
Semana Nacional de Engenharia Nuclear e da Energia e Ciências das Radiações – VII SENCIR
Belo Horizonte, 12 a 14 de novembro de 2024

Id.: EN44

NEUTRONIC ANALYSIS OF A PWR SMRWITH REPROCESSED FUELS

Samuel Fernandes1,2,3, Lucas Chaves 1,2, João P. Cunha Melo1,2, Natália Gonçalves1,
Teresa Barrachina3,4, Rafael Miró3,4 and Claubia Pereira1,3

1 Departamento de Engenharia Nuclear – Escola de Engenharia – Universidade Federal de Minas
Gerais (UFMG)

2 Departamento de Física – Instituto de Ciências Exatas (ICEX) – Universidade Federal de Minas
Gerais (UFMG)

Av. Antônio Carlos, 6627 campus Pampulha 31.270-901, Belo Horizonte, MG, Brasil
3 INCT de Reatores Modulares e Inovadores

4 Instituto Universitario de Seguridad Industrial, Radiofísica y Medioambiental. Universitat
Politècnica de València, Camí de Vera(s/n), 46022, València, España

sbelmont@ufmg.br, samuelnomenojr@gmail.com

Palavras-Chave: NuScale, SMR, PWR, GANEX, Reprocessed Fuel.

ABSTRACT

The goal is to initiate studies to evaluate the possibility of inserting reprocessed fuels into Small Modular
Reactors (SMRs) based on the Pressurized Water Reactor (PWR) design. In this case, two different
reprocessed fuels were evaluated using the GANEX (Extraction of Group Actinides) reprocessing
technique; one spiked with thorium, and the other spiked with depleted uranium. The reprocessed fuels
substituted the fresh fuels of the equilibrium core, and the core behavior was analyzed. During a fuel
cycle, the conversion ratio and the terms of the six-factor formula, responsible for the core's global
effective multiplication factor (keff), have been analyzed, and the three cores, composed with standard fuel
(named STANDARD), reprocessed fuel spiked with thorium (named REP-Th) and reprocessed fuel
spiked with depleted uranium (named REP-DU), have been compared. This study was carried out using
the SERPENT 2.2.1 code with the ENDF/B-VII cross-section library.

1. INTRODUCTION

The NuScale project is a 17x17 small modular reactor (SMR) based on pressurized water
reactor (PWR) technology [1]. Although the design project has been discontinued, the NuScale
project can still be used to advance SMR studies. In this study, the equilibrium core obtained
based on the NuScale FSAR has been obtained using SERPENT 2.2.1 code. After that,
considering information and parameters evaluated and developed obtained from the various
works in the area of SMR’s and reprocessed fuels evaluation carried out by the DEN-UFMG
[2-9], two new cores using reprocessed fuels substituting fresh fuels have been designed, one
spiked with Th and another spiked with depleted uranium (2%). These reprocessed fuels were
obtained using a depleted fuel matrix based on a Brazilian reactor in operation ANGRA I with
the GANEX technique, where Pu and MA (minor actinides) are recovered [10], utilizing as a
spent fuel matrix, an ANGRA I spent fuel [11,12]. These models were used to evaluate the
behavior of conversion ratio (C), that is defined as the ratio between the fissile material created
and the fissile material consumed, either by fission or absorption, and the terms of the six-factor
formula during burnup when reprocessed fuels are inserted. The evaluated terms of six-factor
formula were reproduction factor (η), thermal utilization factor (f), resonance escape probability
(p), fast fission factor (ε), for which the product generates kinf, multiplied by the fast
non-leakage probability (PFNL) and thermal non-leakage probability (PTNL). These six factors
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describe the system's inherent capacity for Multiplication directly proportional to the keff [13].
The reprocessed fuels analyzed in this work are the transuranic fuel spiked with thorium
(TRU-Th)O2 and a transuranic fuel spiked with depleted uranium (TRU-DU)O2 in your
respective models REP-Th and REP-DU, and this study has been carried out using SERPENT
2.2.1 code with ENDF/B-VII cross-section library.

