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Abstract - This article investigates advanced fuel cycles containing thorium and 
reactor grade plutonium (Pu(PWR)) in a 400 MWth Pebble Bed Modular Reactor 
(PBMR) Demonstration Power Plant. Results presented were determined from 
coupled neutronics and thermo-hydraulic simulations of the VSOP 99/05 diffusion 
codes. In a previous study impressive burn-ups (601 MWd/kg heavy metal (HM)) 
and thus plutonium destruction rates (69.2 %) were obtained with pure plutonium 
fuel with mass loadings of 3 g Pu(PWR)/fuel sphere or less. However the safety 
performance was poor in that the limit on the maximum fuel temperature during 
equilibrium operation was exceeded and positive Uniform Temperature Reactivity 
Coefficients (UTCs) were obtained. In the present study fuel cycles containing 
mixtures of thorium and plutonium achieved negative maximum UTCs. Plutonium 
only fuel cycles also achieved negative maximum UTCs, provided that much higher 
mass loadings are used. It is proposed that the lower thermal neutron flux was 
responsible for this effect. The plutonium only fuel cycle with 
12 g Pu(PWR)/fuel sphere also achieved the adopted safety limits for the 
PBMR DPP-400 in that the maximum fuel temperature and the maximum power 
density did not exceed 1130⁰C or 4.5 kW/sphere respectively. This design would 
thus be licensable and could potentially be economically feasible. However the 
burn-up was much lower at 181 MWd/kgHM and thus the plutonium destruction 
fraction was also much lower at 24.5%, which may be sub-optimal with respect to 
proliferation and waste disposal objectives and therefore further optimisation 
studies are proposed. 
 
I. INTRODUCTION 

Coupled neutronics and thermo-hydraulic 
results for plutonium fuel cycles in the 400 MWth 
Pebble Bed Modular Reactor Demonstration Power 
Plant (PBMR DPP-400) have been presented by 
Serfontein et al. [1, 2]. These advanced fuel cycles 
were simulated with the VSOP-99/05 diffusion 
code, developed by the Research Centre Jülich. 
However the safety performance was poor in that 
the limit on the maximum fuel temperature during 
equilibrium operation was exceeded and positive 
Uniform Temperature Reactivity Coefficients 
(UTCs) were obtained. Therefore the present study 

presents results from the Masters Degree 
dissertation of Richards [3] for fuel cycles in which 
thorium (Th) was added to the reactor grade 
plutonium (Pu(PWR)) in a PBMR DPP-400, as 
well as for fuel cycles with higher heavy metal 
loadings of reactor grade plutonium without Th, 
with a view to obtaining improved safety 
performance. The neutron multiplication factor 
(keff) was calculated for each condition, from which 
the reactivity coefficients were then calculated. 
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I.A  Problem Statement 

There is an increasing global demand for energy 
to achieve social and environmental justice for a 
growing and developing global population. 
Utilisation of conventional nuclear power 
technology exacerbates the existing and growing 
risk that the plutonium generated by these reactors 
will be utilised by terrorists for low yield nuclear 
weapons [4]. There is also the possibility that the 
highly radioactive waste from conventional 
reactors containing plutonium will not be 
adequately managed, causing environmental 
contamination, which may increase the health risk 
for exposed individuals.  

High temperature nuclear reactor technology is 
potentially a suitable and appropriate means to 
incinerate plutonium generated in conventional 
reactors. This technology can be used to incinerate 
this plutonium while producing electricity, process 
heat or electricity and process heat simultaneously.  

However, as determined by Serfontein, at low 
temperatures a PBMR DPP-400, fuelled with 3 g or 
less of Pu(PWR) loading per fuel sphere, has a 
positive maximum temperature reactivity 
coefficient [1, 2]. This fuel cycle is consequently 
not licensable in the PBMR DPP-400.  

The self-imposed safety limits of PBMR (Pty.) 
Ltd. for the PBMR DPP-400 are [1, 2]: 
1. The uniform temperature coefficient (UTC) 

should be negative for the full range of 
temperatures. The temperature range is from 
ambient to 1650⁰C. 

2. The maximum power per fuel sphere shall be 
less than 4.5 kW/fuel sphere. 

3. The fast fluence (E > 0.1 MeV) shall be less 
than 8.0x1021 /cm2. 

4. The maximum fuel temperature shall be less 
than 1130⁰C. 

The problem to be solved is thus to determine a 
fuel design containing thorium and plutonium or 
plutonium only where the maximum UTC is 
negative for the full range of temperatures as well 
as meeting the PBMR (Pty.) Ltd. safety limits. 

I.B  Literature Overview 

PBMR DPP-400 temperature reactivity 
coefficients 

Using VSOP-99/05 Reitsma demonstrated that 
the 400 MWth Pebble Bed Modular Reactor 
Demonstration Power Plant (PBMR DPP-400), 
using the reference case of a heavy metal loading 
of 9 g uranium per fuel sphere and an enrichment 
of 9.6 wt%, achieved the overall temperature 
reactivity coefficient of -3.66x10-5 (∆keff/⁰C) at 
equilibrium temperatures [5]. 

