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Abstract 

 
In the framework of the Horizon 2020 project ESFR-SMART (2017-2021), the European Sodium Fast 
Reactor (ESFR) core was updated through a safety-related modification and optimization of the core 
design from the earlier FP7 CP-ESFR project (2009-2013). 
 
This study is dedicated to neutronic analyses of the improved ESFR core design. The conducted work is 
reported in two parts. Part I deals with the evaluation of the safety-related neutronic parameters of 
the fresh Beginning-of-Life (BOL) core carried out by 8 organizations using both continuous energy 
Monte Carlo and deterministic computer codes. In addition to the neutronics characterization of the 
core, a special emphasis was put on the calibration and verification of the computational tools involved 
in the analyses. 
 
Part II is devoted to once-through and realistic batch-wise burnup calculations aiming at the 
establishing of the equilibrium core state, which will later serve as a basis for detailed safety analyses.  
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1. Introduction 

The Horizon 2020 ESFR-SMART (European Sodium Fast Reactor Safety Measures Assessment and 

Research Tools) is a four-year collaborative project co-funded by the European Commission within the 

Euratom research and training programme [1]. The project was launched to enhance further the safety 

of the commercial-size European Sodium Fast Reactor (ESFR) investigated within the earlier CP-ESFR 

project [2] . 

At the initial stage of the project, the modified ESFR core design was obtained through the two-

step optimization procedure applied to the SFR core developed within the CP-ESFR project. The new 

ESFR core design was established by optimizing neutronic, thermal-hydraulic, and fuel performance 

using multi-physics and multi-objective optimization. The corresponding activities are described in 

details in the current special issue on ESFR-SMART [3].  Some preliminary information is also available 

in [4]. The core design modifications were aimed at improving the core map symmetry, optimizing the 

void effect, and facilitating the corium relocation toward the corium catcher. In addition, the core 

design aimed at achieving low reactivity swing in connection with a flexible breeding and minor 

actinide burning strategy. 

The main objective of the current study is a neutronic characterization of the new ESFR core. The 

conducted work is reported in two parts: 

- Part I is focused on the evaluation of safety-related neutronic parameters for the fresh core, 

which are used to calibrate and verify the computer codes used in the analyses. 

- Part II is devoted to once-through and realistic batch-wise burnup analysis aimed at 

establishing the equilibrium core loading pattern [5]. 

Part I of the paper is structured as follows. Section 2 provides a brief overview of the initial ESFR 

core. Section 3 discusses the modeling assumptions. Results are presented in Section 4. Section 5 

summarizes the paper.  

2. A brief description of the initial ESFR-SMART core 

This section provides a brief description of the new ESFR core and summarizes the major 

parameters and the modelling assumptions. The radial core layout is shown in Figure 1. The core 

consists of inner fuel (IF) and outer fuel (OF) regions loaded with 216 and 288 fuel sub-assemblies (SA) 

respectively. In the initial core, the Pu content in both zones is identical and equal to 17.99 wt%. Both 

regions are managed using a 6-batch fuel loading pattern. The core is controlled by 24 control and 

shutdown devices (CSD) and 12 diverse shutdown devices (DSD). Compared to the SFR core from the 

CP-ESFR project, new corium discharge tubes (CDT) were introduced into several locations (31 in total) 

including the central position, the boundary between IF and OF regions, and the core periphery. The 

active core is surrounded by 3 rings of reflector SA, 2 rings of internal spent fuel storage positions, and 

4 rings of shielding SA. Preliminary analysis, performed at CIEMAT, showed a negligible effect of the 
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spent fuel storage and shielding on neutronics. Therefore, these regions were not considered in the 

neutronic analyses of the ESFR-SMART core. 

The axial layout of the IF and OF SAs is presented in Figure 2. Compared to the initial SFR core 

from the CP-SFR project, a large sodium plenum followed by a neutron absorber was introduced above 

the active core. In addition, the heights of the fissile regions were reduced and fertile and steel blankets 

introduced below. A single fissile enrichment was adopted for both IF and OF regions. In order to 

improve radial power uniformity, the height of the IF fissile region was further reduced. At room 

temperature, the active core height is 1 m. The height of the blanket in IF and OF zones is 5 and 25 cm 

respectively. The height of the sodium plenum is 60 cm. The fissile pellet features an inner hole. The 

fertile pellet has the same radius as the fuel but no inner hole and a different isotopic composition. 

