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ABSTRACT 

The graphite moderated Modular High Temperature Pebble Bed Reactor enables very flexible 
loading strategies and is one candidate of the Generation IV reactors. For this reactor fuel cycles with 
high burnup (about 600MWd/kg HM) based on plutonium (Pu) and minor actinides (MA) fuel will be 
investigated. The composition of this fuel is defined in the EU-PuMA-project [1] which aims the 
reduction of high level waste. There exist nearly no neutronic full core calculations for this fuel 
composition with high burnup. Two methods (deterministic and Monte Carlo) will be used to determine 
the neutronics in a full core. The detailed results will be compared with respect to the influence on 
criticality and safety related parameters. 

 

1 INTRODUCTION 

The graphite moderated and helium cooled Modular High Temperature Pebble Bed Reactor 
(HTR) fulfils the criteria of the Generation IV reactors, especially in respect to inherent safety, 
economics and waste minimization. Also fuel cycles aiming to reduce plutonium and minor actinides 
stockpiles seem to be feasible due to the very flexible reload capabilities of modular HTRs. Such fuel 
cycles are subject of the specific targeted research project PuMA of the European Union EURATOM 
6th framework program [1]. The key issue of the PuMA project is to quantify the utilization and 
transmutation of plutonium (Pu) and minor actinides (MA) in HTRs. Due to the possible high burnup 
(about 600MWd/kg heavy metal (HM) inside the fuel) of the fuel contained in coated particles the HTR 
will be a promising candidate to contribute to the reduction of high level waste.  

The neutronics calculations of HTRs containing Pu or Pu+MA fuel show unexpected effects. 
Due to a lack of experimental data design calculations must be proven with best estimated methods 
and benchmarks. Benchmarks with plutonium-based fuels (cell calculation) were performed in the 
HTR-N1 project [2]. It was found, that very different methods, based on deterministic and Monte Carlo 
principles, can be compared very well even for a large range of burnups. For extremely high burnups 
(> 600 MWd/kg HM) the infinite multiplication factor of such systems decreases to very low values (up 
to kinf < 0.2). 

In the case of a pebble bed reactor with multiple reload strategy there exist mixtures of pebbles 
with very different burnup and power. This fact must be regarded carefully in design calculations. 
Therefore, different methods were investigated to determine the neutronics in both cell and full core 
calculations.  

The power distribution of a Pu/MA filled core shows significant differences compared to 
corresponding power distributions of uranium (U) filled cores. The spectrum of a Pu/MA core is much 
harder as it is in the case of U and therefore the thermal flux and the power distribution are much 
higher at the inner and outer core-reflector boundaries. For very high burnup values the infinite 
multiplication factor of Pu/MA filled pebbles decreases to very low values. Therefore, the axial power 
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distribution gets more and more peaked at the top of the core with strong consequences to the relation 
between maximum and average power density.  

2 REFERENCE MODEL 

2.1 Reactor 

The reference reactor for the Pu/MA analysis is a simplified PBMR-Reactor model (see      
Figure 1). The simplification is the cylindrical symmetry reactor design on the top and the bottom of the 
reactor, parallel flow lines and equal flow velocities of the pebbles. With this design a general 2D 
treatment of neutronics and thermal-hydraulics calculations is possible. The reactor has a solid central 
reflector in the core with a radius of 100 cm. The model is similar as the PBMR-400 model of the 
OECD/NEA benchmark description. [3] 
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Figure 1: PBMR-400 Reactor Unit layout [3] 
 

 
2.2 Fuel 

The fuel design follows partly the fuel specification of the HTR-N1 Benchmark. Only the kernel 
diameter, the PuO2 density, the heavy-metal mass (HM) and the thickness of the first coating are 
changed (see Table 1).  

Table 1: Main parameters for the Pu/MA fuel 

 Pu PuMA Pu from  
HTR-N1 

Benchmark 

Diameter fuel element [cm] 6  6 6 

Diameter for fuel zone [cm] 5 5 5 

Graphite density [g/cm3] 1.75 1.75 1.75 

HM-mass [g] 2.0 2.0 1.5 

PuO2-density [g/cm3] 10.89 10.89 10.4 

Kernel diameter [µm] 200 200 240 

Coating layer materials C/C/SiC/C C/C/SiC/C C/C/SiC/C 

Coating thickness [µm] 90/40/35/40 90/40/35/40 95/40/35/40 

Coating density [g/cm3] 1.05/1.90/3.18/1.90 1.05/1.90/3.18/1.90 1.05/1.90/3.18/1.90 