Serfontein investigated incineration of 
Pu(WGR) fuel, Pu(PWR) fuel as well as Pu(PWR) 

and MA fuel in the PBMR DPP-400 and found that 
none of the designs met the PBMR (Pty.) Ltd. 
safety limits [1, 2].  

Plutonium incineration in the PBMR DPP-400, 
in the absence of added resonance capturers, e.g. 
thorium or 238U, produced a positive uniform 
temperature reactivity coefficient for reactor grade 
plutonium, weapons grade plutonium and reactor 
grade plutonium with minor actinides. These 
positive UTCs occurred at low fuel temperatures 
and high fuel burn-ups [1]. Serfontein proposed 
redesign of the fuel, the power conversion system 
and the reactor geometry discussed further below: 
1. The introduction of 232Th to the 3 g reactor-

grade plutonium fuel spheres and increase of 
the diameter of the Pu fuel kernels from 
240 µm to 500 µm.  

2. The indirect Rankine steam cycle should be 
utilised rather than the direct Brayton cycle. 
This will lower fuel temperatures. However, it 
introduces the possibility of a water ingress 
event which requires a strong negative UTC. 

3. Thinning of the central reflector to reduce 
neutron leakage in this reflector and thus 
improve the burn-up, while simultaneously 
reducing the thermal neutron flux in the core, 
which will counter the positive UTC. 

4. Introduction of neutron poisons into the 
reflectors in order to counter the problem of 
the power and temperature spike in the Pu fuel, 
directly adjacent to the central reflector. 

Applicability of the temperature coefficient 
definitions 

Boer and Ougouag [6, 7] investigated the 
uniform temperature reactivity coefficient over all 
positions within the core and found that the lower 
75 % of the core had slightly positive regions. 
However, the stability and power output of a 
reactor is determined by the sum of all its regions, 
rather than by a few specific region. Therefore, 
provided that the temperature reactivity coefficient 
for the whole core is negative, a positive 
temperature reactivity coefficient in some parts of 
the reactor does not affect its stability and therefore 
licensability [1].  

Motivations for incineration of Pu with Th 

Plutonium that is incinerated can also produce 
heat, electricity or both and used to generate an 
income rather than requiring expensive high 
security and safe storage.  

Where plutonium is burnt as uranium/plutonium 
mixed oxide (MOX), further plutonium or “second 
generation” plutonium is produced. To ensure that 
more plutonium is consumed than produced, 
plutonium must be incinerated with a large 
plutonium to uranium mass-ratio [8]. 233U is 
produced when thorium is present in the fuel. 



Proceedings of the HTR 2014 
Weihai, Shandong Province, China, October 27 - October 31, 2014 

Paper HTR 2014-5-51384 

However, this 233U contains the highly radioactive 
232U, which will make it more difficult, but 
unfortunately not impossible for terrorists to steal 
the 233U mixture and to utilise it for nuclear 
weapons manufacturing [9]. If the fresh fuel were 
to contain a sufficient fraction of 238U, the 233U in 
the spent fuel will be denatured by this 238U, which 
will render it unsuitable for fuelling nuclear 
weapons.  

Reprocessing spent fuel from conventional 
nuclear reactors and incinerating the separated 
fissile plutonium to low enrichments will render the 
Pu mixture in final spent fuel practically useless as 
nuclear weapons fuel, especially since it will 
contain high fractions of 238Pu and 240Pu [4]. 
Chemical reprocessing of nuclear waste would also 
increase the lifespan of the Yucca Mountain spent 
fuel repository a 100 times and would reduce the 
duration of safe containment of nuclear waste from 
tens of thousands to only about a thousand years 
[1]. 

Standard fuel sphere configurations versus shell-
ball fuel sphere 

The shell-ball fuel sphere design where a 
central graphite sphere is surrounded by a fuel 
matrix shell, which is then again surrounded by the 
outer graphite shell, have in this study been used 
for Pu fuels in order to reduce the maximum 
temperatures of the inner coated fuel particles. 
Forcing the coated particles outward by introducing 
a central coated particle free graphite sphere caused 
the coated particles to be situated closer to the fuel 
sphere surface and thus they were more easily 
cooled by the helium coolant gas.  

The negative issues associated with the shell-
ball fuel spheres are as follows: 
• Higher heavy metal loadings may result in 

more coated particles pressing against each 
other causing cracking of some coating layers 
during pressing of the fuel spheres. Cracked 
coated particles release fission products.  

• The German program experienced increased 
mechanical breakage of shell fuel spheres, 
compared to standard fuel spheres.  

