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ABSTRACT 

The long-term radiotoxicity of the final waste is currently the main drawback of nuclear power 
production. Particularly, isotopes of Neptunium and Plutonium along with some long-lived fission 
products are dangerous for more than 100000 years. 96% of spent Light Water Reactor (LWR) fuel 
consists of actinides, hence it is able to produce a lot of energy by fission if recycled. Goals of 
Generation IV Initiative are reduction of long-term radiotoxicity of waste to be stored in geological 
repositories, a better exploitation of nuclear fuel resources and proliferation resistance. Actually, all 
these issues are intrinsically connected with each other. It is quite clear that these goals can be 
achieved only by combining different concepts of Gen. IV nuclear cores in a “symbiotic” way.  
Light-Water Reactor – (Very) High Temperature Reactor ((V)HTR) – Fast Reactor (FR)  symbiotic 
cycles have good capabilities from the viewpoints mentioned above. Particularly, HTR fuelled by 
Plutonium oxide is able to reach an ultra-high burn-up and to burn Neptunium and Plutonium 
effectively. In contrast, not negligible amounts of Americium and Curium build up in this core, although 
the total mass of Heavy Metals (HM) is reduced. Americium and Curium are characterised by an high 
radiological hazard as well. Nevertheless, at least Plutonium from HTR (rich in non-fissile nuclides) 
and, if appropriate, Americium can be used as fuel for Fast Reactors. If necessary, dedicated 
assemblies for Minor Actinides (MA) burning can be inserted in Fast Reactors cores.  
This presentation focuses on combining HTR and Gas Cooled Fast Reactor (GCFR) concepts, fuelled 
by spent LWR fuel and depleted uranium if need be, to obtain a net reduction of total mass and 
radiotoxicity of final waste. The intrinsic proliferation resistance of this cycle is highlighted as well. 
Additionally, some hints about possible Curium management strategies are supplied. Besides, a 
preliminary assessment of different chemical forms of GCFR fuel (carbides or nitrides) for actinide 
burning is shown. 

1 INTRODUCTION 

Currently there are more than 400 power reactors running worldwide, supplying 16% of the total 
electricity produced. Nuclear power is, as known, the only CO2-free source that is capable to satisfy 
today’s increasing energy demand. Nuclear power, thanks to the well-proven LWR technology, is very 
reliable and safe. Although among power plants Nuclear Power Plants (NPPs) have by far the highest 
ratio between energy supplied and waste produced, actually the waste is their major drawback. In fact, 
nuclear waste contains elements that are dangerous for more than 100000 years; additionally, the 
natural resources of nuclear fuel are badly exploited by the LWR technology, because of both 
neutronic and technological reasons. It has been being clear since the beginning of nuclear age that 
the nuclear fuel availability could be substantially increased by the FR technology, which is capable of 
utilizing almost 100% of U from mine against less than 1% of LWRs. Additionally, fissioning all the U 
from mine means to reduce the long-term radiotoxicity of the final waste as well. Thus, in order to 
reach these two goals contemporarily and to realize a “sustainable” nuclear power[1], more than one 
kind of reactors has to be used, linked each other in a “symbiotic” way.  Although long and deep 
analyses are still requested, it is possible to draw some preliminary evaluations in order to highlight 
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the potentialities of symbiotic cycles involving two of the most promising Generation IV reactor 
concepts: (V)HTR and GCFRs. 

2 THE LWR SPENT FUEL 

As known, the discharge burn-up of fuel elements depends on both nuclear and technological 
reasons, consequently it can be quite different for different kinds of reactor. Regarding LWR, the most 
widespread concept worldwide, it lies in the range between 30000 and 60000 MWd/tHM[2]. That 
entails that the mass loaded into a typical LWR (electric output equal to 1 GWe and efficiency around 
33%) amounts to about 25÷30 tons of HM per Full Power Year (FPY) and is followed by the same 
discharge rate of spent fuel, of which an important fraction is composed of Transuranics (TRU). 
After about 3 years of permanence inside the reactor core, the spent fuel is transferred to cooling 
pools. Approximately 350 different nuclides (200 of which radioactive) were created during irradiation, 
with the following average composition[2][3]: 
 

− 94% U238  
− 1% U235 (hence, Spent Nuclear Fuel (SNF) is still enriched if compared to Unat) 
− 1% Pu  
− 0.1% MA  
− 3÷4% Fission Products (FP)  

