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Abstract 

Partitioning and transmutation (P&T) technologies may be considered either for minor actinides 
(MAs) inventory stabilisation (typical for on-going/regional scenarios) or for a drastic reduction of the 
transuranics inventory (as in phasing-out scenarios). In this paper, two sodium-cooled fast reactor cores, 
based on the French ASTRID design and characterised by different amounts of MAs in the fuel, are 
proposed. Attention focuses on the safety and on the burning performances of the systems. The behaviour 
of the systems under dynamic conditions has been investigated considering phasing-out and on-going fuel 
cycle scenarios. The results demonstrate the flexibility of such systems when employed in different kinds of 
fuel cycles. The impact of different parameters, such as the initial isotopic vector (and Cm content) and the 
cooling time before reprocessing, on the simulation results is investigated as well. 

Introduction 

The adoption of partitioning and transmutation (P&T) technologies may be considered either for 
stabilising the minor actinides (MAs) inventory keeping plutonium (Pu) as a resource (on-going/regional 
scenarios) or for significantly reducing the accumulated transuranics (TRU) inventory and minimising the 
burden associated with their disposal (phasing-out conditions) [1]. 

Whatever is the considered objective, the development of innovative nuclear reactors able to 
efficiently burn MAs or TRU is an important pre-requisite. In particular, Fast Reactors (FR) may allow 
fulfilling different goals such as breeding fissile material or burning TRU elements or MAs for practically 
any Pu vector, MAs content, or MAs to Pu ratio. Therefore, they allow envisaging flexible options for P&T 
use for any kind of fuel cycles [2-5]. 

In this paper, we propose two 1 200 MWth sodium-cooled FR cores with a conversion ratio (CR) 
lower than one1 for incinerating either all TRU or mainly MAs. 

The systems are based on the available French ASTRID sodium-cooled FR core design [6]. The so-
called Pu burner is mainly devoted to a phase-out strategy and aims at reducing at first the Pu mass in the 
cycle (Pu is the dominant component of the TRU inventory). The MA burner is more oriented to on-going 
and regional nuclear energy options and it aims reducing the MAs mass in the cycle and keeping Pu mass 
rather stable. In developing the systems, considerable attention has been focused on safety aspects [2]. The 
deterioration of safety parameters expected by the use of large Pu content (more than 20%) and different 
amounts (2-12%) of MAs into driver fuel has been compensated by modifying the initial ASTRID design. 
The reduction by 20% of the active core height and the total power, together with the elimination of the 
internal fertile blanket and the reduction of the lower axial blanket allow obtaining a negative coolant void 
effect (if both the core and the plenum above it are voided) for both systems. 

1. The CR is defined here as the ratio of the TRU production (from U) to the destruction rates (mainly due to TRU 
fission). 
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In order to investigate the behaviour of the Pu and MAs fast reactor burners under dynamic fuel cycle 
conditions, two scenarios with different objectives have been considered. For the phasing-out case, it is 
assumed that the German accumulated TRU inventory (175 tons of TRU, produced by 19 German LWRs, 
scheduled to be gradually shut-down before the end of 2022) should be burned within about 150 years [7-9]. 
A first step to scenario optimisation is presented here by analysing the impact of the introduction of a single 
burner reactor (unit) into the fuel cycle. With respect to this case, several assumptions as the initial isotopic 
vector (including initial Cm content in the fuel) and the cooling time before reprocessing and reloading, are 
investigated. The results obtained allow to find appropriate boundary conditions for future optimisations that 
includes iterations between neutronics investigations and scenario studies. 

As a first step to regional scenario studies, MA burner systems are introduced in a simplified ongoing 
scenario for stabilising the MAs inventory. The scenario is characterised by a constant nuclear energy 
production, where the transition from LWRs to FRs fleet is achieved by using the Pu available in the cycle. 
The results obtained are compared with previous studies based on the employment of the European 
Sodium-cooled Fast Reactor (ESFR) [10,11]. 