The German shell-ball fuel consisted of a solid 
graphite sphere into which a hole was drilled in 
order to create an outer graphite shell. In the 
German fuel, this hole was filled with a mixture of 
graphite powder and coated fuel particles. In the 
US fuel, which was called wall-paper fuel, the 
coated fuel particles were glued to the inner surface 
of the outer graphite shell, thereafter the remaining 
hole in the centre was filled with graphite powder. 
The graphite powder filling in the hole was 
compressed less than that in the outer graphite 
shell. During densification due to neutron 
irradiation, the inner graphite filling thus shrunk 

more than the outer shell, which caused a gap 
between the inner filling and the outer shell to open 
up. This weakened the outer shell and caused it to 
tend to break under the weight of the pebble bed 
[11]. 
For manufacture of the fuel sphere in the present 
study, the shell-ball is to be pressed in three stages. 
First the central graphite sphere is to pressed, then 
the fuel matrix shell and lastly the outer graphite 
shell, similar to two-stage the technique that was 
used for standard PBMR fuel. It is to be expected 
that the bonding between the three zones would 
then be of similar strength than in the standard two-
zone PBMR fuel and that mechanical breakage of 
the shell-ball fuel spheres would not be a problem. 

Temperature reactivity coefficients of Pu 
incinerators with Th 

The International Atomic Energy Agency 
(IAEA) facilitated a co-ordinated research project 
to investigate incineration of plutonium by using it 
as a driver for thorium fuel cycles using both 
existing reactors and proposed designs. The 
Chinese contributors to the IAEA co-ordinated 
research project found the largest magnitude of the 
negative fuel temperature coefficients [8] for a 13 g 
weapons grade plutonium per fuel sphere loading 
and the largest magnitude of the negative 
moderator temperature coefficients [1] for a 13 g 
reactor grade plutonium per fuel sphere loading, at 
reactor equilibrium. 

Plutonium incineration results simulated with 
the VSOP-A diffusion code are excluded from the 
present literature overview since, other than VSOP 
99/05, VSOP-A does not calculate the resonance 
integrals for 240Pu or 242Pu, and does not include 
Americium and Curium in its transmutation chain 
[1]. A verification and validation study for Pu 
burning with VSOP-A is planned. Until then, VSOP 
99 will be preferred to VSOP-A for Pu fuel cycle 
simulations. 

The German contributors to the IAEA co-
ordinated research project demonstrated an overall 
negative temperature coefficient for both Pu(WGR) 
and Pu(PWR) at equilibrium temperatures. They 
also demonstrated that the total temperature 
coefficient (i.e. the sum of the fuel and moderator 
coefficients) was negative over the full temperature 
range [8]. Since the HTR-MODUL does not have a 
central reflector it contains a smaller percentage of 
thermal neutrons and thus the up-shifting of 
thermal neutrons into the resonances of Pu, which 
is responsible for the positive Moderator 
Temperature reactivity Coefficients (MTCs) at low 
temperatures, can be expected to be much less of a 
problem. No literature review papers were found 
and the number of citations of relevant papers was 
limited. 
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I.C  Research Aims and Objectives 

The general aims are to: 
1. further scientific research on the potential for 

high temperature reactor technology to 
contribute to satisfying increasing energy 
demand and to 

2. create a conceptual fuel design for the 
incineration of plutonium from the spent fuel 
of pressurised light water reactors for the 
PBMR DPP-400 that is potentially licensable. 

The specific aims are to test the following 
hypotheses:  
1. There is a conceptual fuel design that contains 

a mixture of plutonium and thorium where the 
maximum UTC is negative for the full range of 
temperatures. 

2. There is a conceptual fuel design that contains 
only plutonium and for which the maximum 
UTC is negative over the full range of 
temperatures. 

3. Sufficiently lowering the average thermal flux 
of plutonium based fuel designs by increasing 
volume fraction of the coated fuel particles 
will induce negative UTCs over the full range 
of temperatures. 

4. There is a conceptual fuel design to 
economically burn reactor grade plutonium 
which meets all the PBMR safety limits and is 
therefore conceptually licensable. 

II. SIMULATION METHODS 

VSOP-99/05 was used to calculate the 
resonance integrals, reactor equilibrium conditions 
and temperature reactivity coefficients. The 
temperature reactivity coefficients were calculated 
for the fuel, the moderator and for the combination 
of fuel and moderator (UTC). The temperature of 
the component of interest, for example the fuel, 
was set to 50⁰C and then increased in increments of 
100⁰C to 1850⁰C, while the rest of the components 
remained at their equilibrium temperatures. The 
multiplication keff was calculated at each 
temperature. The temperature reactivity coefficient 
was then calculated for 100⁰C, 200⁰C, etc., up to 
1800⁰C. 

Serfontein highlighted that, since there is a non-
uniform temperature profile in any reactor, it is 
unrealistic to assume that the temperature of the 
material of interest will be constant at all locations 
throughout the reactor. However, this 
approximation does not significantly affect the 
findings. Therefore this assumption is acceptable 
[1]. 

The Chinese contributors to the IAEA co-
ordinated research project demonstrated that they 
achieved a negative temperature coefficient by 
increasing the heavy metal loading. Increasing the 
heavy metal loading required that the enrichment 

had to be increased too, in order to maintain 
criticality, i.e. keff = 1.0 [8]. In this study different 
mass loadings of thorium and plutonium or 
plutonium only were investigated, however, the 
enrichment of the reactor grade plutonium was 
fixed. The rate at which the fuel spheres moved 
through the reactor, determined by the time interval 
between fuel shuffling, was varied to maintain 
criticality. 