 
As far as the isotopic composition of Pu and MAs is concerned, it is shown below (Table 1)[3]: 
 

Table 1 – Spent LWR HM composition (burn-up 33 GWD/tHM; initial enrichment 3.2% U235; 5 
years cooling)[3] 

Isotope Quantity [g/t HM] Mass fraction [%]
Pu238 140 1.5 
Pu239 5470 59.0 
Pu240 2230 24.0 
Pu241 956 10.3 

Pu 

Pu242 486 5.2 
Np237 437 51.6 
Am241 296 35.0 
Am243 83.8 9.9 
Cm242 6.2 0.7 

MA 

Cm244 24 2.8 
 
FP dangerousness decays in few centuries but Pu and MAs are very long-living, even more than 
100000 years. Therefore the management, the minimization of its quantity and the safe disposal of the 
SNF are key issues for the present and the future of nuclear energy. 
However, it is important to recognize that what is called “nuclear waste” is actually composed largely 
of recyclable material, as it is explained in the following paragraphs.  
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3 MEANING OF SPENT LWR FUEL RECYCLE: BETTER NATURAL RESOURCE 
EXPLOITATION, LONG-TERM RADIOTOXICITY REDUCTION AND PROLIFERATION 
RESISTANCE 

In principle, all actinides are able to produce energy by fission, either directly or indirectly by 
transmutation into fissile nuclei by one or more neutronic captures. That means, ∼96% of SNF is 
potentially recyclable, whereas only FPs are “waste”, at least from the energy production point of 
view1. At the moment, only Pu is partially recycled in Mixed Oxide (MOX) fuels for LWRs in some 
countries. MOX technology allows the possibility to double the current natural resource exploitation, 
which corresponds to less than 1% with the Once Through Then Out (OTTO) cycle. However, an 
integral use of U resources can be achieved only with the FR technology. Indeed, the Generation IV 
Initiative, aiming at a sustainable nuclear power, proposes 6 reactor concepts, among which 3 are 
fast[1]: Sodium Fast Reactor (SFR), Lead Fast Reactor (LFR) along with the already mentioned 
GCFR. Additionally, recycling all HMs from SNF reduces the mass of the material to be stored in 
geological repositories and may also reduce its long-term radiotoxicity. This reduction will be very 
strong if the final waste is constituted of only FPs (see Figure 1): indeed, their radiotoxicity balances 
the reference level (the so-called Level Of Mine, LOM2) in less than 500 years.   
 

 
Figure 1 – Radiotoxicity of SNF vs. time[4] -  

 
Moreover, recycling HMs entails high neutronic fluencies on them and, consequently, the build-up of 
MAs and Pu nuclides with higher mass number (240 or more). That means, HMs are made useless for 
military3 purposes[5], because many of these heavier isotopes are characterized by both an high 
decay power and an high probability of self-fission (Table 2).  
 

                                                      
1 Some of them could be extracted and used for technological or medical applications 
2 The LOM corresponds to the radiotoxicity of that natural Uranium (Unat) mass from which the 

considered waste descends 
3 It is useful to remember that at least 93% of Pu-Weapons Grade (Pu-WG) is composed of 

Pu239, because Pu-WG cannot contain more than 7% of Pu240 due to the relatively high self-fission 
probability of this latter isotope 
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Table 2 - Self-fission probability, decay power and other properties of some actinide nuclides[4] 

 
 