 
Fig. 1 Radial core layout 

 
Fig. 2 Axial core layout 

 

 
IF SA 6 batches × 36 

 
OF SA 6 batches × 48 

 
CSD / DSD 24 / 12 

 
Reflector 66 / 96 / 102 

 
Spent IF storage 3 batches × 36 

 
Spent OF storage 3 batches × 48 

 
CDT 31 
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3. Modeling assumptions 

The neutronic calculations were performed assuming material-uniform temperatures. The 

adopted temperature values are summarized in Table 1.  

Table 1. Nominal material temperatures 
Material Temperature, K 

Fissile  1500 

Fertile  900 

Sodium  900 

Core structures  900 

 

The neutronic characterization of the fresh ESFR-SMART core started with the evaluation of the 

following parameters: 

- Core reactivity (ρ) at nominal operating conditions 

- SCRAM reactivity 

- Sodium void reactivity 

- Doppler constants (KD) 

The SCRAM reactivity was calculated as a difference in reactivity between the nominal and the 

fully rodded states. At the nominal state, all CSDs and DSDs are withdrawn to the parking position, that 

is, the bottom of the control rod is aligned with the top of the upper gas plenum (Figure 2). At the fully 

rodded state, all CSDs and DSDs are inserted in a way that the bottom of the control rod is aligned with 

the top of the OF fertile region. 

Sodium void reactivity was calculated as a difference in reactivity between the nominal and the 

voided states. Five voiding scenarios were considered as depicted in Figure 3: 

- Void 1: voiding of inner fissile region 

- Void 2: voiding of outer fissile region 

- Void 3: voiding of everything above inner fissile region 

- Void 4: voiding of everything above outer fissile region 

- Void 5: voiding of inner and outer fissile region + everything above 

 

 
Fig. 3 Considered voiding scenarios 

 
It should be noted that in all voiding scenarios, inter assembly gap was not voided as shown in 

Figure 4.  

Void 1 Void 2 Void 3 Void 4 Void 5

                                                                                

OF IF OF OF IF OF OF IF OF OF IF OF OF IF OF

Fissile Fissile Fissile Fissile Fissile Fissile Fissile Fissile Fissile Fissile Fissile Fissile Fissile Fissile Fissile

IF IF IF IF IF

OF Fertile OF OF Fertile OF OF Fertile OF OF Fertile OF OF Fertile OF

Fertile Fertile Fertile Fertile Fertile Fertile Fertile Fertile Fertile Fertile

Void above OF Void allVoid IF Void OF Void above IF
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Fig. 4 Approach to the voiding modeling. Inter assembly gap is not voided 

Doppler constants of the fissile and fertile regions were estimated using the temperature 

variations shown in Table 2. 

Table 2. Temperature variations for KD calculations 
Case T fissile, K T fertile, K 

KD1 1200 900 

KD2 1800 900 

KD3 1500 600 

KD4 1500 1200 

 

The calculations were carried out by 8 organizations using both continuous energy (CE) Monte 

Carlo (MC) and deterministic codes. All organizations, except NNL, used the Joint Evaluated Fission and 

Fusion (JEFF) Nuclear Data library version 3.1 (JEFF3.1) [6], which was thus considered the “default” 

nuclear data library. A list of contributing organizations, computer codes applied, and nuclear data 

libraries used is shown in Table 3. The modeling approaches applied are presented below. 

Table 3. Participants and codes applied for the characterization of the fresh ESFR core 

Organization Code Solver Nuclear data library 

HZDR Serpent 2.1.29 [7] CE-MC JEFF-3.1 

CIEMAT MCNP6.1.1b [8] CE-MC JEFF-3.1 

JRC MCNP6.1.0 [9] CE-MC JEFF-3.1 

IRSN MORET 5.C.1 [10] CE-MC JEFF-3.1 

UPM KENO-VI [11] CE-MC* JEFF-3.1 

NNL/Cambridge WIMS11 [12] Deterministic JEFF 3.1.2 

PSI ERANOS/VARIANT [13] Deterministic JEFF-3.1 

EDF ERANOS/VARIANT [13] Deterministic JEFF-3.1 

*No p-tables in the unresolved resonance region 

3.1 MC codes 

All MC codes performed direct full core calculations using 3D heterogeneous geometry models 

and continuous energy nuclear cross section data. The MC models reproduce the heterogeneous 

geometry fully resolved in both radial and axial direction as given in the ESFR-SMART core specification. 

