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The objective of the present report is to provide necessary information for estimating the capability 
of plutonium transmutation and incineration in a prismatic block type HTGR. This will 
constitute therefore a preliminary evaluation that could be compared to the PBR plutonium burning 
capacities. 
 
However, it should be stressed that the European calculational methods used in PBR and bloc 
type HTGR are not at the same level of maturity. If the 3D core burn-up calculations are available 
for the PBR and largely and commonly used to evaluate the core performances assuming different 
pebble shuffling modes, those concerning the HTGR block-type appears a little bit immature. They 
are not so widely used and remain to be validated and qualified. Through the past few years, an 
important effort has been devoted in France to these validation steps especially as far as the 
uranium fuel is concerned. These validations are essentially based on Monte Carlo comparisons 
at each level of the calculation scheme (particles, compact, fuel element, 2D and 3D core 
calculations). A qualification step of this calculation scheme has also been done through the WP1 
activities of the present HTR-N contract and this is also true for the others HTR-N partners. Even 
though core burn-up calculations are being validated on the base of reference 2D core transport 
calculations, this first validation stage for uranium fuel has not been carried out for all other sort of 
fuels containing plutonium and minor actinides. 
 
The huge effort associated with these validation and qualification steps could not be planed in the 
present HTR-N contract. Just as the allocated effort to this WP3 could not allow using such new 3D 
core calculation scheme for block-type reactors. Indeed, it is noteworthy that to give information 
such as, cycle length, mass balance, peak power, core flux distribution … for a specific block-type 
HTGR loaded with plutonium and minor actinides fuels suppose an important optimisation stage of 
the core: use burnable poison or not, flattening the flux distribution in the annular zone (different 
filling fraction in the compact close to the reflector, different enrichment, burnable poison in the 
reflector, …), number of the control rod,… Moreover, this optimisation stage must be based on an 
equilibrium fuel cycle assuming a specific fuel-reshuffling scheme. 
 
For all these above reasons, simplest methods than 3D core burn-up calculations have been 
employed for the present study. 2D transport detailed calculations allowed to compute the fuel 
depletion. Nevertheless, in order to get the fuel element discharged burn-up, the core reactivity 
was calculated during fuel depletion using a simplified 2D annular core configuration on which also 
transport calculations have been done. It is important to note that all these calculations have been 
performed without taking into account temperature feedback. The same 2D annular core 
configuration was used for the temperature coefficient estimations. 
 
After a brief description of the block-type HTGR used for this plutonium cycle study, the methods 
are described in detail. Then, some trends and physical analyses are given with respect to the use 
of burnable poison, both plutonium isotopic compositions and the obtained temperature 
coefficients. 
 
Finally, all the results corresponding the previously defined common output [xx] have been 
provided in the present report as far as it was possible. Of course, it turns out that for example it 
was difficult to give indication on 3D core peak power from such employed methods. Moreover, 
one must keep in mind that 3D core parameters would have a sense only if core optimisations 
(conceptual design study) have been done before. That was not the case. Therefore, some 
indicated results must rather be considered as trends indicator and precaution must be taken in the 
direct use of these results for HTGR concept comparisons of the plutonium burning capabilities. 
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The main features of the GT-MHR core [1] are indicated in Table 1 and Figure 1, 2 and 3. The core 
of the GT-MHR consists of 102 columns of fuel comprising 72 standard element columns and 
30 control element columns. The reflector and fuel columns consist of stacks of prismatic blocks 
with a height of 80 cm and 36.0 cm across opposite sides. The core of the GT-MHR also includes 
a reflector at the top and the bottom with a height of 130 cm. 
 

Poison consommable

(N = 108)

(N = 14)

Compact combustible

(N = 202)

Canaux refroidissement

36 cm

 
Figure 2: Geometry of a standard fuel 

element 
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Barres de controle

* demarrage      12
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d’urgence

de 10 elements)

18  
Figure 1: Geometry of the 600 MWth  

GT-MHR core 

Poison consommable

(N = 10)

(N = 164)

Compact combustible

13
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36 cm

cm

(N = 89)