4 PARTITIONING AND TRANSMUTATION TECHNOLOGY: SOME CHALLENGING ASPECTS 

As partially anticipated in previous paragraphs, closing the nuclear fuel cycle4 would permit the 
possibility to close all the open issues regarding nuclear power, while assuring the energy supply 
worldwide for the future centuries. Of course, there are some challenging aspects at the moment as 
far as Partitioning and Transmutation (P&T) are concerned. Probably, the best way to close the 
nuclear fuel cycle would be an integral fuel cycle (as proposed for GCFR reactors[1]). In such an 
approach, the reprocessed spent fuel from LWRs is part of the feed for FRs. Then, the spent fuel of 
FRs is reprocessed in situ, and all HMs are recovered together (i.e. without chemical separation of the 
different elements) and reused to produce new fuel for the same FR fleet (multiple homogeneous 
recycle), while FPs constitutes the final waste. Such a strategy is at the moment quite challenging[6], 
because a economically feasible process is needed, allowing the possibility to treat highly radioactive 
materials and to extract HMs with a very high efficiency (more than 99%). What’s more, treating not-
negligible quantities of MAs (particularly Cm, due to its strong γ- and neutron emissions) seems to be 
quite difficult due to radioprotection problems, particularly in large facilities and along with large 
amounts of all the other HMs[6]. Additionally, all the processes involved should be very effective as far 
as the separation of HMs from FPs and the recoverability of reactants are concerned. Hence, at the 
moment it seems to be simpler recycling U, Pu and Np and, if appropriate, Am. Indeed, Np can be 
partitioned during the PUREX process, although this procedure has not yet been developed on 
industrial scale[7]. Regarding Cm, it seems to be advisable to store it temporarily, while waiting for its 
decay into Pu (half-life of Cm244 is around 18 years), it is also quite challenging to separate it from Am 
due to their similar chemical behaviour[6]. Then, storing Cm could entail to store Am together as well. 
On the other hand, Am and Cm could be recovered in some smaller dedicated facilities[6] and reused 
in dedicated assemblies (heterogeneous recycle) for critical reactors or for Accelerator Driven 
Systems (ADS). In this connection it is important to take into account that[8]:  
 

                                                      
4 I.e. all HM from mine is exploited to produce energy by fission, directly or indirectly by 

transmutation, it is then reprocessed and recycled; the final nuclear waste consists of only FPs 
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− Recycling Cm entails the production of not-negligible quantities of Cf252, which is a very 
strong neutrons emitter (much stronger than Cm itself, Table 2) and, consequently, it is very 
difficult to be managed 

− The opportunity of recycling Am without Cm has to be deeply assessed: indeed, it does not 
reduce the long–term radiotoxicity very much (not more than a factor 10 o less, due to the 
production of Cm by neutron capture). That means, a challenging procedure of partitioning 
could eventually not be very effective from the long-term radiotoxicity reduction point of view   

− In principle, building dedicated facilities for Am and Cm recycling could not be economical 
 

 
As far as transmutation is concerned, a single reactor concept is probably not enough to burn HMs 
effectively, but this purpose can be reached by chains of different reactors, each doing what the others 
are not able to do. LWRs can be considered the starting point of all the possible chains, due to their 
current large diffusion worldwide, their proven technology and reliability as well as, last but not least, 
the large amounts of LWR SNF worldwide. Additionally, as shown above, LWR SNF is rich in 
fissionable elements. Nevertheless, it is not possible to burn HMs completely in LWRs because of 
neutronic reasons. Instead, FRs can exploit Pu by breeding U238[2], thus increasing largely the 
availability of nuclear fuel. Additionally, the good neutron economy of the fast spectrum enables us to 
transmute even Pu isotopes and MAs as well. Of course, thorough analyses are requested in order to 
use these new fuels, particularly concerning the dynamic behavior of the core. Indeed, the introduction 
of large fractions of Pu and MAs tends to make worse safety parameters like the Fuel Temperature 
Coefficient (FTC) and the effective delayed neutrons fraction (βeff). In this connection it is clear that 
cores with a high neutron economy are advisable, since they are able to reach and maintain the 
criticality with small fractions of Pu. 
On the basis of the considerations outlined until now, a fuel cycle is proposed in the following 
paragraphs that involves current LWRs, (V)HTRs and GCFRs in a “symbiotic” way in order to exploit 
nuclear waste (Pu, Np and Depleted Uranium from reprocessing plants if necessary) as fresh fuel.  