The repeated structure feature of the MC codes enables to set up the geometry of the SAs and the full 

core in an efficient manner.  
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In the MC criticality calculations, sufficient numbers of neutrons and cycles were considered so 

that overall adequate statistical uncertainties were achieved. For the evaluation of the core neutronic 

parameters, the direct eigenvalue method has been used. The method determines core neutronic 

parameters using eigenvalues calculated for different core configurations with altered characteristics.  

3.2 WIMS11 

The WIMS code [12] follows a typical two-step approach where the generation of homogenized few-

group cross sections is followed by full core calculations. The few-group cross sections were prepared 

using the following procedure: 

- For the fuel cell, an initial flux solution was prepared using WIMS-ECCO and the reference 

calculation scheme (heterogeneous geometry, initial steps solved using 1968 energy groups, 

which are then condensed culminating in 172 group data). This was then fed into a 172-group, 

heterogeneous 2D-MOC solution using CACTUS (a module within WIMS), the results from 

which were used in the whole core model. Note the central annular hole was modelled 

explicitly. 

- For the fertile cell, a 172-group critical flux spectrum was calculated using ECCO and a 

homogenous representation of the fissile fuel assembly cell. This driving flux was used in an 

ECCO model of the fertile fuel cell using the same reference calculation scheme as before. The 

172-group flux estimate was then used in a heterogeneous 2D method of characteristics (MOC) 

solution using CACTUS, the results from which were used in the whole core model. 

- All other (structural) cell types were modelled homogenously in ECCO using the same driving 

flux from a homogenous representation of the fissile fuel assembly cell. The default subcritical 

calculation scheme was used (homogenous, initial steps solved using 1968 energy groups, 

which were then condensed culminating in 172 group data). 

In addition, cross sections for the CSD and DSD cells were prepared using a 2D-MOC method (CACTUS) 

to model a heterogeneous and homogenous representation. A super-homogenization (SPH) method 

[14] was then used to calculate a set of homogenized equivalent cross-sections thus enabling the 

reaction rates in the heterogeneous model to be reproduced in the homogenized model. The control 

rod worths were calculated twice, using both the homogenous and SPH methods. 

Finally, the full core calculations were performed as follows: 

- 172 group cross section data from the previous ECCO/CACTUS calculations were used in a R-Z 

model using MERLIN.  

- The 172 group data from the previous step was condensed to 33 groups and by MERLIN to 

model a HEX-Z representation of the core. Flux was solved using the SP3 approximation with 

vacuum boundary conditions. 
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3.3 ERANOS 

In the frame of ESFR-SMART project, EDF and PSI used the ERANOS code. Both organizations 

generated the respective 33-group cross sections by the ECCO module using the JEFF 3.1 based cross-

section library with 1968 groups prepared for fast reactors. For all subcritical zones, the buckling used 

for spectrum modification was 0.98696E-2, corresponding to a zone length of 25 cm. This value was 

determined in a separate study [15] and used as the most conservative value from the void reactivity 

perspective. 

Full core models were based on VARIANT module for hexagonal-z 3D flux calculation. The EDF 

calculations were based on the input file generated by the SDDS optimization system used for defining 

the reference ESFR-SMART core design [16]. The PSI ERANOS calculations are based on the reactor 

specification and the input file is derived from the EDF input file.  

