 

refueling effort within the realistic framework of the HTR-PM. The HTR-PM is a 

demonstration power plant with two PB-HTGR modules of 250 MWth and one steam turbine 

with output of 200 MWe, which has started construction since December, 2012 and is expected 

to be commissioned in 2017. The term of “realistic framework” means that the supposed Th-

U-loaded HTR-PM must obey all the design limits of the real LEU-loaded one. The requirement 

of uranium ore per energy production is taken to represent the effect of minimizing on-site 

refueling effort. On the other hand, the requirement of loaded thorium per energy production is 

also an important parameter in the fuel economy consideration. In Section 2, the analysis model 

and results of Th-MOX schemes are discussed. In Section 3, the discussion on the SEP schemes 

is presented. The conclusions are drawn in Section 4. 

2 THU-MOX SCHEMES AND RESUTLS 

As described in Ref. [3], the ThU-MOX schemes employ oxide fuel of 232Th and HEU 

with enrichment of 93%. Based on the discussion in Section 1, it is straightforward to reduce 
235U consumption rate by increasing the discharge burn-up of the MOX fuels. However, the 

higher the discharge burn-up is, the more fissile materials the core needs to keep criticality. 

There is a contradictory between discharge burn-up and fissile uranium enrichment. 

Fortunately, another method can be utilized to keep the fissile enrichment at a certain level 



402.4 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014 

when the discharge burn-up is improved, i.e. enhancing the heavy metal loading per fuel 

element. As well known, the neutron leakage of PB-HTGRs is relatively large compared to 

LWRs, at the order of more than 10% even for a large pebble bed core of the HTR-PM. 

Increasing the heavy metal loading will suppress the neutron leakage and enhance the neutron 

economy; on the other hand, that will lead to other safety-related problems such as larger 

reactivity of water ingress and higher decay heat power. Optimization must be carried out to 

find out balance between both the trends mentioned above. 

Parametric analysis is performed on two parameters: the atomic fraction of uranium in 

heavy metal and the C/HM ratio, in which the former represents the fissile enrichment in heavy 

metal and the latter is inversely proportional to the heavy metal loading. For given combination 

of those two parameters, the discharge burn-up is adjusted to keep the reactor core critical. For 

comparison, the real fuelling scheme of HTR-PM fuelled by 8.5% enriched uranium is called 

the LEU scheme in this work. 

A series of VSOP [6] models are established to describe the ThU-MOX and SEP schemes. 

All these models are based on the standard LEU model of HTR-PM. The running-in phases are 

simulated to approach the equilibrium states for different fuel cycle schemes. The fuel shuffling 

speed is adjusted to fit the requirements of average discharge burn-up for different schemes. 

The double heterogeneity of the fuel pebbles are taken into account in the spectrum calculation, 

and buckling and temperature feedback calculations are performed to achieve more accurate 

results. The position of control rods remains identical for different schemes. The temperature 

coefficients are evaluated by increasing the temperatures of fuel, moderator and reflector with 

small increment (20 ºC). The water ingress reactivity is assessed by introducing water steam 

into the pore of pebble bed, with varying partial pressure. The maximum fuel temperature after 

the DLOFC accident is analyzed based on the decay heat distribution calculated according to 

the standard DIN 25485. The control rod is inserted to the normal position during the operation 

of equilibrium state. 

 
Figure 2: Results of discharge burn-up (GWd/tHM) in the MOX schemes 

The results of discharge burn-up are shown in Figure 2, in which the highest value of 

C/HM ratio corresponds to 5 gram heavy metal loaded in one fuel pebble. It is obvious that the 

discharge burn-up increases as the uranium fraction increases and the C/HM ratio decreases. 