5 A SYMBIOTIC FUEL CYCLE INVOLVING CURRENT AND FUTURE REACTOR CONCEPTS: 
LWR-HTR-GCFR 

The LWR-HTR-GCFR fuel cycle is aimed at exploiting Pu and Np from the current nuclear waste (i.e. 
LWR SNF) as fresh fuel firstly for HTR and, thereafter, as driver fuel for the GCFR core loaded with 
DU.  At least at the moment, this kind of cycle should not require the extraction of new material from 
mines, because there are plenty of LWR SNF and DU worldwide.  
Some studies have shown that HTRs are able to be loaded with a wide variety of fuels (mixed oxides 
of U, Pu, Th, MAs and fertile-free fuels) thanks to their inert coolant (Helium) and their unique fuel 
elements. Indeed, He as coolant is not corrosive, it makes neutronics independent of 
thermalhydraulics and it makes better the neutron economy because it does not capture neutrons 
parasitically. The HTR fuel elements are made up of Coated Particles (CPs) embedded in a graphite 
matrix. These elements are able to reach an ultra-high burn-up  (around 750 GWD/tHM)  without 
significant FP leakages.  
GCFR is a reactor concept coupling the advantages of He as coolant (in a fast spectrum, that entails 
less void effect and harder spectrum) with what is peculiar of fast reactors (harder spectrum and 
higher fluencies). These characteristics result in a very good neutron economy, in a large flexibility 
from the fuel choice point of view and in a  quite good capability of burning MAs[10]. 
If a HTR core is loaded with fertile-free fuels (i.e. without Th or U), the Pu consumption is maximized. 
However, a part of this Pu does not be fissioned, but it transmutes into heavier elements, i.e. Am and 
Cm nuclides, by successive neutron captures. Additionally, after 600 GWd/tHM burnup the Pu isotopic 
composition is very degraded, because it becomes rich in even isotopes that are poisons in thermal 
spectrum and quite strong neutrons emitters (this aspect is relevant to proliferation resistance). 
However, this Pu can be used with DU as fresh fuel for GCFRs. Am and Cm could be loaded in 
dedicated assemblies for GCFRs as well, but their temporary storage has been assumed in this work.  
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6 CALCULATION AND RESULTS 

Aim of the following calculations is to assess preliminary the following aspects regarding the LWR-
HTR-GCFR symbiotic cycle (see Figure 2): 
 

− Impact of fertile-free fuel in HTR in reducing HM total inventory 
− Impact of fuel form choice for GCFR (nitrides or carbides) 

 
Indeed, since a fixed fuel form (carbides or nitrides5) has not be chosen for GCFR for technological 
reasons yet, and in principle the fuel form could somewhat influence  the neutron spectrum, it could be 
interesting to investigate if there are differences among these different fuel forms as far as the 
transmutation performance is concerned. 

 
 

LWR HTR GCFR

Repository

Am,Cm

Np, Pu Np, Pu

DU

Am, Cm Am, Cm

Np, Pu, U

 
Figure 2 – Sketch of the proposed cycle 

 
Calculations were performed with Monteburns2.0 code[11][12][13] and JEFF3.1 cross sections[14]. 
Due to the very preliminary character of this study, simplified models were used to simulate the 
involved cores in order to gain computer time. Particularly, we chose: 
 

− A pebble with white boundary condition to simulate a Pebble-Bed Modular Reactor 
(PBMR) core[15][16] 

− Homogenized cores, surrounded by reflectors explicitly modeled, for GCFRs6 
 
Indeed, these kind of model are enough to give a rough but proper idea of transmutation 
performances of the considered cores[9][17].  
What’s more, capacity factors were fixed equal to one for simplicity[18]. 
 
 
6.1 HTR fuel burn-up calculation 

A burn-up calculation of the HTR fuel was performed. As explained above, a Np+Pu (from LWR) fertile 
free fuel was chosen in order to maximize the Pu consumption. Its composition is shown in Table 3.  
 
                                                      

5 Oxide cannot be used as fuel for GCFR because of neutronic constraints 
6 In principle, FRs can be modeled quite properly as homogeneous due to the long mean free 

path of their neutrons[17] 
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Table 3– HTR initial fuel composition ((Pu,Np)O1.7, density 10.89 g/cm3[18]) 

Nuclide Mass fraction [%] Mass per pebble [mg]
Pu238 3.02 60.4 
Pu239 51.62 1032.4 
Pu240 23.98 479.6 
Pu241 9.18 183.6 
Pu242 5.11 102.2 
Np237 7.09 141.8 

 
Considering a PBMR-400[16][18], it contains about 400000 pebbles (in average, each pebble 
produces 1 kW during the whole cycle), and each pebble is loaded with 2 g HM. Consequently, one 
PBMR-400 core can contain 800 kg of Pu+Np, which are produced by 3.2 LWRs (Table 1).  
The final composition of a PBMR mean pebble (its burn-up is around 600 GWD/tHM) is shown in 
Table 4, while Figure 3 and Figure 4 show nuclide trends vs. burn-up. 
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Figure 3 – Mass vs. burn-up for some Np and Pu isotopes in the HTR core 
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Figure 4 – Mass vs. burn-up for some Am and Cm isotopes in the HTR core 