Nonetheless, the EDF and PSI models differ in many aspects. For example, in the PSI case, some 

selected zones have special treatment and material definitions have the form required for EQL3D 

procedure and are often adopted directly from previous CP-ESFR core simulations rather than from 

the EDF input deck. The main difference, however, is related to the treatment of the structural 

materials. While EDF used homogeneous representation, in the PSI model, majority of radial zones are 

modelled in ECCO simulations as heterogeneous geometries respecting the reactor specification. The 

radial reflector assemblies and the control rod followers are also simulated as subcritical 

heterogeneous zones. However, there are two exceptions mentioned in Table 4. In these cases, the 

homogeneous simulation or the original heterogeneous geometry may cause problems: the first is the 

sodium plenum and the second is the control rods. In the first case, neutron streaming may occur in 

the voided plenum. To avoid an incorrect simulation, this zone could be simulated as homogeneous, 

or with original geometry but subdivided in many hexagonal segments, or as an equivalent cylinder 

corresponding to the original geometry. In the PSI model, the last option was selected (see Table 4). 

This way the resulting cross-section captured well the changes in the plenum void. In the case of 

control rods, the flat flux approximation used typically in ECCO simulation caused an overestimation 

in control rod worth. This is especially pronounced when a homogeneous model is used. Since it is not 

so easy to subdivide the complicated original heterogeneous geometry of the control rods into several 

segments, the equivalent cylindrical model was used. The geometries are illustrated in Table 4. 

Compared to the homogeneous model, the cylindrical control rods absorption is less 

overestimated. In the upper parking position, the cylindrical model provides a slightly higher reactivity 

by tens of pcm. In the scrammed position, the impact is stronger and in the range of 100 pcm. Axial 

ERANOS model follows Fig. 2 excluding the foot and head regions.  
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Table 4. Illustration of equivalent cylindrical geometries used in the PSI ERANOS model including the 
indicative subdivision into concentric subzones 

Geometry Plenum CSD rods DSD rods 

Exact  

   

Equivalent  

   

4. Results 

This section presents and discusses the results of the fresh core neutronic calculations provided 

by the contributing organizations. The results are summarized in a table form (Table 5) and compared 

graphically in Figures 5  8. The CE-MC results obtained with Serpent (by HZDR) are considered as a 

reference for comparison purposes. 

Table 5. Evaluated safety parameters, pcm units 

 Code 
ρ 

nominal 
SCRAM 

Sodium void reactivity KD 

Void1 Void2 Void3 Void4 Void5 KD1 KD2 KD3 KD4 

HZDR Serpent 3942 -4779 651 560 -704 -566 -329 -937 -902 -55 -64 

CIEMAT MCNP 4004 -4794 631 554 -685 -556 -346 -985 -942 -48 -51 

JRC MCNP  3919 -4839 625 575 -711 -564 -281 -888 -867 -25 -135 

UPM KENO  3918 -4785 638 570 -701 -569 -332 -888 -894 -52 -37 

IRSN MORET 3894 -4823 639 569 -755 -634 -448 -950 -959 -36 -93 

NNL WIMS 3991 -4633 690 603 -763 -616 -303 -1016 -980 -53 -54 

PSI ERANOS 3769 -5356 696 567 -734 -571 -287 -1040 -1008 -55 -58 

EDF ERANOS 3788 N/A 527 471 -684 -609 -485 -950 -910 -57 -56 

Maximum reported standard deviation of reactivity (1σ) in pcm units: Serpent – 4; MCNP – 5; KENO – 4; MORET – 4. 

4.1 Core reactivity and SCRAM 

The core reactivity values are compared in Figure 5a and the differences relative to the Serpent 

reference are plotted in Figure 5b. In general, there is a reasonably good agreement between all 

contributors. The results obtained with all four MC codes, namely Serpent (HZDR), MCNP (CIEMAT, 

JRC), KENO (UPM) and MORET (IRSN), are very close and agree within about 60 pcm. The deterministic 

code WIMS (NNL) shows an excellent agreement of 50 pcm with the reference reactivity value. As 

compared to Serpent, deterministic results obtained with ERANOS/VARIANT by PSI and EDF 

underestimate the core reactivity by more than 200 pcm. 
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The SCRAM reactivity values are compared in Figure 6a and the differences relative to the Serpent 

reference are plotted in Figure 6b. As in the core reactivity case, Serpent, MCNP, KENO, and MORET 

show excellent agreement in SCRAM reactivity. 