 
 

The isotopic composition of the fuel follows also the HTR-N1 Benchmark (see Table 2). The first 
pebble design is identical to the Benchmark; the second one has additionally added some minor 
actinides namely neptunium (Np) and americium (Am). This composition was taken from a fuel 
composition of a PWR after five years of cooling.  
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Table 2: Isotopic composition (weight %) 

 Pu PuMA Pu from  
HTR-N1 Benchmark 

238Pu 2.59 2.9 2.59 

239Pu 53.85 49.5 53.85 

240Pu 23.66 23.0 23.66 

241Pu 13.13 8.8 13.13 

242Pu 6.78 4.9 6.78 

237Np ― 6.8 ― 

241Am ― 2.8 ― 

242mAm ― 0.02 ― 

243Am ― 1.4 ― 

 

3 CALCULATION METHODOLOGY 

For the calculation of the power and burnup distribution in a HTR pebble bed reactor one have 
to take into account the reloading scheme. In the reference case of the Pu/MA filled reactor, six reload 
cycles are assumed. Due to the strong power peaks in the environment of the inner and outer 
reflector, the first pass of fresh fuel elements near the reflector get a high burnup compared to the 
pebbles in the other flow channels and have the highest fuel temperature. After several reload steps, 
there are mixtures of pebbles with very different burnup in one volumetric burnup zone. This fact must 
be regarded carefully in design calculations. Therefore, different methods are investigated to 
determine the neutronics for both, the cells and the full core.  

 
3.1 FULL CORE CALCULATIONS 

For the calculation of the whole reactor the modular program ZIRKUS [4] with modules for the 
calculation of neutron spectra and weighted cross sections, fuel element (pebble) movement, solution 
of the multigroup neutron diffusion and burnup equations as well as thermal hydraulics calculations is 
used. In this program the spectral code MICROX2 is included. The 2D design of the reactor is shown 
in Figure 2. For the reactor core 220 burnup zones were used. Every two axial burnup zones are 
coupled together to one spectral zone with constant temperature. There exist a number of validation 
and benchmark calculations for U filled cores, but there are only few such calculations for Pu/MA filled 
cores. Therefore, a comparison of cell burnup calculations with best estimated methods were 
performed to prove the validity of the ZIRKUS codes (especially the spectral and the burnup code) for 
Pu/MA applications. 
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Figure2: Zone subdivision for reference reactor 

 
Reactor Control and Shutdown System channel 
 
Control rod  
 
Helium Gap between fuel and top reflector and stagnant helium  
 
Riser Channel in side reflector 
 
Core barrel 
 

Reactor core containing the fuel (different temperature zones) 
 

 
 

3.2 CELL CALCULATIONS BY DETERMINISTIC METHODS 

One method is the deterministic calculation with the spectral code MICROX2 [5] and the 
depletion program ORIGEN2 [6]. MICROX2 is a multigroup-code with two zone geometry. One region 
represents the fuel grains with coating and binder, and the other one represents the moderator. In 
every zone the code solves the neutron slowing down and the thermalization equation on a detailed 
energy grid of a lattice cell. In the resonance region there are more than 20 000 energy points to 
calculate the effective cross sections. The depletion calculations were performed by the well validated 
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ORIGEN2 code. The two codes are coupled via a special interface. The spectrum information of the 
MICROX2 cell calculation is used to condense the microscopic cross sections of actinides and fission 
products for the ORIGEN2 calculations. This means, the ORIGEN2 weighted cross section library is 
updated every time step. The number densities calculated during an ORIGEN2 burnup time step are 
used for the following spectral calculation. These steps are continued until the target burnup is 
reached. 

 
3.3 CELL CALCULATIONS BY MONTE CARLO METHOD 

Another method is the MCNP5 Monte Carlo Code [7]. MCNP5 serves as a best estimated 
method for many neutronic problems and is also well suited to solve the neutron transport equation for 
a fuel pebble with randomly distributed coated particles in the matrix zone. In the program every single 
particle with its coating is modelled and randomly distributed in a regular lattice. The number of coated 
particles is calculated according to the heavy metal mass and the radius of the particles. For the 
stochastic distribution of the coated particle in the fuel zone the URAN-card option in MCNP5 [9] is 
used. 

Also MCNP5 can be coupled to a burnup program via a special interface similar as the 
described coupling of MICROX2 and ORIGEN2. For solving the depletion equations the module 
ABBRAND [8] is used which is well proven for applications in power reactor design calculations.  