�
Figure 3: Geometry of a control fuel 

element 

 
Power 600 MWth 
Power density in active zone 6.6 MW/m3 
Inlet/outlet temperature 490 / 850°C 
Height of active zone 8 m 
Equivalent diameter of active zone 2.96 / 4.84 m 
Height of axial reflectors 1.3 m 
Number of columns in the annular core 102 
Standard fuel elements 720 (10 per column) 
Control fuel elements 300 (10 per column) 
Control rods in core 12 (start-up) and 18 (shutdown) 
Control rods in reflector 36 (core operation) 
Type of fuel loaded into core PuOx 
Fuel composition Only one type of particle 

Table I - Features of the GT-MHR core 
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The standard fuel element is 36.0 cm across opposite sides and has a total height of 80.0 cm. The 
graphite matrix of the element can receive 216 rods corresponding to the position of the fuel rods 
or the burnable poison rods. 
 
A fuel rod (or a burnable poison rod) consists of a vertical stack of 15 compacts with a unit height 
of 4.928 cm. The “active” length of a fuel rod (i.e. that occupied by fuel or burnable poison) is 
73.92 cm. The remaining space (i.e. a length of some 6.0 cm divided between the top and the 
bottom of the element) is occupied by graphite caps. There is therefore no fissile matter in the 
upper and lower parts. 
 
Furthermore, the number of compacts vertically stacked in the rods is considered to be identical, 
whatever the radial position of the rod in the fuel element (whether or not the rod is located below 
an element positioning hole). 
 
 

Distance between opposite sides [cm] 36 
Height of fuel element [cm] 80 

Thickness of the helium gap between elements [mm] 1.0 
Number of fuel rods 202 

Number of burnable poison rods 14 
Number of cooling holes 108 

Number of compacts stacked in a rod 
(fuel or burnable poison) 15 

Number of fuel compacts per element 3150 
Radius of fuel compacts [cm] 0.6225 

Radius of burnable poison compacts [cm] 0.6225 
0.794 (102) Radius of cooling holes [cm] 
0.635 (6) 

Height of a compact [cm] 4.928 cm 
Number of burnable poison compacts per element 210 

Density of the graphite matrix of the element 1.74 
Density of the graphite matrix of a compact 1.74 

Table II – Technological data adopted for the standard fuel element modelling 

 
 

 Material Density Outside radius [µm] 
Central zone (kernel) PuOx 10.0 100 

Buffer Graphite 1.0 200 
Pyrocarbon Graphite 1.8 235 

Silicon carbide SiC 3.2 270 
Pyrocarbon Graphite 1.8 315 

Table III - Dimensions and composition of a fuel particle 

34� ��	��
�����
���������:��	���	�2�

In this study, two types of plutonium have been analysed. The first one (Pu1) corresponds to a first 
generation plutonium coming from LWR UOx Fuel [2]. As far as the second generation plutonium is 
concerned, the composition has been previously defined in [3]. 



  
Work Package:     N1/3 HTR-N project document No.:  

�	�����/0�1�2�3434� 
Rev.  

1 

Task:             N1/3.1 Document type:  Deliverable report 
 

  
   

HTR-N 02/1      Page 8 of 65 p.Annex 
  

 

 
      1st generation     2nd generation 
 Pu238      2,7      4,90 
 Pu239      54,5      26,90 
 Pu240      22,9      34,30 
 Pu241      11,7      15,30 
 Pu242      7,0      18,60 
 Am241      1,20      *** 
  
 Pufiss/Putot     66,2      42,2 

Table IV – Plutonium vectors 

/4� �
2����2��������	�
����	�
2��

The investigation of fuel cycle studies for block type HTR cores has been performed for 1st 
generation and 2nd generation plutonium based fuel cycles. The core neutronics analysis 
presented here is essentially based on a specific calculation process employing the APOLLO2 [4] 
transport code which is a part of the code system SAPHYR. 
 
The formalism used to solve the multigroup Boltzmann transport equation is either the Integral-
Equation (Pij: collision probability 1D and 2D) or Integral-Differential-Equation (Sn: discrete 
ordinates and nodal methods in 2D). The standard 172-group cross section library issued mainly 
from JEF 2.2 is used in the present study. The standard depletion chain consists of 24 heavy 
nuclei (till Cm248) and 77 fission products. 
 
Seven of the principal heavy nuclides (Pu238 to Pu242, Am241 and Am243) are self shielded during 
the fuel evolution. An example of the standard fuel element described with a hexahedral multicell 
geometry is given in Figure 4. 
 