Concerning deterministic results, WIMS underestimates the SCRAM reactivity by about 150 pcm 

only. On the other hand, the ERANOS/VARIANT results obtained by PSI overestimate the SCRAM 

reactivity by more than 500 pcm. This issue can be partially attributed to the differences in the control 

rod modelling approaches employed by these organizations. For instance, PSI did not apply any 

equivalence procedure during the lattice calculations whereas an SPH-based equivalence was used in 

the WIMS calculation route. Indeed, early calculations performed by NNL using a homogenous 

representation of the CSD and DSD cells showed similar discrepancies, thus highlighting the 

importance of an equivalence procedure. 

 
Fig. 5 Core and SCRAM reactivity 

4.2 Sodium void reactivity 

The sodium void reactivity values are compared in Figure 6 for the voiding scenarios Void 1-2 and 

in Figures 7 for the voiding scenarios Void 5 (cf. Figure 3). 

The voiding of the inner and outer fissile zones (Void 1 and 2) results in a large positive reactivity 

effect (Figure 6a), as expected. The corresponding values produced by the MC codes Serpent, MCNP, 

KENO, and MORET agree reasonably well within a few percent. The deterministic WIMS, and ERANOS 

(PSI) results deviate to a somewhat higher extent from the reference. As can be seen from Figure 6b, 

there is a noticeable difference in the ERANOS results. On one hand, ERANOS (PSI) overestimates Void 
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1 by 7% and Void 2 by just 1%. On the other hand, ERANOS (EDF) shows an opposite trend and 

underestimates Void 1 and Void 2 by 17% and 19% respectively. 

The Void 3 and Void 4 cases are related to the voiding of all regions above the inner and outer 

fissile zones. These voiding scenarios lead to a large negative reactivity effect (Figure 6c). As in the 

previous voiding scenarios, Serpent, MCNP, and KENO continue to exhibit a consistent mutual 

agreement (Figure 6d). Compared to Serpent, the MORET results overestimate the Void 3 and Void 4 

values by 7% and 12% respectively, and WIMS by about 9% (Figure 6d). The ERANOS results produced 

by PSI show a good agreement with the reference while the difference in Void 3 and Void 4 is about 

4% and 1% respectively. The EDF results show somewhat higher discrepancies of 3% and 8% for Void 

3 and Void 4 respectively (Figure 6d). 

The Void 5 case corresponds to the full core voiding. The resulting reactivity (Figure 7a) is a 

combination of two large effects acting in opposite directions, namely, a large positive effect due to 

the voiding of the fissile zones and large negative effect due to the voiding of the regions above. This 

case appears to be a more challenging scenario, in particular for the deterministic codes. Compared to 

the previous voiding scenarios, the Serpent and MCNP results show somewhat higher discrepancy 

while KENO is consistently close to Serpent (Figure 7b). MORET deviates by 36% from the reference 

value. The deterministic codes WIMS and ERANOS (PSI) underestimate the sodium void effect roughly 

by 10%. At the same time, ERANOS (EDF) overestimated the Void 5 value by about 50% (Figure 7b). 

 
Fig. 6 Sodium void reactivity (Void 1, 2, 3 and 4) 
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Fig. 7 Sodium void reactivity (Void 5) 

4.3 Doppler constants 

KD1 and KD2 are related to the reactivity effects due to the temperature variation of the inner 

and outer fissile regions respectively. The corresponding values are compared in Figure 8a and the 

differences relative to the Serpent reference are presented in Figure 8b.  

The KD1 and KD2 values predicted by the MC codes MCNP, KENO, and MORET agree within 5% 

with those of Serpent. Surprisingly, the largest difference among the MC is between MCNP results 

produced by CIEMAT and JRC. As compared to the MC results, the deterministic codes predict 

somewhat higher Doppler effect, in particular WIMS and ERANOS (PSI), while ERANOS (EDF) is in good 

agreement with MC codes. 

The KD3 and KD4 are related to the reactivity effects due to the temperature variation of the inner 

and outer fertile regions respectively. As the temperature variations of the fertile fuel have relatively 

low net reactivity effect, the results are rather inconclusive (Figure 8c). The ostensible large spread 

between the MC results for KD4 in Figure 8d is in terms of reactivity worth below 20 pcm. On the other 

hand, the deterministic codes agree with the reference within 4% for KD3 and 16% for KD4 (Figure 8d). 