Computational methods 

The 3D (HEX-Z) models of the Pu and MA FR burners have been assessed by means of the 
ERANOS2.2 code [12]. Effective neutron-cross sections at 33 energy-groups have been processed by 
means of the ECCO code [13], using the JEFF3.1 nuclear data library [14], and neutron transport 
calculations, have been performed by means of the VARIANT code [15]. 

Scenario analyses have been carried out by using the COSI6 (v6.0.8) code [16]. For each of the 
systems considered in the study, dedicated COSI6 libraries have been generated at KIT on the basis of the 
ERANOS calculations. 

Assessment of the ASTRID-like models 

The Pu and MAs burner models are based on the French ASTRID CFV2 concept developed by CEA 
with support of AREVA and EdF [6,17]. The models (1 200 MWth) have been assessed for achieving a 
CR of 0.5-0.7 (by increasing the TRU content in fuel) without a significant power reduction as compared 
to the ASTRID original design (1 500 MWth and CR=1). 

In order to compensate the reactivity increase due to the use of large Pu content and partly the 
deterioration of safety parameters, the core height has been reduced by about 20% (50/70 cm height for the 
inner/outer core regions, respectively) and the internal blanket in the inner core has been removed. The 
thermal power has been reduced to 1 200 MWth in order to keep the same power density as in the French 
ASTRID design. In addition, the height of the lower axial blanket has been reduced to 2 cm in order to 
decrease the breeding capability). The RZ layout is shown in Figure 1. 

The TRU vector considered in both cases (Table 1) corresponds to one used in the past in European 
studies associated to the inert matrix fuel in the design of the European Facility for Industrial 
Transmutation (EFIT), i.e. a typical MOX Spent Nuclear Fuel (SNF) reprocessed 30 years after its 
irradiation in a PWR with a burnup rate of about 45 MWd/kg [18]. This vector, if compared with the 
composition evaluated for the German SNF inventory by GRS [9] or the one corresponding to 400 TWhe 
PWR park with a 60 GWd/t burnup after 50 years cooling [19], shows the worst Pu quality and the larger 
Am-241 and Cm-244 contents, making the choice very conservative for the aim of the study.3 Such a 
vector, indeed, can be assumed as a reasonable estimation of the average fuel composition during the fuel 

2. CVF means « Cœur à Faible effet de Vide » i.e. low sodium void core. 
3. The vectors indicated in Table 1 are used in scenario similations as well. In the figures they are recalled in 

agreement with Table 1: Ref.: GRS and IAEA.  
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cycle taking into account the disappearance of Pu-239 and the formation of Am-241 during the cycle. The 
main characteristics of the burners are given in Table 2. The Pu enrichment has been set to get the required 
CR under the condition that the systems are critical after they are loaded with fresh fuel and operate for 
3 irradiation cycles, i.e. at the end of cycle 3, EOC3).4 

Figure 1: burner 2D (RZ) model (dimension in cm) [2] 

 
Table 1: Pu and MA vectors: Reference composition and alternatives 

Isotopes Reference 
[18] 

GRS 
[9] 

IAEA 
[19] 

 Pu vector (wt. %) 
Pu238 3.7 2.45 4.45 
Pu239 46.4 52.49 57.17 
Pu240 34.1 32.19 28.49 
Pu241 3.8 0.9 0.6 
Pu242 11.9 11.97 9.29 
 MAs vector (wt. %) 
Am241 75.5 63.8 62.09 
Am242m 0.3 0.1 0.04 
Am243 16.1 10.7 8.62 
Np237 3.9 24.4 28.53 
Cm243 0.1 0.0 0.03 
Cm244 3.0 0.5 0.30 
Cm245 1.1 0.5 0.33 
Cm246 0.1 0.0 0.05 

Keeping the geometry fixed, different Pu to MAs ratios have been employed in the two burners in 
order to achieve the desired objective, i.e. burning of Pu or of MAs. In both cases, homogeneous TRU 
loading (mixed U-TRU oxide fuel) has been assumed. MAs (ca. 10% wt.) are homogeneously mixed with 
depleted U in the lower axial blanket to further improve the safety performance, as in earlier studies 
performed within the CP-ESFR project [10,11]. 