II.A  Reactor geometry 

The PBMR DPP-400 has an effective height of 
11 m and an annular core with an inner diameter of 
2 m and an outer diameter of 3.7 m. The standard 
PBMR DPP-400 design dimensions and parameters 
were used to demonstrate the influence of thorium 
on the temperature reactivity coefficient in a 
plutonium incineration reactor. The major reactor 
geometry and parameters are detailed in Table 1 
below. 

 
Table 1: PBMR DPP-400 reactor geometry and 
parameters. 
Reactor parameter Unit Value 
Fuel core volume m3 83.73 

Fuel sphere packing fraction - 0.61 
Number of fuel spheres in core - 451,606 
Core height m 11.625 
Core annular inner radius m 1.000 
Core annular outer radius m 1.850 

II.B  Fuel geometry 

Key parameters for the fuel spheres, coated 
particles and Tristructural-isotropic (TRISO) 
particles are summarised in Table 2, Table 3 and 
Table 4 below. The fuel kernel, with a diameter of 
0.05 cm, is surrounded by the coating layers of the 
TRISO coated particle. The main function of these 
gas-tight coating layers is to contain the radioactive 
fission products in order to prevent contamination 
of the environment.  

The design of the fuel sphere is such that there 
is a coated particle-free inner spherical graphite 
core, surrounded by a shell containing the coated 
particles embedded in the graphite matrix and then 
a fuel-free outer graphite shell. This shell-ball fuel 
sphere contains a specified mass of heavy metal, of 
which a given proportion will be Pu(PWR).  
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Table 2: Fuel sphere key parameters. 
Fuel sphere parameter Unit Value 
Outer radius of zones: 
Central graphite sphere/  
Fuel matrix shell/  
Graphite shell 

 
cm 

 
1.8/  
2.5/  
3.0 

Volume of fuel sphere cm3 113.097 
Volume of fuel matrix cm3 41.021 

 
The volume fraction is the ratio of the volume 

of coated fuel particles to the total volume of the 
mixture of coated fuel particles and graphite matrix 
in the fuel zone of a fuel sphere. Where the volume 
fraction is too high the coated particles can press 
against each other during the pressing of the fuel 
sphere during manufacturing, resulting in 
unacceptable coated particle cracking. The German 
high temperature programme did not set out to 
systematically identify volume fraction limits. The 
highest certain volume fraction is therefore only the 
highest volume fraction available from the 
experimental programmes. As this is a theoretical 
study the volume fraction will not be limited to the 
experimentally proven values . 

 
Table 3: Coated particles key parameters. 
Coated particle 
parameter Unit Value 

Diameter of fuel 
kernels cm 0.05 

Diameter of coated 
particle cm 0.092 

Coated particle 
volume  cm3 4.0772E-04 

 
Table 4: Key parameters of Tristructural isotropic 
(TRISO) coatings around the fuel kernel. 
Tristructural isotropic 
(TRISO) coating parameter 

Thickness 
(cm) 

Density 
(g/cm3) 

(1) Inner porous carbon  0.0095 1.05 
(2) Inner pyrolytic carbon 0.0040 1.90 
(3) Silicon carbide 0.0035 3.18 
(4) Outer pyrolytic carbon 0.0040 1.90 

 
 
Table 5 (Hosking & Newton [10], quoted by 

[1]) below, details the isotopic composition of 
reactor grade plutonium with a burn-up of 
41.2 GWd/t and 3 years of cooling. 

 

Table 5: Isotopic composition of reactor grade 
plutonium Pu(PWR) (41.2 GWd/tHM burn-up and 
3 years cooling).  

Isotope 
Mass 

fraction  
(%) 

Atomic fraction 
(%) 

238Pu 2.59 2.78 
239PU 53.85 53.91 
240Pu 23.66 23.59 
241Pu 13.13 13.03 
242Pu 6.77 6.69 

 
238Pu is excluded from the heavy metal 

accounting of Pu fuels in VSOP-99/05. VSOP-
99/05 treats the 238Pu as a component of the matrix 
graphite, i.e. it distributes it homogeneously 
throughout the fuel sphere, instead of placing it in 
the fuel kernels [1]. As a result the atomic density 
of 238Pu must be manually changed when the 
volume fraction or kernel size is changed. In 
contrast the atomic density of the other Pu isotopes 
is automatically recalculated by VSOP-99/05 when 
the volume fraction of the coated particles or size 
of the fuel kernels is modified in the input. 

II.C  Verification studies 

The input to VSOP-99/05 was approached in 
two ways to demonstrate similar results:  
• For the first input method the fuel sphere type 

was simulated to contain plutonium fuel and 
no thorium. This is the identical fuel cycle that 
Serfontein used in his doctorate. The accuracy 
of this input model was assured by showing 
that the results were identical to those of 
Serfontein.  

• For the second input method the fuel type was 
simulated to contain a mixture of plutonium 
and thorium. This second approach was 
verified against the first by reducing the 
thorium to negligible levels, which produced 
virtually identical results to those of the first 
method. 