 

 

Table 4 – Spent HTR fuel composition (burn-up: 600 GWD/tHM) 

Nuclide 
Mass fraction at 

End Of Cycle 
[%] 

Mass per pebble 
at End Of Cycle 

[mg]  

Mass per pebble 
after 5 years 
cooling [mg] 

Mass gained per unit of 
energy produced 

[kg/TWhe] 
Np237 7.36 56.0 57.1 -6.03 
Pu238 11.70 87.1 90.8 +2.07 
Pu239 10.18 75.1 79.0 -68.54 
Pu240 12.07 82.7 93.7 -27.99 
Pu241 15.46 146 120 -1.81 
Pu242 24.23 189 188 +6.15 
Am241 5.53 10.2 42.9 +0.79 
Am243 8.00 62.7 62.1 +4.45 
Cm244 4.50 43.2 34.9 +2.99 

Other short-
living MAs 0.97 16.1 - - 

 
 
Masses of all the considered nuclides behave monotonically vs. burn-up except for Pu241 and its 
daughter Am241.  
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Np and Pu from HTR SNF are recycled as fuel for GCFRs, while Am and Cm go to the repository. In 
this connections, it is interesting to observe that the Am+Cm amount from this HTR plus that from 3.2 
LWRs (these latter supplied Np and Pu to the HTR) correspond to about 72 kg of Am and 16 kg of 
Cm7 after 5 year cooling 

 
6.2 GCFR burn-up calculations 

Although thorough analyses are still requested, at the moment two different core concepts have been 
considered for GCFR reactor: a modular, small core (600 MWth) and a large core (2400 MWth)[10]. As 
far as the fuel geometry is concerned, plates or pins have been taken into account[10].  Among the 
possible fuel forms, carbides and nitrides are the preferred fuel forms for GCFR. Both of them have 
advantages and drawbacks: carbides are pyrophoric and are not well compatible with the PUREX 
process, while nitrides need to be enriched in N15 in order to avoid the production of the long-living C14 
by N14(n,p) and in order to improve the neutron economy. Nevertheless, it seems to be useful also to 
investigate how much natural N makes worse the neutron economy of the core, since the enrichment 
in N15 (0.37%, as atomic fraction, of the natural N) could be a not-negligible drawback from the 
economical point of view.  
Then, since there are no fixed core characteristics for GCFR, a sort of survey was performed on plate 
core concepts, considering all the proposed fuel forms (carbides and nitrides) for both 600 and 2400 
MWth cores. Additionally, two different designs for the 2400 MWth core[10] were considered. Table 5 
shows some of their main parameters.  
 

Table 5 – GCFR cores parameters[10] 

Core Power Density [kW/l] Fuel % vol. H/D ratio 

600 MWth 100 35 1.0 

2400 MWth “E” 100 25.7 0.65 

2400 MWth “06/04” 100 22.4 0.35 

 
As design[10], GCFR fuel should contain 80÷84% (atomic fraction) of U (natural or depleted) and 
20÷16% Pu+MA. Since the core safety parameters, like Fuel Temperature Coefficient (FTC), Void 
Coefficient (VC) and effective delayed neutrons fraction (βeff) tend to deteriorate with the increase of 
TRUs content, for the following burn-up calculations the configuration critical with the as design 
fraction of TRU (16% at) was chosen. The outcomes are shown in Table 6. As it is reasonable to 
guess, the core “E” is the only critical core with 16% of Pu+Np. Indeed, GCFR-600 is smaller while 
“06/04” core is a pancake core: both of them have a worse neutron economy due to leakages.  
 
 
 
 
 
 
 
 
 
 
 
 

                                                      
7 They correspond to a volume of 7 l of Am+Cm in metallic form 
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Table 6 – Criticality calculations for some GCFR core concepts8

Core Keff (84% DU – 16% Pu+Np from HTR) 

Carbide <1 

Nitride (N nat) <1 600 MWth

Nitride (N15 enriched) <1 

Carbide 1.02443±0.00170 

Nitride (N nat) 1.00739±0.00155 2400 MWth “E” 

Nitride (N15 enriched) 1.03875±0.00159 

Carbide <1 

Nitride (N nat) <1 2400 MWth “06/04” 

Nitride (N15 enriched) <1 

 
Thus, burn-up calcuations were performed on Core “E”.  
The initial HM composition of the GCFR fuel is in Table 7. It is easy to note that a GCFR core can 
exploit Np and Pu from about 1.8·107 pebbles such as those shown in Table 4. This number 
corresponds to about 45 PBMR-400 cores. 
Of course, the mentioned composition is relative to the first core, and the equilibrium composition 
should be used in order to evaluate accurately the transmutation capabilities of this cycle. However, 
due to the very preliminary character of the current analysis, only the first core has been considered. 
 