4. For the burner models, the loading scheme assumed is of 5 cycles of 365 effective full power days (efpd). 
Therefore, EOC3 is considered the condition of equilibrium for FR systems with a batch scheme of 5 irradiation 
cycles. 
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Transmutation and safety performances 

As indicated in Table 2, the Pu burner works quite well, i.e. it only burns Pu since CR(Pu)=CR(TRU). 
The MA burner mainly transmutes MAs (CR(TRU)=0.55) but a small amount of Pu is burned as well 
(CR(Pu)=0.9). The same results appear in the analysis of isotope-wise transmutation performances indicated 
in table 3. For the Pu burner, Pu consumption comes from Pu-239, Pu-240 and Pu-242 and MAs consumption 
mainly comes from Am-241, while Am-243 and Cm-244 are produced leading to a net MAs balance 
(-0.2 kg/TWhth). For the MA burner, the total consumption of MAs is -14.5 kg/TWhth (mainly Am-241 and 
Am-243) while Cm is generated. The total amount of Pu is almost conserved but the vector is deteriorated 
(Pu-239 consumption and build-up of Pu-238), an important aspect that impacts the scenario studies. 

Table 2: Main parameters of the ASTRID-like burners 

Parameter Pu burner MA burner 
Power (MWth), Cycle length (efpd) 1200/365(5) 

MAs/Pu 1:20 1:2 
U inventory at BOL (tons) 6.8a/5.9b/0.3c/0.2d 6.1a/5.2b/0.3c/0.2d 
MAs inventory at BOL (tons) 0.12a/0.12b/0.03c/0.02d 1.1a/1.1b/0.03c/0.02d 
Pu inventory at BOL (tons) 2.4a/2.4b/0.0c/0.0d 2.2a/2.2b/0.0c/0.0d 
Pu enrich. (wt.%) 25a/27b 22.5a/24.5b 
Conversion ratio 0.68(Pu)/0.68(TRU) 0.9(Pu)/0.55(TRU) 
Average discharge burnup (MWd/kg) 100/137 100/133 
Reactivity loss (pcm/efpd) 7.8 2.7 

 a: Inner core 
b: Outer core 

c: Inner axial blanket 
d: Outer axial blanket 

Table 3: Isotope-wise TRU consumption (core + blanket) in kg/TWhth 

Isotope Pu burner MA burner Isotope Pu burner MA burner 
Pu238 -0.63 5.22 Am243 0.76 -1.92 
Pu239 -8.21 -6.80 Np237 -0.09 -0.63 
Pu240 -2.82 -2.56 Np239 0.05 0.04 
Pu241 0.26 0.07 Cm242 0.18 1.01 
Pu242 -1.83 -0.15 Cm243 0.02 0.08 
Am241 -1.79 -15.60 Cm244 0.54 1.56 
Am242m 0.12 0.72 Cm245 0.05 0.08 

 Pu burner MA burner 
Pu -13.2 -4.2 
MAs -0.2 -14.7 
Total -13.4 -18.9 

The safety performances of the Pu and MA burners have been investigated in [2]. The main kinetics 
and safety parameters have been evaluated at Beginning of Life (BOL) and at EOC3. As shown in Table 4, 
no significant degradation of the kinetics parameters (βeff and Λ) occurs during the irradiation. The same 
behaviour is observed for the Doppler constant (KD). Concerning the coolant void effects, if the core is 
voided, both systems show a positive reactivity effect at BOL. However, if the upper Na plenum is voided 
too, the coolant void worth is negative in both systems at both BOL and EOC3. A detailed investigation of 
the space-wise and cell-wise coolant void reactivity distributions can be found in [2]. For such analyses 
exact perturbation calculations have been performed in the 3D (HEX-Z) models by using the KIN3D [20] 
kinetics module of the VARIANT code. 
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Table 4: Kinetics parameters and main safety parameters at BOL and EOC3 