 

III. RESULTS 

III.A  Discussion of VSOP 99/05 results 

Influence of Th on the uniform temperature 
reactivity coefficient 

Figure 1 below shows the UTC over the full 
range of temperatures for different mixtures of 
reactor grade plutonium and thorium in an 8 g 
heavy metal loading per fuel sphere. It is evident 
that the maximum UTC occurs at approximately 



Proceedings of the HTR 2014 
Weihai, Shandong Province, China, October 27 - October 31, 2014 

Paper HTR 2014-5-51384 

250⁰C and that for all the cases the UTC is negative 
above 700⁰C.  

It may seem that the higher concentration of 
thorium results in a more positive maximum UTC. 
However, Serfontein showed that decreasing the 
mass of Pu(PWR) per pebble without thorium 
resulted in a more positive maximum UTC [1]. It 
thus seems likely that it is not the increasing 
thorium content that causes the maximum UTC to 
be positive. For a fixed heavy metal loading, 
increasing thorium content means reduced 
Pu(PWR) content. Thus a more accurate 
interpretation of this chart is that lowering the 
Pu(PWR) loadings leads to a more positive 
maximum UTC. This result is counter-intuitive, as 
the Th was added for the purpose of supplying a 
negative maximum UTC to the Pu/Th mixture, but 
now the fuel sphere with the highest Th-fraction 
had the largest positive UTC.  It thus seems that 
increasing the Pu loading is more effective at    
supplying as negative maximum UTC than 
increasing the Th loading.  

Figure 2 compares the maximum UTC of 
Pu(PWR) only loaded fuel spheres to that of 
Pu(PWR) and Th loaded fuel spheres with a fixed 
total heavy metal content of 8 g per fuel sphere. 

 

 
Figure 1: The UTC vs. temperature of 8 g heavy 
metal loading per fuel sphere with varying mass of 
Pu(PWR) with remaining mass Th. 

 

 
Figure 2: Maximum UTC as a function of 
Pu(PWR) loadings per fuel sphere for the cases 
with no thorium compared to the maximum UTC as 

a function of Pu(PWR) heavy metal loading per 
fuel sphere for a Pu(PWR) and Th mixture with a 
fixed total heavy metal content of 8 g per fuel 
sphere. 

 
The figure firstly shows that, for the fixed 8 g 

heavy metal content (the blue line), decreasing the 
plutonium loading and as a consequence increasing 
the Th loading, produces a more positive maximum 
UTC. This might create the idea that Th is totally 
ineffective at supplying a negative maximum UTC 
and that therefore the idea of adding Th to obtain a 
more negative UTC should be dropped in favour of 
just increasing the Pu loading. However, a 
comparison of the two lines at a Pu loading of 
6 g/fuel sphere shows that a fuel design of 
6 g Pu(PWR) and 2 g Th per fuel sphere has a 
maximum UTC of -1.486x10-5 ∆Keff/⁰C, compared 
to -0.652x10-5 ∆Keff/⁰C for the fuel design that 
also contains 6 g Pu(PWR) per fuel sphere, but 
without any Th. Therefore the magnitude of the 
negative maximum UTC was increased by a factor 
2.3 by just adding 2 g of Th to the 6 g of Pu. The 
3 g Pu case is even more impressive as here the 
addition of 5 g Th changes the maximum UTC 
from a large positive +3.313x10-5 ∆Keff/⁰C to a 
small negative value of -0.5x10-5 ∆Keff/⁰C. This 
indicates that adding Th is an effective means of 
obtaining a negative maximum UTC, but only for 
relatively high Pu loadings of above about 3 g 
Pu/fuel sphere.  

From Figure 1 it was clear that for low Pu 
loadings of 1.5 g and 0.75 g Pu/fuel sphere 
respectively, adding even the substantial masses of 
6.5 g and 7.25 g Th respectively was not sufficient 
to induce a negative maximum UTC. However, 
once again this does not mean that adding Th was 
totally ineffective. Comparison with Serfontein [1: 
Fig. 17], shows that for 1 g Pu only, the maximum 
UTC was a very large positive 
16.8 x 10-5 ∆Keff/⁰C. From interpolation in the 
present Figure 1, it can be estimated that 1 g Pu 
with 7 g Th would have produced a much smaller 
positive UTC of only about 6 x 10-5 ∆Keff/⁰C. The 
addition of Th caused a factor 3 reduction in the 
magnitude of the positive maximum UTC. It is thus 
clear that even for low Pu mass loadings, adding 
substantial masses of Th will strongly reduce the 
magnitude of the positive UTC, although this might 
not be enough to induce a negative UTC. Even 
higher Th mass loadings may thus be required in 
order to obtain negative maximum UTCs for these 
low Pu loadings. 