The trend of discharge burn-up along with the uranium fraction is reasonable, since increasing 

the uranium fraction is equivalent to increasing the fissile enrichment in heavy metal. On the 

other hand, the decrease of C/HM ratio means improving heavy metal loading in the fuel 

pebbles, reducing the neutron leakage of the reactor core and enhancing the neutron economy. 
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Figure 3 shows straightforward indication of trends of the requirement of U3O8 per energy 

production. For the upper part of the figure, the trend of uranium ore requirement is similar to 

that of discharge burn-up in Figure 2. However, some valley-like behavior appears below the 

value of 235 kg/GWd, just the value of uranium ore requirement of the real LEU scheme for 

the HTR-PM. Hence, the region below 235 kg/GWd is attractive from the point of view of 

reducing natural uranium loading requirement.  

 
Figure 3: Results of uranium ore (U3O8) requirement (kg/GWd) in the MOX schemes 

 
Figure 4: Results of thorium utilization fraction (%) in the MOX schemes 

 
Figure 5: Results of thorium loading requirement (kg/GWd) in the MOX schemes 

Other fuelling-related parameters are illustrated in Figure 4~5. It is noticeable that the 

utilization fraction of thorium fuel shown in Figure 4 is quite low, mostly smaller than 7% for 
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the parameter range considered in this work. It is natural that the highest thorium utilization 

corresponds to the highest discharge burn-up. The results in Figure 4 mean that the depletion 

of 232Th in the ThU-MOX fuels is insufficient. The thorium loading requirement as shown in 

Figure 5 has similar trend with the discharge burn-up. 

 
Figure 6: Results of temperature coefficient (10-5Δk/k/ºC) in the MOX schemes 

 
Figure 7: Results of maximum power per pebble (kW) in the MOX schemes 

 
Figure 8: Results of maximum fuel temperature in normal operation (ºC) in the MOX 

schemes 

The safety-related results of parametric analysis are presented in Figure 6~9. For the total 

temperature coefficients, as shown in Figure 6, the lower-right region is unacceptable because 

of much small absolute values of the minus coefficients. Similarly, the peak of the maximum 
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power per pebble appears in the lower-right region of Figure 7. The highest value of maximum 

power per pebble, about 3.6 kW, exceeds the design limit of the HTR-PM, one of the crucial 

limits for preventing fuel particle failure. The maximum fuel temperature in normal operation, 

as shown in Figure 8, is far below the design limit of this parameter, i.e. 1200 ºC. However, for 

the maximum fuel temperature after a DLOFC accident, as illustrated in Figure 9, the values 

near the lower-right corner of the figure exceed 1620 ºC, the design limit for the fuel 

temperature under accidental conditions. This trend can be mainly attributed to the fact that the 

more heavy metal is loaded into the core, the higher power density of decay heat is obtained. 

 
Figure 9: Results of maximum fuel temperature after DLOFC (ºC) in the MOX schemes 

Fortunately, the maximum water ingress reactivity is relatively low within most 

parameter range compared the corresponding value of about 0.043 Δk/k in the LEU case, as 

shown in Figure 10. This is easily attributed to the relatively smaller resonance cross section of 
232Th than that of 238U. 

 
Figure 10: Results of maximum water ingress reactivity (Δk/k) in the MOX schemes 

Thus, the acceptable parameter range can be described in Figure 11, according to the 

results presented above. The green region in Figure 11 indicates the parameter range in which 

the uranium ore requirement is smaller than the LEU version of the HTR-PM and the design 

limits, especially the safety-related limits, are all not exceeded. The region blow the acceptable 

region is unacceptable due to the DLOFC temperature higher than 1620 ºC and the water ingress 

reactivity larger than 0.043Δk/k. The region on the right side of the acceptable region is 

excluded due to high values of the safety-related parameters such as the maximum power per 

pebble, the maximum power density and the minus temperature coefficients. It seems that a 
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combination of parameters with C/HM ratio of 300 and uranium fraction of 8.5% is the 

optimized choice of both parameters. 