Symetry Axes

Coolant Cell

Fuel Cell

Poison Cell

Graphite Cell

 
Figure 4: Fuel element modeling in APOLLO2 

The calculations have been performed in fundamental mode (critical buckling), considering a 
linear anisotropic collision hypothesis for the calculation of the graphite diffusion coefficient. 
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In order to evaluate the fuel element discharged burnup, the core keffective needs to be calculated. 
The core reactivity during fuel depletion is calculated using a simplified 2D core configuration 
(Figure 5). Although the calculations are performed using a simplified modelling, it allows to make 
an accurate calculation of the radial leakage during core depletion. After all, the core volumic 
leakage (3D leakage) are evaluated using the radial leakage issued from the simplified core 
calculation and considering a constant axial leakage value (1500 pcm in any cases). For the 
different fuel types feeding the reactor, the discharged burnup was determined in order to achieve 
a reactivity margin of 2000 pcm at the end of cycle (keff = 1.02) embracing the possible 
uncertainties. 
 

 
Figure 5: Simplified core geometry used for the core leakage calculation 

�4� �����	����2��
����	��

�4�4� �,�%)-'(� ),�

As it was said in the previous section, the major part of the results presented hereafter are issued 
from the fuel element calculation in infinite medium (parameters such as the heavy nuclides 
concentrations). However, some calculations have been also performed on a simplified 2D core 
configuration in order to evaluate some physical parameters such as the neutron leakage. From 
theses calculations, we have also extracted some informations such as the radial flux in the core, 
the Doppler and moderator temperature coefficient… All these results are presented in Appendix 
1&2. 

�4�4� �)#"�(�&%&(�"% +� (+�; ���%"!&%-+��)���"�5'%,&5."�$) +),� #$&(��

It should be stressed that compared to a similar fuel depletion without erbium (1st generation 
plutonium Pu1 in Figure 6), the fuel with poison presents an initial negative reactivity of around 
9000 pcm which strongly decreases towards 600 GWd/t, corresponding to the loss of 90 % of 
167Er. The cycle lengths are however comparable. This important feature of the burnable poison 
equivalent to that observed with 10B allows to adjust the initial reactivity of the different fuel cycle 
without changing the cycle lengths. The optimum load of fixed burnable poison has not been 
estimated in the present study and therefore the different fuel cycles analyzed do not exhibit the 
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same initial reactivity. One should note that the presence of Pu240 in all the fuel analysed play a 
important role in the reactivity margin control as it is shown in Figure 7. 
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Figure 6: Impact of burnable poison on fuel element kinfinity 
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Figure 7: Impact of fuel loading on fuel element depletion 

�434� �.'�), '#�(),+'#$� ),�&,-�# ,)%�&(� , -"+�$%)-'(� ),�

Preliminary investigations showed that, whatever the composition of the plutonium is: 
 

� there is an optimum for the fuel fed into the core with respect to the discharge burnup 
which allows to use at best the plutonium (Figure 8 and Figure 9). 

 

� the fuel cycle length increases linearly with the mass of plutonium loaded into the core 
(Figure 10) 
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Figure 8: Impact of core loading on discharged burnup 

First generation plutonium 

 

 
Figure 9: Impact of core loading on discharged burnup  

Second generation plutonium 

 
Indeed, an increase of the total mass fed into the core have been analysed for both types of 
plutonium fuel. All the results are gathered in Table V and Table VI. Whatever the plutonium 
isotopic content is, the fuel cycle length is proportional to the total mass loaded into the core. The 
higher the plutonium loaded into the core, the longer the fuel cycle length. Nevertheless, an 
increase of the plutonium loaded into the core will be limited by technological and physical criteria. 
For example, the particles volume fraction in the compact represents a technological limit to the 
plutonium loading capacity. 
 