 

4 RESULTS 

4.1 Kinf-calculation of a lattice of unique pebbles 

First the kinf –value of an infinite lattice of unique pebbles of Pu, Pu+MA and also for U are 
compared. A temperature of 300K for the fuel and for the moderator is used.  

To look at different burnups the density of the Pu and the Pu+MA pebbles is varied. The 
determined kinf of a fresh pebble as well as for the Pu and Pu+MA-vector of a pebble with about 
650MWd/kg HM is shown in Table 3. For the pebble with 650MWd/kg HM only the Pu- and 
accordingly Pu-, Am- and Np- densities is taken into account, but not the different fission product 
densities which are produced within the 650MWd (Table 3).  

 
Table 3: Nuclide densities inside one kernel 

 Pu  
(fresh pebble) 

Pu  
(at ~650MWd/kg HM) 

Pu+MA 
(fresh pebble) 

Pu+MA  
(at ~650MWd/kg HM) 

238Pu 6.41·10-4 6.35·10-4 7.16·10-4 1.61·10-3 
239Pu 1.33·10-2 3.12·10-4 1.22·10-2 2.35·10-4 
240Pu 5.80·10-3 7.82·10-4 5.63·10-3 4.64·10-4 
241Pu 3.21·10-3 1.67·10-3 2.15·10-3 8.20·10-4 
242Pu 1.65·10-3 2.87·10-3 1.19·10-3 2.60·10-3 
237Np ― ― 1.69·10-3 4.79·10-4 
241Am ― ― 6.83·10-4 4.09·10-5 

242mAm ― ― 4.86·10-6 4.70·10-9 
243Am ― ― 3.39·10-4 8.99·10-4 
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To check the difference of the libraries also JEF-2 and JEFF-3.1 nuclear data [10, 11] with 

MCNP5 are compared. In the second part, for the calculation of the burnup of the pebble lattice      
JEF-2/JEFF-3.1 in MCNP5 and JEFF-3.1 in MICROX2 are used.  

The results of the MICROX2 and MCNP5 calculations are given in Table 4. There is nearly no 
difference between JEF-2 and JEFF-3.1 in the MCNP5 calculation for the fresh composition but some 
differences for the case at 650 MWd/kg HM. Between MICROX2 and MCNP5 based on JEFF-3.1 
there are only small differences in the kinf-value which are independent in the kind of fuel composition. 
For conclusion it can be said that the MICROX2 model is valid even for high burnups and different fuel 
compositions. There are some differences of the JEFF-3.1 and JEF-2 data for higher actinides.   
 

Table 4: kinf-values for a uniform pebble lattice cell 

 MICROX2 MCNP5 (JEFF-3.1) MCNP5 (JEF-2) 

U (reference) 1.53935 1.53158 ± 0.0015 1.53655 ± 0.0014 

Pu (fresh pebble) 1.26927 1.27380 ± 0.0005 1.27127 ± 0.0002 

Pu (at ~650MWd/kg HM) 1.42435 1.42444 ± 0.0011  1.43836 ± 0.0011 

Pu+MA (fresh pebble) 1.13855 1.14314 ± 0.0001 1.14224 ± 0.0002 

Pu+MA (at ~650MWd/kg HM) 0.97369 0.97231 ± 0.0014  0.97922 ± 0.0014  

 
 

4.2 Cell burnup calculations 

For the burnup calculation of a pebble cell, the fission power of one fuel element was kept 
constant at 1kW and performed depletion steps up to 800MWd/kg HM to compare the fluxes, the kinf-
values and the nuclide densities as a function of the burnup. For a fuel element with 2g HM there are 
1600 full power days necessary to reach 800MWd/kg HM. The temperature is hold constantly at about 
1000°C for the fuel as well as for the moderator.  

In this case for the most part JEFF-3-data for the MCNP5+ABBRAND calculation and 
completely JEFF-3-data for the MICROX2+ORIGEN2 are used.  

Figure 3 shows the kinf over the burnup for a uniform lattice of plutonium pebbles. The two 
different methods show quite similar results. The value of the MCNP5 + ABBRAND calculation is a 
little less till 675MWd/kg HM. Afterwards the kinf has a little bit higher values. This small difference can 
be explained with the principal different methods of the MICROX2 two zone model and the detailed 
MCNP-model. 