Table 7 – GCFR “E” HM composition and quantities 

Nuclide Mass fraction 
[%] 

Mass in the core [t] – 
carbide fuel 

Mass in the core [t] – 
nitride fuel 

U235 0.21 0.141 0.146 
U238 83.67 57.0 59.2 

Np237 1.45 0.990 1.03 
Pu238 2.31 1.57 1.64 
Pu239 2.01 1.37 1.42 
Pu240 2.39 1.62 1.69 
Pu241 3.06 2.08 2.16 
Pu242 4.90 3.33 3.46 

Total U 83.88 57.141 59.346 
Total 

Pu+Np 16.12 10.96 11.40 

 
Considering an irradiation length of 2500 Effective Full Power Days (EFPD)[10]9, the outcomes are 
summarized in Table 8. 
 

                                                      
8 K-effective values are shown with their standard deviation because they were calculated with a 

Monte-Carlo (MC) code (MCNP5TM[12]) 
9 In principle, this kind of core can sustain very long irradiation cycles without becoming 

subcritical, in agreement with what found in Ref. [21]. We stopped the calculation at 2500 EFPD 
because the reactivity coefficients and the effective delayed neutron fraction could be deteriorated 
after a so long irradiation, although keff was still increasing at that time (corresponding to about 90 
GWD/tHM). More accurate calculations are requested of course in order to assess these aspects 
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Table 8 – Composition of GCFR “E” fuel after 2500 EFPD 

Nitride (N enriched) fuel Carbide fuel Nitride (N natural) fuel 
Nuclide Final 

fraction10 [%] 
Variation 
[kg/TWhe] 

Final 
fraction11 [%]

Variation 
[kg/TWhe] 

Final 
quantity12 [%] 

Variation 
[kg/TWhe] 

U235 0.10 -2.08 0.09 -1.30 0.10 -2.10 
U238 81.12 -106.12 80.80 -102.08 81.20 -105.68 
Np237 0.86 -7.67 0.82 -7.42 0.85 -7.84 
Pu238 1.77 -7.92 1.76 -7.33 1.75 -8.15 
Pu239 6.95 +50.07 7.16 +47.88 6.84 +49.37 
Pu240 2.62 +0.15 2.69 +0.86 2.64 +0.45 
Pu241 1.03 -24.05 1.00 -22.50 1.04 -24.29 
Pu242 4.35 -10.31 4.32 -9.92 4.34 -10.42 
Am241 0.40 +4.23 0.39 +3.77 0.41 +4.30 
Am243 0.59 +6.14 0.62 +6.00 0.59 +6.23 
Cm244 0.15 +1.58 0.17 +1.64 0.15 +1.60 

 
 
Figure 5 and Figure 6 show quantities vs. burn-up of Np with Pu and Am with Cm respectively for 
GCFR fuelled by carbides (nitrides behave similarly).  
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Figure 5 – Mass vs. burn-up for some Np and Pu isotopes in the carbide-fuelled GCFR core 

                                                      
10 Other nuclides with relatively short half-life constitute the remaining fraction 
11 See note 10 
12 See note 10 
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Figure 6 – Mass vs. burn-up for some Am and Cm isotopes in the carbide-fuelled GCFR core 

 
As it is possible to note, the different fuel form does not affect significantly the transmutation 
capabilities of  the GCFR “E” core. Indeed, 6-groups neutron spectra do not show significant 
differences (each group differs less than 3% from a core to an other during the whole life). 
Additionally, safety parameters as Fuel Temperature Coefficient, Void Coefficient and delayed neutron 
fraction do not show significant differences due to changing fuel form (Table 9). Thanks to the 
relatively high U fraction in the fuel, all this parameters are similar to those of Ref. [10] for the U, Pu 
fuelled core at Beginning Of Cycle (BOC). 
 