 Pu burner MA burner 
Parameter BOL EOC3 BOL EOC3 
βeff(pcm) 331 328 275 272 
Λ(μs) 0.661 0.632 0.420 0.470 
KD(pcm) -571 -540 -275 -272 
Reactor condition Δρ($) Δρ($) 
Voided core 3.1 4.0 5.9 6.1 
Voided core + plenum -3.4 -2.6 -0.3 -0.6 

Fuel cycle options 

In order to investigate the systems behaviour under dynamic fuel cycle conditions, two scenarios with 
different objectives have been considered: a phasing-out scenario and an on-going scenario. In the phasing-
out case, it is assumed that the German accumulated TRU inventory (175 tons of TRU with 137 tons of Pu 
and 38 tons of MAs) should be burned in about 150 years [9]. The introduction of three generations of 
single units5 of 1 200 MWth each and 50 years lifetime starting from 2075 (this initial deployment date has 
been chosen arbitrarily) has been considered. This simplification helps to illustrate the impact on the 
scenario analyses of modelling assumptions like the initial isotopic vector. In the reference case, the 
isotopic vector of the TRU legacy stock is the same as the one used for modelling the burners (Table 1), in 
order to have the same burning rates between COSI and ERANOS simulations. Concerning reprocessing 
and fabrication options, it has been assumed that the TRU from LWR are reprocessed and burned at first 
and, only after having consumed the accumulated stock, the TRU coming from FR SNF starts to be 
reprocessed. For a single unit, the accumulated LWR Pu (137 tons) is enough to fabricate the fuel for the 
entire operation period. This implies that the Pu vector remains practically unchanged. Under these 
conditions the impact of the cooling time before reprocessing is not visible, therefore an alternative case, 
where four units work in parallel, has been considered. 

For the ongoing scenario, the produced energy is kept fixed to ca. 70 TWhe/y,6 and a transition from 
LWR, after 60 years of operation, to FR fleet is considered [21]. In the study it was assumed that one 
ESFR unit (3 600 MWth) is replaced by three 1 200 MWth MA burner units (Figure 2). MAs are loaded 
only in the MA burner cores while Pu feeds both systems. 

Figure 2: On-going scenario: (a) LWR and FR share; b) fast fleet composition 

 
a) 

 
b) 

5. Both the Pu burner and the MA burner system have been considered in the study. The adoption of two extreme 
cases allows assessing the boundary conditions for further optimization of systems and scenario.  

6. 70 TWhe/y corresponds to the energy produced by ca. 6 ESFR units (3 600 MWth each). 
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Some assumptions (used in the past, e.g. [1]) are quite challenging from a technical point of view: six 
months for fabrication and reprocessing, 85% load factor, 40% thermal efficiency, 99.9% separation 
efficiency for all TRU. These assumptions impact the results of the scenario studies. In order to quantify 
the impact of the initial TRU vector7 (including the initial Cm content) and the cooling time before FR 
SNF reprocessing8 a parametric study has been carried out for the phasing-out case. Similar studies, for the 
on-going scenario, have been carried out in [21]. 

Results: phasing-out scenario 

In Figure 3a, the total Pu mass (considering all facilities in the cycle including repository) is shown. 
The introduction of one unit allows a reduction of Pu initial mass between 10% (ca. 16 tons) and 20% 
(29.5 tons) for the MA burner and Pu burner, respectively. These values are affected by the choice of the 
initial TRU vector assumed for the LWR SNF as indicated by Figure 3b. In particular, using a better 
quality Pu (Table 1) implies a lower enrichment of the fuel, a lower CR(Pu) and therefore a lower Pu 
reduction in cycle (the Pu mass in the cycle after 150 y for both cases is ca. 4% higher). 

Figure 3: Pu total mass evolution (case: one unit) 

 
a) 

 
b) 

The MAs mass evolution is shown in Figure 4a. The adoption of the MA burner leads to a reduction of 
46% (18 tons) while the use of the Pu burner results in an increase of 4.6 tons (ca. 12%), mainly due to the 
decay of Pu-241 to Am-241 in the LWR SNF storages (in agreement with the burning rates of Table 3). The 
effect of the initial TRU vector is shown in Figure 4b. A smaller amount of Pu-241 in stock (Table 1) leads to 
the formation of less Am-241 (by decay) for the Pu burner case (differences of the order of 5-8%). For the 
MA burner case, the MA mass reduction becomes larger (up to ca. 56% in the case of IAEA vector). 