Beyond 675MWd/kg HM both calculations show a strong drop-off in kinf due to the burn out of 
239Pu and 241Pu.  
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Burnup of one Pu pebble at 1000K
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Figure 3: kinf-calculation of one plutonium pebble with MICROX2+ORIGEN2 respectively 

MCNP5+ABBRAND 
 
For the fuel with minor actinides, the kinf-value shows a similar difference between the two 

methods. There is a little increase of the kinf between 300MWd/kg HM and 550MWd/kg HM  (Figure 4).  
 

Burnup of one Pu+MA pebble at 1000K
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Figure 4: kinf-calculation of one plutonium + minor actinides pebble with MICROX2+ORIGEN2 

respectively MCNP5+ABBRAND 
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The nuclide density of the considered nuclides of the plutonium pebble as a function of the 
burnup is shown in Figure 5. At 350 MWd/kg HM the nuclide density of 241Pu gets higher than the 
density of 239Pu. That means that already at this point a lot of the fissionable material is burnt out. At 
about 600MWd/kg HM the density of the fissionable material is going beyond 6·1018 atoms/cm3 and for 
this the kinf-value is going down. The difference between the nuclide densities of MICROX2 to MCNP5 
is mainly in 241Pu, which decreases after around 400MWd/kg HM faster in the MICROX2 calculation. 
This corresponds to a increasing 242Pu density in this range.  

In the case with Pu+MA fuel there is nearly the same result. The 237Np, 241Am and 243Am 
densities show completely the same behavior between the two different methods and have no big 
amount in the whole pebble. Pu shows for every isotope nearly the same behavior as in the plutonium 
pebble. 

 

nuclide density of a Pu pebble as a function of the burnup of one pebble
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Figure 5: Comparison of the nuclide densities of the considered heavy metal isotopes in a plutonium 

pebble as a function of the burnup between MICROX2 and MCNP5 coupled with depletion code  
 

The loss of the fissionable material and also 240Pu can also be seen in the change of the 
thermal flux spectrum in the Pu pebble (Figure 6). In the thermal range the relative flux is going up 
within three orders of magnitudes from 50MWd/kg HM to 800MWd/kg HM.  

However, this is only valid for a lattice with uniform burnup. The realistic lattice is a cluster with 
pebbles of different burnups depending from the number of passes through the core.  
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Phi(U) of a lattice with uniform Pu pebbles at different burnups
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Figure 6: Relative flux as a function of the lethargy of a plutonium pebble at different burnups 

(calculated with MICROX2+ORIGEN2).  
 

4.3 Full core calculations 

For the calculation of the whole reactor the chosen target burnup plays an important role. 
Assuming that there are six reload steps for the pebbles the critical equilibrium state for reactor filled 
with 2g Pu per pebble is at about 680MWd/kg HM.  

Pebbles with a burnup higher than 650MWd/kg HM have much more absorber material and 
much less fissionable material then fresh pebbles. So these pebbles only need place and no fresh 
pebbles can be put into the reactor. Because of the expected average discharge burnup  
(> 650MWd/kg HM) there are too many pebbles with a burnup higher than 500MWd/kg HM and there 
is not enough fissionable material to hold the reactor critical. Therefore, the keff is going rapidly down 
for such high burnups (Figure 7).  
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4.3.1 Critical stationary reactor 

keff calculation of a PuMA-reactor filled with Pu pebbles

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

0 500 1000 1500 2000

number of iteration steps to the equilibrium state

ke
ff

80MWd/kg HM
200MWd/kg HM
400MWd/kg HM
600MWd/kg HM
680MWd/kg HM
700MWd/kg HM
750MWd/kg HM
775MWd/kg HM
800MWd/kg HM

200MWd/kg HM

800MWd/kg HM

775MWd/kg HM

750MWd/kg HM

700MWd/kg HM

680MWd/kg HM=critical

600MWd/kg HM

400MWd/kg HM

80MWd/kg HM

 
Figure 7: keff-calculation of the whole reactor with plutonium pebbles with the program system ZIRKUS 

 
 
 

Even in the critical equilibrium state (680MWd/kg HM) there is a very a heterogeneous power 
distribution in the reactor (Figure 8) – it is peaked at the top of the reactor. This is because the fresh 
pebbles get already a high burnup in the first pass (in average 260MWd/kg HM). At the inner and the 
outer reflector there is also a strong power peak due to the reflectors. The thermal flux of the reactor is 
shown in Figure 9. It is extremely peaked at the inner reflector column. It is also very high in the outer 
reflector compared to the core region. 
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Figure 8: Power distribution of a core filled with Pu fuel at about 680MWd/kg HM 