It should however be noted that the fuel 
geometry of this study is different to that of the 
study presented by Serfontein [1, 2] in that the fuel 
kernel diameter is 0.05 cm for the present study as 
opposed to only 0.024 cm for Serfontein’s study. 
The maximum UTC for 3 g Pu(PWR) in the 
present study is   +3.3x10-5 ∆Keff/⁰C, 
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which is substantially more than the maximum 
UTC of +2.3x10-5 ∆Keff/⁰C for 3 g Pu(PWR) 
obtained by Serfontein. This can be explained as 
follows: the increase in the fuel kernel diameter 
from 0.024 cm in Serfontein’s study to 0.05 cm in 
the present study reduces the number of fuel 
kernels in the present study by a factor of 9. The 
smaller number of fuel kernels increased the 
average distance between the kernels, which led to 
more effective moderation between successive 
collisions of the average neutron with fuel kernels. 
This resulted in fewer neutron captures in the 
epithermal resonances of the Pu nuclei which 
probably caused a smaller magnitude of the 
negative Fuel Temperature Reactivity Coefficients 
(FTCs). The fewer resonance captures of the 
present study would also have resulted in a larger 
thermal neutron flux, which would amplify the 
positive MTC, causing the combined UTC to be 
positive with a larger magnitude in the present 
study. 

The fuel design of 6 g Pu(PWR) per fuel sphere 
and no Th has a maximum UTC 
of -0.652x10-5 ∆Keff/⁰C. The result that a negative 

UTC was achieved without any thorium is 
important. Introducing thorium generates 233U. As 
there is no 238U present in the mixture, this 233U 
could potentially be separated chemically. Despite 
the large radiological hazard from the small 
fraction of 232U, this mainly 233U mixture 
constitutes excellent weapons material and 
therefore presents a possible proliferation risk [9]. 

The other significant result from the above is 
that the maximum UTC of the fuel spheres 
containing only plutonium reaches an absolute 
minimum of -1.330x10-5 ∆Keff/⁰C with 
8 g Pu(PWR) loading per fuel sphere. The 
maximum UTC increases slightly for loadings 
above 8 g Pu(PWR) per fuel sphere. 

Effect of increasing Pu(PWR) heavy loading 
without Th 

Table 6 shows the burn-up, fast fluence, 
maximum fuel temperature, maximum power per 
ball, maximum UTC and average thermal flux for 
fuel spheres containing only Pu(PWR). 

 

 
 
Table 6: Burn-up, fast fluence, maximum fuel temperature, maximum power per fuel sphere, maximum UTC 
and average thermal flux as a function of the mass of Pu(PWR) loading per fuel sphere without thorium.  

Pu(PWR) 
loading 

Burn-
up 

Fast 
fluence 

Max. fuel 
temperature 

Max. power 
per fuel sphere Max. UTC Avg. thermal 

flux 

g GWD
/tHM 

x1021/ 
cm2 ⁰C kW/Fuel 

sphere 
x10-5 

∆Keff/⁰C 
x 1014/ 
(cm2.s) 

3 618.6 6.58 1156 5.49 3.313 0.22 

6 448.6 9.33 1201 4.78 -0.652 0.08 

8 112.6 3.18 1022 1.97 -1.330 0.05 

10 158.6 5.63 1039 2.06 -0.988 0.04 

12 180.8 7.75 1032 2.22 -0.749 0.03 
 
The above table shows that there is a direct 

relationship between the burn-up and the maximum 
UTC and maximum power per fuel sphere.  

Due to an increase in average thermal flux the 
maximum power per fuel sphere is likely to be 
adjacent to the reflectors. The maximum fuel 
temperature is as per literature in the outlet fuel 
chutes, where the pebble flow channels become 
much thinner. This effect is undesirable and in a 
real plutonium fuelled reactors this effect will 
probably be suppressed by putting neutron poisons 
in the graphite of the outlet chutes. 

The 12 g Pu(PWR) loading per fuel sphere 
characteristic parameters are below the fast fluence 
criteria of less than 8.0x1021 /cm2, the maximum 
temperature criteria of less than 1130⁰C and the 
maximum power per fuel sphere criteria of less 
than 4.5 kW per fuel sphere safety limits and has a 
negative maximum UTC. The 12 g Pu(PWR) 

approaches the fast fluence self-imposed safety 
limit.  

The suitability of the limits should be accessed 
due to the following: 239Pu generates an order of 
magnitude more radioactive silver (110MAg) in the 
fission products than 235U. Radioactive silver is the 
most difficult of the fission products to retain 
within the coated particles. 

The proposed PBMR 9 g U/Pu (LEU) fuel 
sphere has a burn-up of 90.8 GWd/tHM [5]. A 
12 g Pu(PWR) per fuel sphere reactor has 
approximately double the burn-up at 
180.7 GWd/tHM. 

Table 7 shows the isotopic composition of the 
fuel of a 12 g Pu(PWR) fuel sphere when it is 
loaded and when it is discharged from the reactor. 
The decrease in the Pu content is from 
5.53 kg/GWthd to 4.17 kg/GWthd representing a 
decrease of only 24.5 %. With respect to the 
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reference case of 3 g Pu(PWR) per fuel sphere of 
Serfontein the decrease in Pu is from 

1.66 kg/GWthd to 0.51 kg/GWthd representing a 
much larger decrease of 69.2% [2].