Due to the low neutronic importance of the fertile regions, the KD3 and KD4 values are more than 

an order of magnitude lower than KD1 and KD2. The absolute reactivity effect is about 20 pcm, which 

makes it challenging to obtain an accurate prediction by means of MC codes. 
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Fig. 8 Doppler constants  

5. Summary and conclusions 

In Part I of the paper, neutronic evaluation of the fresh ESFR core was performed. Parameters 

considered include core reactivity, SCRAM reactivity, sodium void reactivity for five different scenarios, 

as well as Doppler constants. These parameters were used to compare and tune the computational 

tools applied in the study. The outcome of the study can be summarized as follows.  

The MC codes Serpent, MCNP, and KENO show consistently good mutual agreement practically in 

all considered parameters. Nevertheless, most of the observed differences exceed the reported 

statistical precision. This can be partially attributed to the differences in processing of the basic JEFF-

3.1 library and preparation of the final cross section files utilized by the codes. This may include 

different cross section processing codes (i.e. NJOY [17] in case of Serpent and MCNP, and AMPX [18] 

in case of KENO), different versions of NJOY, reconstruction tolerance for pointwise cross sections in 

the resonance range, etc. As demonstrated in [19], Serpent and MCNP can agree on k-eff values within 

1 pcm when using identical cross section files. The difference can rise to 100 pcm when differently 

processed cross sections are utilized by the codes.  

The most problematic parameters are the KD3 and KD4 where the differences are noticeably 

higher. Temperature variations of the fertile fuel have relatively low net reactivity effect and, 

therefore, the results are rather sensitive to the MC statistics.  

It is important to note that the preliminary results produced with KENO during the course of this 

study showed significantly worse agreement than Serpent and MCNP. In particular, KENO 
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systematically overestimated core reactivity by about 400-500 pcm as compared to other MC codes 

using the same library. In order to resolve this issue, a dedicated investigation was carried out. It was 

found out that the main reason for the observed discrepancies was incorrectly AMPX-generated 

probability tables for the unresolved resonance range. Therefore, the final KENO results were 

produced using the AMPX-formatted JEFF-3.1 library (processed at UPM) without employing the 

probability tables. A more detailed discussion and the major findings of the investigation can be found 

in [19]. 

It can be concluded that nuclear data are the main source of biases in MC simulations, ahead of 

the employed state-of-the-art MC code. Taking into account that a high credibility on the 

computational outcomes is required to make robust decisions based on simulations, the qualification 

of nuclear databases associated to MC codes is revealed to be a priority to support SFR development.  

Regarding the MORET code, it shows good agreement with respect to the other Monte Carlo 

codes in nearly all considered parameters, except for the sodium void effect in the upper plenum, 

which is somewhat overestimated (and consequently so is the total void effect). This came as a 

surprise, as reactivity calculations carried out with the MORET code and other MC codes, on a large 

range of configurations, have always been in good agreement. Acceptable margins, when using well-

matched conditions (model, data libraries, etc), have always been achieved. IRSN is looking into the 

issues in deep detail to understand and unveil the source of this inconsistency. Work is under way to 

investigate in particular the treatment of neutron scattering on Na at high energy.  

One of the issues revealed in the course of this study is a noticeable difference between the PSI 

and EDF results obtained with ERANOS/VARIANT, which affects most of the major safety related 

parameters. A possible reason lies in the different treatment of non-multiplying media (plenum, 

reflectors, control rods, etc.) employed by the organizations: while PSI used heterogeneous models, 

EDF adopted a homogeneous representation of the non-multiplying media. 

The initial core neutronic characterization will be followed by the once-through and multi-batch 

burnup analysis aimed at establishing the equilibrium core state. This, however, is a topic for Part II of 

the paper [5].  
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Acronyms and Abbreviations 

3D - three-dimensional 

CDT - corium discharge tubes 

CE - continuous energy 

ρ - reactivity  

CSD - control and shutdown devices 

DSD - diverse shutdown devices 

ESFR - European Sodium Fast Reactor 

ESFR-SMART - European Sodium Fast Reactor Safety Measures Assessment and Research Tools 

IF - inner fuel 

KD - Doppler constants 

MC - Monte Carlo 

MOC - method of characteristics 

OF - outer fuel 

pcm - per cent mille 

SA - sub-assemblies 

SPH - super-homogenization 
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