Table 9 – Safety Parameters of GCFR “E” core fuelled with different fuel forms at BOC 

 FTC [pcm/K] VC [pcm/%void] βeff [pcm] 
Carbide -1.42882 1.700274 380 

Nitride (N natural) -1.67102 2.084636 365 
Nitride (N enriched) -1.84423 2.454291 374 

 
Observing Table 8, we note that the only Pu239 amount rises significantly during irradiation, whereas 
the other Pu nuclides are burnt except for Pu240, which is slightly increasing. Am and Cm main 
nuclides also build up. Some previous studies on GCFR-600[10] demonstrated that it can reach an 
equilibrium condition, in which the whole quantity of Pu239 gained remains constant, while the other 
nuclides are progressively being burnt. Whereby, the Pu242 content of Pu and, consequently, the MA 
content of SNF become poorer and poorer. Something similar might happen with GCFR “E” as well, 
but deeper analyses are needed. However, this initial behavior is quite similar to what found for 
GCFR-600 core, although GCFR “E” requires less Pu than GCFR-600. 
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6.3 LOMBT evaluation 

The Level Of Mine Balancing Time (LOMBT)[2] is the time that a quantity of SNF takes to balance the 
radiotoxicity of the natural uranium from which it descends. The LOMBT of the typical LWR SNF is 
about 150000 years (Figure 1). A procedure to calculate the LOM of a given quantity of SNF from a 
reactor is shown in Ref.[2]. Let us analyze now how much the LOMBT changes with the considered 
fuel cycle. It has to be remembered that the final waste are Am, Cm and FPs, because U, Np and Pu 
can be recycled and reused as new fuel for GCFR. The LOMBT was calculated with CARL2.2 
code[19] and the results are shown in Table 10, Figure 7, Figure 8 . Please note that the only 
outcomes relative to GCFR with carbide fuel have been reported, because they are substantially the 
same as the others.  
Recycling Am would mean to reduce the LOMBT of an order of magnitude (Table 10). Nevertheless, 
the LOMBT due to Cm always remains very high. From Figure 7 and Figure 8 it is possible to 
recognize that radiotoxicity of Cm vs. time presents a sort of plateau. Consequently, reducing 
opportunely the initial quantity of Cm in SNF could mean to reduce drastically the LOMBT. As an 
example, reprocessing a pebble after about 1 FPY and recovering all its Pu, Np and Am content could 
reduce the radiotoxicity of the final waste to about 3000 years. Of course, this solution is not good 
from a practical point of view, because it is advisable to burn pebbles as long as possible. However, 
what found suggests a couple of strategies to cope with the long-term radiotoxicity effectively. The first 
could be to design dedicated assemblies13 in which a net reduction of Cm is achieved[2]. Alternatively, 
as claimed above, Cm could be stored temporarily and recycled after its decay in Pu[6]. 
 

Table 10 – LOMBT [years] for the final waste from each kind of reactor 

Waste composition HTR GCFR 
Am+Cm+FPs 138950 104811

Cm+FPs 44984 25595 
 

 
Figure 7 – SNF from HTR: contribution of Am and Cm to the total radiotoxicity vs. time 

(LOMBT=138950 years) 
                                                      
13 Building dedicated assemblies for Am and Cm burning in GCFR is though quite challenging at the 
moment, because many chemical and physical properties of carbides and nitrides of Am and Cm are 
still unknow and, additionally, carbides and nitrides of Am are very volatile[6] 

 



Proceedings of the International Youth Nuclear Congress 2008 
 
 
 
 

XYZ.14 
 
 
 

 

Figure 8 - SNF from GCFR: contribution of Am and Cm to the total radiotoxicity vs. time 
(LOMBT=104811 years) 

6.4 General conclusions about the LWR-HTR-GCFR fuel cycle 

From the previous results, some conclusions can be drawn. HTR reactor achieves a drastic Pu 
reduction, thanks to using fertile-free fuels. It is possible to observe also a net reduction of Np237 both 
in the HTR and in GCFR, although in the former core Pu238 production is by far larger than fission of its 
precursor Np238 and of Pu238 itself. In contrast, in GCFR the total amount of Pu238 is monotonously 
decreasing, because of fission of both Np238 and Pu238 itself.  
However, Am and Cm content of the fuel rises significantly along with Pu burning, due to 
transmutation of part of Pu isotopes. Am and Cm build-up still makes very high the long-term 
radiotoxicity of the SNF. However, separating Am from Cm and recycling the former with Pu and Np 
reduce the LOMBT of the final waste of an order of magnitude. Even though this LWR-HTR-GCFR 
cycle, at least at this preliminary stage of development, does not fully solve the problem of long-term 
radiotoxicity, it substantially improves the exploitation of U resources: this is one of the Gen. IV goals 
as well as the radiotoxicity reduction. Let us look at the following Table 11: 
 