Table 7: Material balance for 12 g Pu(PWR) 
loading per fuel sphere in kg/GWthd. 

 Isotope  Loading Unloading ∆HM 
234U 0 0.0067 0.0067 
235U 0 0.0015 0.0015 
236U 0 0.0008 0.0008 
237Np 0 0.001 0.001 
238Pu 0.1527 0.1611 0.0084 
239Pu 2.9734 1.8868 -1.0866 
240Pu 1.3064 0.9372 -0.3692 
241Pu 0.725 0.8086 0.0836 
242Pu 0.3738 0.3803 0.0065 
241Am 0 0.2188 0.2188 
242mAm 0 0.0075 0.0075 
243Am 0 0.0632 0.0632 
242Cm 0 0.0015 0.0015 
243Cm 0 0.0004 0.0004 
244Cm 0 0.0349 0.0349 
Total Pu 5.5313 4.174 -1.3573 
Total HM 5.5313 4.5103 -1.021 

 
The consequences of an increase in the 

plutonium in the spent fuel are the following: 
1. The total energy produced per fuel sphere 

decreases and therefore the cost recovered per 
manufactured fuel sphere decreases. A 
principal economic feasibility factor of pebble 
bed reactors is normally the cost of the fuel 
sphere manufacture. 

2. Spent fuel with the above mass of plutonium is 
sub-optimal for direct disposal because it still 
contains a large amount of plutonium and 
highly radioactive Minor Actinides (MA). 

3. The isotopic composition of the plutonium 
suggests that proliferation objectives are not 
optimally achieved. 

The data on achievable plutonium burn-up with 
conventional coatings is limited. It would therefore 
be conservative to first construct plutonium 
incinerators with lower burn-ups.  

Figure 3 plots the maximum UTC as a function 
of average thermal flux. The maximum UTC 
decreases with increasing average thermal flux up 
until the maximum UTC 
reaches -1.330 x 10-5 (∆Keff/⁰C) at a thermal flux 
of 0.05 x 1014 neutrons/cm2. From this point 
onwards the maximum UTC increases sharply with 
increasing average thermal flux, which corresponds 
to lower Pu loading/sphere. Although there are only 
five data points the relationship appears to be 
linear. A proposed explanation for the direct 
relationship, rather than the linearity, follows. 

The maximum UTC reflects the contributions 
of both the moderator and the fuel temperature 
reactivity coefficients. Increasing moderator 
temperature causes an increase in the average 
neutron temperature and thus an “upshift” in the 
high energy tail of the Maxwellian thermal neutron 
flux spectrum into the fission resonances of 239Pu 
and 241Pu in the region of 0.3 eV. This causes an 
increase in fissions with increasing moderator 
temperature, i.e. a positive MTC. The decreasing 
resonance escape probability with increasing fuel 
temperature, due Doppler broadening of the capture 
resonances of 240Pu and 242Pu, causes a negative 
FTC. As the average thermal neutron flux decreases 
to negligible values, due to increasing Pu mass 
loading per fuel sphere, the negative FTC, due to 
Doppler broadening of the capture resonances, 
dominates the small positive MTC due to the 
“upshift” of the thermal neutron energy spectrum. 

 

 
Figure 3: Maximum UTC as a function of average 
thermal flux. 

III.B Summary of Results 

For the simulated fuel designs containing 
mixtures of Pu(PWR) and Th, the UTC peaked at 
approximately 250⁰C and for all the cases the UTC 
is negative above 700⁰C. For a fixed heavy metal 
loading of 8 g, increasing the Th proportion 
unexpectedly resulted in a more positive maximum 
UTC. It is postulated that it is the decreasing 
Pu(PWR) proportion, rather than the increasing Th 
portion, that produced this increase in the UTC. 

The fuel cycle with 3 g Pu(PWR) only per fuel 
sphere with a fuel kernel diameter of 0.05 cm had a 
positive maximum UTC, but its magnitude was 
lower compared to the results of Serfontein for the 
same mass loading of plutonium, but using a much 
smaller fuel kernel diameter of 0.024 cm [1,2]. Due 
to the larger fuel kernel diameter of the present 
study, the moderation is improved and thus less 
neutrons are captured in the capture resonances of 
240Pu and 242Pu, resulting in lower magnitudes of 
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the negative FTC and consequently more positive 
maximum UTCs. 

The fuel cycle with the fuel sphere design 
containing a mixture of 3 g Pu(PWR) and 5 g Th 
had a negative maximum UTC. This confirms the 
hypothesis that the addition of thorium to the fuel 
would achieve a licensable negative temperature 
reactivity coefficient. The investigation also yielded 
the unexpected result that a fuel cycle with a fuel 
sphere containing 6 g or more Pu(PWR), without 
any Th, had a negative maximum UTC. This is an 
important finding as introducing thorium generates 
fissile 233U, which raises the proliferation risk: 
since there is no 238U, this 233U may potentially be 
separated chemically from the spent fuel and 
would, apart from the radiological hazard to would-
be proliferators, make excellent nuclear weapons 
fuel. 