 

 
Figure 9: Thermal flux of a core filled with Pu fuel at about 680 MWd/kg HM 
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In the core filled with Pu + MA fuel there is a similar result for the keff values at different burnups  
(Figure 10). For the calculation six pass for the pebbles through the reactor were assumed. With the 
above defined fuel specification there is a critical equilibrium state at about 550 MWd/kg HM.  
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Figure 10: keff-calculation of the whole reactor with plutonium + minor actinides fuel 

 with the program system ZIRKUS 
 

4.3.2 Safety parameter 

To look on some safety parameters, the temperature coefficient, the accidents with loss of 
forced circulation at full pressure (PLOCA) and loss of coolant at depressurized conditions (DLOCA) 
and the water ingress were calculated. 

For the calculation a constant temperature for the fuel esp. the moderator is used. The other 
temperature is hold at the temperature which was calculated for the equilibrium case. The temperature 
coefficient α is calculated the following way:  

21

12

11

TT
kk effeff

−

−

=α           (1) 

2
effk  esp. 1

effk  are the effective k of the reactor at the temperature T2 esp. T1. 
 
In Figure 11 the temperature coefficient for a reactor filled with Pu pebbles is shown. 
There can be seen, the fuel coefficient is only slightly below zero. Usually, when looking at a 

uranium filled core, the absolute value of the fuel coefficient is a factor of two higher compared to the 
plutonium case. The moderator coefficient in the uranium core is always below zero and has its 
maximum at around 1*10-5 at 800K. In the plutonium case the moderator coefficient below 700K is 
positive but gets strongly negative for higher temperatures. The coefficients were also calculated for a 
reduced mass of heavy metal in the plutonium filled core. If there is only 1 g HM per Pebble there is an 
even higher effect and the isothermic temperature coefficient is positive below 900K. So there is a 
strong dependency on the amount of heavy metal in the pebble.  



Proceedings of the International Youth Nuclear Congress 2008 
 
 
 
 

181.14 
 
 
 
 

temperature coefficient for Pu 2.0g

-2.50E-04

-2.00E-04

-1.50E-04

-1.00E-04

-5.00E-05

0.00E+00

5.00E-05

200 400 600 800 1000 1200 1400 1600 1800 2000

temperature in fuel/moderator [K]

al
ph

a 
[1

/K
]

fuel coefficient
moderator coefficient

 
Figure 11: fuel and moderator temperature coefficient for a reactor filled with Pu pebbles 

 
For the MA case (Fig. 12) the moderator coefficient is positive, but beyond 550K it gets similar 

to the Pu case strongly negative. The difference of the moderator coefficient of the two kinds of 
reactors depends on the different amount of fissile material in the pebble and furthermore on the 
amount of absorber material, which is much higher in the case of MA. The fuel coefficient is nearly 
identical due to the same amount of heavy metal in the pebble.  
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Figure 12: fuel and moderator temperature coefficient for a reactor filled with Pu/MA pebbles 
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The shutdown reactivity and the water ingress are strongly dependent on the amount of heavy 
metal mass in the pebble. For the water ingress there was calculated a strong positive reactivity-effect 
for the strong undermoderated reactor. The chosen core design is not the definitely design. For the 
water ingress, and also for the shutdown reactivity, the actual design is not yet acceptable. It must be 
changed in some parameters, for example in the geometry (without inner reflector column) or the 
composition of the fissile material to get a reactor with good or at least better safety conditions.  

The calculation of the PLOCA and DLOCA accident cases of the full power equilibrium case of 
the plutonium reactor shows, that the HTR inherent safety in respect to the critical temperature of 
1600°C can be achieved, even for the non optimized core.  
 

5 CONCLUSIONS 

This paper shows the results of preliminary design calculations of plutonium and minor actinide 
filled Modular High Temperature Pebble Bed Reactors. The calculations are more difficult as for 
uranium filled reactors. The differences of the kinf values coming from the pebbles of the different 
passes are extremely high in a reactor with average target burnup higher than 600 MWd/kg HM. 

It is necessary to do some optimization steps to get a more flattened power distribution and to 
get better safety parameters. Possible changes can be a modification of the reloading strategy and the 
core design. Therefore, such optimization will be done in future work. Furthermore, calculations for 
cluster cells of fuel pebbles and of pebbles with densities of different passes by the up to now 
performed analysis will be performed. The comparison of the models between the spectral code and 
MCNP will go on. The results of the comparisons will be used to improve the models in the spectral 
code.  
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