Table 11 – Mass of waste per unit of energy produced by the single reactors and by the whole 
cycle respectively 

 Waste composition Waste produced [g/MWhe] 
LWR  U, Np, Pu, Am, Cm, FPs 0.95 

HTR Am, Cm, FPs 
 

0.10 
 

GCFR Am, Cm, FPs 
 

0.10 
 

LWR-HTR-GCFR cycle Am, Cm, FPs 
 

0.04 
 

 
It is clear not only that both the HTR and the GCFR exploit better nuclear resources if compared with 
the LWR (OTTO cycle), but also that combining them in a symbiotic way reduces drastically the waste 
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amount per unit of energy produced (this cycle is 20 times more efficient than the OTTO cycle with 
LWRs).   
 

7 CONCLUSIONS 

In this paper a symbiotic cycle involving the current LWR concept and two of the Gen. IV reactor 
kinds, namely HTR and GCFR has been proposed. This cycle is aimed at reducing the quantity and 
the radiotoxicity of the final nuclear waste as well as at exploiting better the natural uranium resources. 
As a consequence, a proliferation resistant fuel is obtained, with significant fractions of nuclides like 
Pu238, Pu240, Pu242 and Cm isotopes. The choice of the fuel compositions has been based on both 
neutronic and technological considerations. HTR has been loaded with Pu and Np from LWR SNF. 
After a very long irradiation in this core (600 GWd/tHM burn-up), Pu and Np has been recovered and 
added to DU as fresh fuel for the GCFR, while Am and Cm has been stored waiting for Cm decay. Our 
evaluations have confirmed that the HTR is not only a very good Pu burner, but also an effective Np 
burner. That is a good outcome, because Np is the most abundant nuclide among the MAs from 
LWRs and its half-life is very long (more than 2·106 years). Additionally, Np is potentially suitable for 
military uses[20]. The GCFR core can exploit the very degraded Pu and Np of the SNF from the HTR 
along with DU, thanks to its very good neutron economy. Three different GCFR core concepts have 
been considered, and the 2400 MWth core “E” has been chosen for the following calculations because 
it can work with the smallest fraction of Pu+Np (16% as atomic fraction). Additionally, three different 
fuel forms (carbides, nitrides with enriched N and nitrides with natural N) has been used for this core, 
and we found that there are no significant differences among them as far as neutronics and 
transmutation are concerned. Consequently, the final choice of the fuel form may only be based on 
technological constraints. The GCFR core might enable the possibility to  achieve very long irradiation 
cycles and to sustain itself from the fissile material point of view (Pu239 is the only increasing among 
Pu nuclides). The main outcomes of this cycle are the effective exploitation of the natural resources 
and a significant improvement of the ratio between energy produced and mass of waste (20 times 
smaller than that of the OTTO cycle). Additionally, the compositions of the resulting Pu is always rich 
in even isotopes (particularly, Pu240 mass is slightly increasing during irradiation), which are 
substantially proliferation resistant. 
Of course, a thorough future work is very important to improve this cycle, particularly as far as the 
long-term radiotoxicity reduction of the final waste is concerned. First of all, a preliminary evaluation of 
the equilibrium composition of this fuel has to be assessed. Recycling Am along with Pu and Np in 
both HTR and GCFR might also be very useful as a comparison. Besides, a calculation on 
homogeneous recycling of all HMs from LWR, HTR and GCFR linked symbiotically could give some 
other interesting indications. Additionally, the impact of using Thorium in HTR, with Pu and Np as 
driver fuel, has to be evaluated. Indeed, the mass number of Th is much lower than that of U, so that 
smaller quantities of MAs might be produced. Additionally, a 3D, detailed GCFR core model will build 
and used for future calculations: also, it will enable us to design dedicated assemblies in order to 
recycle heterogeneously Am and Cm and to obtain a net reduction of their mass during each 
irradiation cycle. With this model, studies on the fuel equilibrium compositions will be performed as 
well.  
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