Figure 4: MAs total mass evolution (case: one unit) 

 
a) 

 
b) 

7. Vector associated to the LWR accumulated SNF. 
8. Considering 2 years cooling time for the reference case as in [9]. 
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Concerning the Cm in the cycle (Figure 5a), the Cm inventories in both systems during the first 80 y 
are dominated by the Cm-244 decay (Ref. vector cases), dominant contribution also in the case of fuel with 
large Am content (MA burner) where an accumulation of Cm was expected (see burning rates in Table 3). 
The accumulation happens (MA burner case) after year 80 when MAs from FR SNF are recycled.9 
Changing the initial vector (Figure 5b), i.e. using vectors in which the Cm-244 contribution is low (0.3% 
vs. 3% wt., Table 1), the Cm inventory in the cycle at time 0 is ca. 50% of the inventory of the Ref. case 
and the expected behaviour of Cm accumulation is visible since the beginning of the scenario (Figure 5b). 
Further investigations considering the Cm strategy and the assessment of the impact on quantities like 
decay heat at fabrication and reprocessing plants, are planned. 

Figure 5: Cm total mass evolution (case: one unit) 

a) b) 

After introduction of a single unit working for 150 years, a large residual mass of TRU remains in the 
cycle. According to the trends shown above, we can consider that the complete TRU burning may be 
achieved by a fleet of about four to five Pu burners and two MA burners (or 6-7 systems with intermediate 
characteristics), working in average for 150 years, which corresponds to an “effective CR” of about 
0.62-0.65. Effort are ongoing at KIT for optimising the scenario including this aspect and the issue of the 
“last transmutation core” (critical burner or a subcritical machine) able to deal with the residual TRU 
inventory at the end of the cycle. The results presented here form the basis for fixing the boundary 
conditions during the optimisation process. 

A case in which four Pu burner units work in parallel has been studied to determine the effect of SNF 
multi-recycling (in that case, FR Pu is recycled from year 30) and of a different cooling time before 
reprocessing. With 4 units in operation (Figure 6-a), the Pu mass in the cycle is reduced by almost 67% 
(3 times compared to the single unit10) and the MAs mass increase remains almost the same (15% vs. 
12%). The Pu mass is not affected by different cooling times (5 or 10 y instead of the 2 y used as 
reference) before reprocessing, while MAs mass shows variations of ca. 2-4% (Figure 6b). Investigations 
of the impact on the decay heat at fabrication and reprocessing are planned. 

9. All LWR MAs are used for fuel fabrication before year 80 in the MA burner case scenario, while for the Pu
burner case scenario, characterised by lower MA content, LWR MAs continue to be used up to the end of the
scenario.

10. The Pu reduction is not fully proportional to the number of units. In fact, the reprocessed Pu has a “poorer
quality” than the initial one, i.e. the Pu-239 fraction of 43% instead of 47% due to the assumed characteristics of
the fuel cycle. A lower Pu-239 fraction impacts the Pu content (increase by ca. 1–2%) needed for maintaining
the core criticality resulting in different Pu burning rates and Pu balance in the cycle.
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Figure 6: Pu and MAs total mass evolution (case: four units) 

 
a) 

 
b) 

Results: on-going scenario 

As first step to regional scenario studies, the adoption of the MA burner has been tested with respect 
to a simplified ongoing scenario used in the past at KIT [10]. The impact of a mixed fleet 
(ESFR_&_MA_burners in Figures 7 and 8) has been compared with several cases: (a) LWR: reference 
case where only LWR are operated; (b) ESFR: fast fleet composed only of ESFR systems loaded with 
MOX fuel (all MAs are sent to the repository); (c) ESFR-5%MA: fast fleet composed only by ESFR 
systems with 5%wt. of MAs homogeneously loaded in core (strong effects on safety parameters); and d) 
CONF2-10%MABB: fast fleet composed only of ESFR optimised cores, including lower axial blanket 
made of depleted U with 10% MA (in this case the driver fuel is normal MOX fuel with less influence on 
reactivity effect deterioration). 