 
Figure 11: Results of uranium ore (U3O8) requirement (kg/GWd) in the MOX schemes, with 

the acceptable parameter range painted by a green region 

Consequently, some conclusion should be drawn for the ThU-MOX schemes. The major 

features of the ThU-MOX core, including fueling-related features and safety-related features, 

are much sensitive to the C/HM ratio, equivalent to the heavy metal loading per fuel pebble. As 

the heavy metal loading increases, it seems to hold generally that the fueling-related features 

get better and the safety-related features get worse. The acceptable parameters are confined 

within a region shown in Figure 11, from the point of view of both in situ thorium utilization 

and reactor safety. For the optimized parameter combination with C/HM ratio of 300 and 

uranium fraction of 8.5%, the uranium ore saving compared with the LEU scheme is about 8%, 

corresponding to about 20 kg/GWd of U3O8, while the relative increase of separative work is 

about 15%. At the same time, the requirement of thorium loading is about 10 kg/GWd of 232Th. 

Although some improvement in reducing on-site refueling effort is obtained, it is clear that the 

in situ utilization of thorium is not sufficient for the ThU-MOX schemes. 

3 SEP SCHEMES AND RESUTLS 

Since the thorium depletion cannot be improved further when mixed and experiencing 

the identical irradiation history with HEU in the ThU-MOX schemes, the SEP schemes are 

considered as the reasonable solution for enhancing the thorium utilization. For the SEP 

schemes, one may take different recycling strategies for uranium pebbles and thorium pebbles, 

which can be easily distinguished by using the burn-up measurement system of gamma-

spectroscopy. The residence time of thorium pebbles can be lengthened simply by setting 

sufficiently high discharge threshold for burn-up of thorium pebbles. The LEU is chosen as the 

feed material because the proliferation risk would increase after using individual uranium 

pebbles with HEU. The presence of considerable 238U in LEU leads to more risk of reactivity 

introduction in water ingress accidents. Hence, the mass of heavy metal in one fuel pebble is 

set as 7 grams, as set in the real LEU scheme of the HTR-PM. The ratio of uranium to thorium 

is adjustable from 8:7 to 12:3. For the sake of comparison with the LEU scheme, the discharge 

burn-up of uranium pebbles are fixed at the level of 90 GWd/tHM, while the discharge burn-

up of thorium pebbles is adjustable. Correspondingly, the enrichment of uranium is adjusted to 

keep the reactor core critical. 
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Figure 12: Results of uranium ore (U3O8) requirement (kg/GWd) in the SEP schemes. The 

dashed line represents the corresponding value in the LEU scheme. 

Firstly, the most important parameter analyzed is the uranium ore requirement per energy 

production. Figure 12 shows these results for different uranium to thorium ratios and thorium 

discharge burn-ups. The corresponding value for LEU scheme is presented by a dashed line in 

Figure 12. Obviously, the uranium ore requirement decreases significantly as the discharge 

burn-up of thorium increases. However, trends like “saturation” appear when thorium discharge 

burn-up goes beyond 100 GWd/tHM. This saturation of uranium ore saving is attributed to the 

fact that the bonus from converted fissile nuclides will be offset by the increase of fission 

products in thorium fuels at high burn-up levels. Therefore, the discharge burn-up of thorium 

pebbles more than 100 GWd/tHM is sufficient for maximizing the thorium utilization in the 

SEP schemes. 

 
Figure 13: Results of thorium loading requirement (kg/GWd) in the SEP schemes. The dashed 

line represents the corresponding value in the LEU scheme. 

It seems that the uranium ore saving of SEP schemes is uncomfortable compared with the 

results of MOX schemes presented in Sec.2. However, the results of another well concerned 

parameter, i.e. the thorium loading requirement per energy production, give more confidence 

to the SEP schemes, as shown in Figure 13. As the thorium discharge burn-up increases, the 

thorium loading requirement decreases drastically, especially in the case of U to Th ratio of 

12:3. The lowest result, i.e. less than 0.5 kg/GWd, is more than one degree of magnitude lower 

than the corresponding values in MOX schemes. That means quite low thorium supply 

corresponding to considerable uranium ore saving, the very aim of in situ utilization of thorium. 