Besides, the reactivity margin at the beginning of cycle appears as a physical limit to the use of 
highly degraded plutonium or important fuel loading. In fact, higher plutonium loading imply an 
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increase of great absorbers like 240Pu in a similar core geometry and reduce the reactivity margin 
although the fissile isotopes content increases. By increasing the loaded fuel mass, the neutron 
spectrum becomes harder and favours the neutron absorption in the fertile isotopes. 
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Table V - Plutonium and minor actinides balance for 1st generation plutonium fuel 
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Table VI - Plutonium and minor actinides balance for 2nd generation plutonium fuel 

It should be noted that if the plutonium balance reaches an optimum with respect to the plutonium 
loaded into the core, it is not the case with the minor actinide balance, which increases linearly with 
the mass of plutonium. One could have thought that maximise the burn-up should minimise 
both discharged masses of Pu and minor actinides. In fact, as shown in Table V&Table VI and 
in Figure 10 below, the production of minor actinides raises continuously with the Pu-loading.  
 
Consequently, the optimum burn-up obtained from the critical calculations, which leads to an 
optimum of the plutonium consumption with respect to the fuel loading, can be explained as follow: 

 
� despite a smaller initial reactivity, the increasing of the Pu-loading leads to a neutron 
spectrum hardening that will enhance the Pu conversion and thus increase the cycle length 
(then the burn-up) 
 
� at a certain level of Pu-loadings, a too hard neutron spectrum (deteriorating the fission rate) 
and the important amount of minor actinides in the fuel will limit again the cycle length and thus 
the burn-up 

 
Therefore, it exists for each isotopic Pu-composition, an optimum Pu-loading that maximises the 
burn-up and then minimises the Pu-discharge despite a constant MA-discharge mass increasing.  
 
In Appendix 1&2, we have summarized all the characteristics of the GT-MHR core loaded with 
either Pu1 or Pu2. The reference cases that have been chosen in this report correspond to the 
optimum evaluated in each case (1200 kf of Pu1 and 900 kg of Pu2). 
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Figure 10: Impact of the core loading on  

plutonium consumtion and minor actinides production 
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As far as the 1st generation plutonium is concerned (Pu1), the temperature effect (Doppler and 
moderator) has also been evaluated on the fuel element geometry (Table 4.3.3). The Doppler 
coefficient given in the table is an average value between 20 and 900 °C. As far as the moderator 
temperature coefficient is concerned, the calculated value is an average between 20 and 500 °C.  
 
Despite the strong decrease of the moderator temperature coefficient during fuel irradiation, the 
results have shown that the global core temperature effect is negative and therefore self-
stabilizing, with a fuel management by 1/3rd where the average core burnup ranges roughly from 
200 and 400 GWd/t between the beginning and the end of cycle. 
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Table VII - Doppler and Moderator temperature coefficient for the 1st generation Pu 
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It is now well known that HTGR have attractive characteristics concerning the use of plutonium. It 
has especially a flexible core that can fulfil a wide range of diverse fuel cycles. The use of a wide 
spectrum of plutonium isotopic compositions prove HTGR potentials to use at best the plutonium 
as fuel without generating large amounts of minor actinides. 
 
Plutonium cycles in block-type reactor have been studied in the present report. However, this has 
been done without really taking into account the common fuel particle performance limits (burnup, 
fast fluence, temperature). It is obvious that such long cycles and associated high level of Pu-
destruction will be possible only if burnups as high as 700 GWd/t and fluences in the order of 12 
n/kb (a factor 2 with the common requirements) sustained by the fuel particles will be 
technologically feasible. The use of high-burnup plutonium particles cannot be regarded as proven 
technology today and important fuel characterisation program including irradiation will be required 
to demonstrate that a burnup equal about 80 % “fissions per initial metal atom” (FIMA) can be 
achieved for the Pu-particles without an inadmissible failure rate of the fuel coating. 
 
It should be stressed that precaution must be taken with regard to the preliminary results given in 
this report. Indeed, the indicated mass balances have not been estimated from 3D full core 
calculations and remain to be confirmed. Nevertheless, such a 3D core calculation is inferred that a 
core optimisation approach close to conceptual design studies is needed for a block-type reactor 
fully loaded with plutonium fuel. This has not been carried out in the present study. 
 
Moreover, it is noticeable that further detailed core physic analyses will be required in the future in 
order to assess the dynamic features of such a reactor. Additional studies concerning also, the 
reactivity control aspects, the temperature coefficients, the decay heat associated with plutonium 
fuel, the appropriate fuel management and the associated power distributions related issues 
(especially important in the case of the plutonium use) should allow to precise that pure plutonium 
cycles will respect the current high level of safety of the HTGR. 
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