As indicated in Figure 7a, the adoption of only three units of MA burners (ESFR_&MA_burners case) is 
sufficient to reduce the MAs in the cycle to the same level as in the case of a full fleet loaded homogeneously 
with 5% MAs in the core. The Pu mass evolution in the cycle is comparable to ESFR cases (Figure 7b). 

Figure 7: Pu and MAs total mass evolution (on-going scenario) 

 
a) 

 
b) 

The use of the mixed fleet (i.e. with MA burners) case is more favourable from the safety point of 
view due to a lower Na void reactivity effect in burner systems with MA-bearing fuels compared to larger 
ESFR-like ones. In fact it is possible to obtain a design with a negative total coolant void reactivity effect 
(-$0.3, Table 4) while for the ESFR reference case, the void effect was systematically positive (more than 
$4, [10]). Preliminary results concerning the impact on cycle facilities (i.e. fabrication and reprocessing 
plants) are presented here. The specific activity11 (TBq/t) of the material in input to the fabrication plants is 
shown in Figure 8a. The behaviour obtained for the mixed fleet (ESFR_&_MA_burners case) remains 

11. Averaged values evaluated considering the mass of different types of batches that are fabricated. 
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comparable with the case of a full fleet loaded homogeneously with 5% MAs in the core. A similar 
behaviour for the specific decay power (W/t) is evident in Figure 8b. The results are encouraging and more 
investigations (using also different codes) are planned to confirm these trends. 

Figure 8: Specific activity a) and power b) of the material in input to fabrication plant 
(on-going scenario) 

 
a) 

 
b) 

Conclusions 

Two FR critical core models for burning Pu and MAs have been assessed for on-going/regional and 
phasing-out scenario analyses. The models are based on the original French ASTRID design. Considerable 
attention on assessing the models has been devoted to the burning and to the safety performances of the 
systems. Results show that the main safety parameters of the two systems seems reasonable and do not 
significantly deteriorate during the irradiation. The Doppler constant is relatively large in magnitude for the 
Pu burner and smaller, but still not negligible and strictly negative for the MA burner. The coolant void 
reactivity effects are also negative, if the core and upper plenum are voided, being closer to zero for MA 
burner. Both systems show good burning performances: the Pu burner burns mainly Pu (98.5% of the total 
TRU burned) and the MA burner mainly MAs (77.8% of the total TRU burned). Results show that the 
burners allow the use of all TRU compositions foreseen in the fuel cycle with a proper choice of the 
MAs/Pu ratios and of the U/TRU fractions. 

Additional studies are needed to confirm the safety of both designs, in particular for the MA burner. 
Note that the Pu and MA burners are established as extreme cases; depending on the objective (burning all 
TRUs or only MAs) and safety constraints, intermediate fuel compositions with intermediate burnup 
performances can be chosen. 

These core performance evaluations based on the core burnup simulation results are confirmed by fuel 
cycle studies performed with the COSI6 code for phasing-out and on-going scenarios. The analysis of a 
single unit deployed in three successive generations for 150 years in the phasing-out scenario represents 
the first step for future optimisation activities at KIT. Results obtained for two extreme cases form a basis 
for neutronics model improvements (as concerns e.g. possible fuel isotopic composition) and scenario 
optimisation. For this purpose, investigations about the impact of the initial TRU vector (including initial 
Cm content) and cooling time before reprocessing on the trend have been carried out. Future activities on 
phasing-out scenario optimisation, including the issue of the “last transmutation core”, are planned at KIT 
on the basis of the presented results. 

The simplified on-going scenario has been studied also in view of regional scenario investigations. 
Preliminary results concerning the impact on fabrication have been presented. The results are rather 
consistent, showing the potential of appropriate FR designs to reduce significantly TRU or MAs 
inventories within a reasonable timeframe. 
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