The essential difference of thorium loading requirement between both types of schemes are the 
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utilization fraction of thorium during the fuel cycles. The dependency of thorium utilization 

fraction on discharge burn-up is presented in Figure 14. For the deepest discharge burn-up about 

200 GWd/tHM, the thorium fuel will be depleted for more than 20%, far greater than 6% in the 

MOX schemes. That also indicate that although more discharge burn-up can hardly give more 

uranium ore saving, it can further save the thorium loading effort. 

 
Figure 14: Results of thorium in-core utilization fraction (%) in the SEP schemes. 

In summary, the residence time of thorium pebbles can be lengthened up to more than 10 

years to obtain optimized utilization of thorium within the HTR-PM. The uranium ore saving 

is enlarged as thorium burn-up increases and thorium fraction decreases, up to ~4% (10 

kg/GWd of U3O8), compared with real LEU loading. As the thorium burn-up increases, thorium 

loading requirement decreases dramatically to less than 0.5 kg/GWd, one degree of magnitude 

lower than the MOX schemes (about 10 kg/GWd). That means that one saves 10 kg of U3O8 

while loading only 0.5 kg of thorium. For the optimized cases, the enrichment of LEU in the 

SEP schemes is close to the LEU-only scheme, which indicates nearly equal separation works. 

The thorium utilization in the SEP schemes is more sufficient than the MOX schemes, up to 

more than 20%. On the other hand, similar to the thorium loading requirement, the 233U 

production rate also decreases dramatically as burn-up increases. This value as low as 0.01 

kg/GWd indicates that the reprocessing of spent fuel is not worthy for SEP case, compared with 

the MOX schemes. 

4 CONCLUSIONS 

In this work, the possible options of thorium-based fuelling aimed at in situ utilization of 

thorium in HTR-PM are investigated, only on the sight of neutronics and thermal-hydraulics. 

Not only the features concerning thorium utilization and uranium saving, but also the safety-

related features are considered. For the MOX schemes, a permitted parameter range is shown 

in Figure 15 to make sure that the reactor core requires less uranium loading and maintains safe. 

The heavy metal loading per fuel pebble should be larger than the real LEU scheme of the HTR-

PM, and have to be confined less than 13 g/pebble to avoid the maximum fuel temperature after 

DLOFC higher than 1620 ºC, the design limit of the HTR-PM’s fuel elements. The optimized 

result of MOX schemes gives about 8% (20 kg/GWd) saving of uranium ore compared with the 

LEU scheme of the HTR-PM. On the other hand, the uranium pebble fraction about 80% in the 

mixed fuel pebbles gives rise to about 4% (10 kg/GWd) saving of uranium ore compared with 

the LEU scheme of the HTR-PM. It seems that the MOX schemes have better performance on 

the thorium in situ utilization. 
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However, the SEP schemes are more attractive than the MOX schemes. The SEP schemes 

have more benefits than the MOX schemes. The SEP schemes utilize the LEU fuels (<20%), 

which gives not only less separation works, but also good non-proliferation features. The SEP 

schemes provide convenient fuel manufacture, discrimination during operation, and separate 

reprocessing of U and Th fuels. The SEP schemes needs much lower thorium loading 

requirement than MOX, mainly due to the long recycle time and relatively sufficient burning 

of thorium fuels. Also, the SEP schemes have quite sufficient consumption of the converted 
233U, making the further processing unneeded. All these factors makes the SEP schemes more 

superior than the MOX schemes. 

In summary, the flexibility of fuelling of pebble-bed HTGRs provides good performance 

of the in situ utilization of thorium, especially for the SEP schemes. The key of optimization of 

SEP schemes is high burn-up of thorium fuel pebbles. Fortunately, the fission product release 

rate of ThO2 is much lower than UO2, indicating higher resistance for high burn-up of ThO2 

than UO2. Furthermore, smaller size of ThO2 fuel kernel can also improve the burn-up upper 

limit. 
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