For the 12 g Pu(PWR) per fuel sphere fuel 
cycle, without Th, all the adopted safety limits for 
the PBMR DPP-400 were achieved. Specifically 
the fast fluence (E > 0.1 MeV) was less than 
8 x 1021/cm2, the maximum power per fuel sphere 
was less than 4.5 kW per fuel sphere and the 
maximum fuel temperature was less than 1130⁰C. 
Since fissioning of 239Pu generates an order of 
magnitude more radioactive 110MAg in the fission 
products, compared to fissioning of 235U, and since 
radioactive silver is the most difficult of the fission 
products to retain within the coated particles, the 
adopted safety limits may need to be made more 
stringent for Pu than for LEU. It was postulated 
that the fact that the maximum power per fuel 
sphere was obtained directly adjacent to the central 
reflector was caused by the very high thermal 
neutron influx from this reflector.  

The maximum fuel temperature occurred in the 
outlet fuel chutes, where the pebble flow channels 
become much thinner, as was also observed by 
Serfontein [1]. 

The 181 MWd/kgHM maximum burn-up of the 
12 g Pu(PWR) per fuel sphere was much lower 
than the 601 MWd/kgHM achieved by Serfontein for 
the 3 g Pu(PWR) and thus the plutonium 
destruction fraction was also much lower at 24.5 %, 
compared to 69.2 % for the 3 g Pu(PWR), which 
may be sub-optimal with respect to proliferation 
and waste disposal objectives.  

IV. CONCLUSIONS 

• A fuel design containing a mixture of thorium 
and plutonium was created that achieved a 
negative maximum UTC.  

• It was demonstrated that a fuel design 
containing 12 g Pu(PWR) per fuel sphere, 
without any Th, achieved a negative maximum 
UTC and met all the other PBMR safety limits 
of maximum power per fuel sphere; fast 
fluence and maximum fuel temperature. As a 

result this fuel design is potentially licensable. 
This fuel design produces double the burn-up 
of the proposed PBMR DPP-400 LEU fuel and 
may possibly be commercially viable.  

• Using high plutonium heavy metal loadings 
increases the remaining mass of plutonium in 
the spent fuel, thereby raising proliferation 
resistance and waste disposal concerns. 

V. PROPOSALS FOR FUTURE STUDY 

The following follow-on studies are proposed. 

V.A  Quantitative analysis to investigate the 
mechanisms influencing the UTC 

There are several complex factors that 
determine the dependence of keff on temperature. 
The present study failed to explain the causes of 
some of the observed changes in the UTC. 
Therefore a detailed quantitative analysis to fully 
understand the mechanisms involved is 
recommended.  

V.B  Evaluation of standard fuel sphere 
configurations versus shell-ball fuel sphere  

In the present study the shell-ball fuel sphere 
design has been investigated. The shell-ball fuel 
sphere design has a central graphite sphere 
surrounded by a fuel matrix shell, which is then 
again surrounded by the outer graphite shell. In this 
fuel configuration the coated particles are closer to 
the fuel sphere surface and are thus better cooled. 
However the coated particles are also more densely 
packed. This increases the possibility of coated 
particle cracking during manufacture. It is proposed 
that it should be investigated whether it is possible 
to obtain acceptable fuel temperatures for Pu fuel 
mixtures in the standard two-zone fuel spheres. 

V.C  Refinement of fuel and reactor designs to 
meet all reactor and proliferation requirements 

Compliance of fuel and reactor design to criteria 

The focus of this study was obtaining a negative 
maximum UTC. It is recommended that further 
analysis of these fuel cycles be performed to 
investigate whether other criteria of the reactor, 
such as the maximum fuel temperature during a 
Depressurised Loss of Forced Coolant (DLOFC) 
accident are met.  

Proliferation resistance of spent fuel composition 

An investigation is required to determine 
whether the isotopic composition of the spent fuel 
or chemically separated components of the spent 
fuel are not perhaps suitable for fuelling nuclear 
weapons. This would determine if this reactor and 
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fuelling strategy is suitable for reducing the global 
inventory of proliferation-risky plutonium. 

V.D  Comparison of the 400MWth PBMR DPP-
400, 200MWth HTR-MODUL and HTR-PM 

The South African government announced in 
2010 that it would no longer build the PBMR DPP-
400. The Chinese are constructing the HTR-PM, 
which is a twin 200 MWth reactor producing 
105 MWe [12]. As the smaller reactors currently 
have more relevance, it is recommended that 
further work on plutonium incineration in pebble 
bed reactors should focus on these reactor designs.  

The contributors to the Chinese research project 
investigated a fuel design containing plutonium 
with thorium. They demonstrated with VSOP-94 
that a negative temperature coefficient could be 
achieved at the equilibrium temperature utilising 
the HTR-MODUL. This needs to be further 
investigated with VSOP-99/05 and to show that a 
negative UTC exists for the full range of 
temperatures. A further step would be to simulate 
Pu incineration in the currently operating Chinese 
HTR-PM reactor, which would open up the 
opportunity to test the simulated fuel cycles in a 
working research reactor. 
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