2. METHODOLOGY

2.1 Model development

The core developed has been obtained from [14] that evaluated the better percentage, quantity,
and positions of fuel rods with Gd2O3 to be inserted in the reactor, analyzing keff'‘s by the
NuScale FSAR parameters and compared to the other models. The developed core has 37 fuel
assemblies 17x17, with assembly pitch = 21.50364 cm and 264 fuel rods with pin pitch =
1.25984 cm, 24 guide tubes, and 1 instrumentation tube. This Standard equilibrium core has 3
types of assemblies, they are: 24 assemblies Fuel-01 (UO2 with 4.05% of U235), 12 assemblies
Fuel-02 (UO2 with 4.55% of U235 with 16 burnable poison rods (BPR), each containing 6 % of
Gd2O3) and 1 assembly Fuel-03 (UO2 with 2.60% of U235). This percentage and quantity of
BPR was a result of comparison between different libraries for different percentages of Gd2O3
and amounts of BPR for the same NuScale model and the value with the lowest fluctuation
between libraries was chosen for this model[14]; And 7 subtypes of assemblies: A-01- Twice
burned - Fuel-01, A-02 - Twice burned - Fuel-02, B-01- Once burned - Fuel-01, B-02 - Once
burned - Fuel-02, C-01- Fresh - Fuel-01, C-02 - Fresh - Fuel-02 and C-03 - Fresh - Fuel-03.
The equilibrium core is represented in Figure 1.1.

Fig 1.1. Distribution of fuel assemblies in the core on reference equilibrium cycle (Figure taken
from NuScale FSAR).
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Fig 1.2. The distribution of fuel assemblies in the core on the reference equilibrium cycle is
separated, with a core thermal power of 160MW and burnup of 20.67 MWd/kgHM in each

cycle, by the number of times burned.

For all cases, a reflective stainless steel (SS304) wall with a thickness of 7,62 cm, a moderator
(light water) around the reactor with a 108 cm radius, and a 20 cm moderator column on the top
and bottom were added for neutron reflection according to FSAR, were inserted in the model.
The following temperatures were used in the simulation using SERPENT 2.2.1 code: water at
600 K, stainless steel at 300 K, fuel at 900 K, helium for the fuel pellet-clad gap at 900 K, and
cladding at 600 K [1].

2.2 Obtaining the equilibrium core

To obtain the equilibrium Standard core, the fuel assemblies A-01,02 and B-01,02, assemblies
C-01 and C-02 were burned separately for 2 cycles, with a core thermal power of 160MW and
burnup of 20.67 MWd/kgHM in each cycle [1], for a total of 41.34 MWd/kgHM, with 200000
neutrons during 1000 histories, discarding the first 300 histories for the convergence, using
SERPENT 2.2.1 and ENDF VIIB cross-section library. After obtained the compositions after the
respective burnup for each specific assembly, the equilibrium STANDARD core was modeled,
inserting the assemblies burned for 1 or 2 cycles into the core in their respective positions as
shown in Fig.1.1. The list of isotopes of interest was based on the nuclides considered in the
burnup credit criticality analysis for PWR fuels [15] and the xenon and samarium fission
products, a poisoning products [13].
For the equilibrium core with reprocessed fuels (REP-DU and REP-Th), the models substitute
all the fresh fuels (TYPE C) for reprocessed fuel assemblies. reprocessed fuels were obtained
after GANEX reprocessing technique from spent fuel from ANGRA I [11,12]. This reprocessed
material has been spiked with fertile material (thorium or depleted uranium) until it obtains the
most closely global keff of the STANDARD model. The keff difference between the cores models
is around 400 pcm. The keff value was obtained with a percentage of fissile material of 8.24% for
REP-DU and 11. 7% for REP-Th at BOC (Begin Of Cycle) [16].

Tab. 1. keff values   obtained for an equilibrium core for different fresh fuels (STANDARD,
REP-DU and REP-Th) at BOC.
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Core keff

STANDARD 1.12665 +/- 14 pcm

REP-DU 1.12674 +/- 16 pcm

REP-Th 1.12645 +/- 16 pcm

2.3 Parameters evaluated

The equilibrium core model (STANDARD), according to FSAR [1], and the core models with
reprocessed fuels were evaluated and performed for a 1-cycle burnup for each model. This
burnup cycle was 20.67 MWd/kgU, sampling with 200000 neutrons during 300 histories,
discarding the first 100 cycles and a heat flux of 160MW for energy normalization. The core
takes around 3.2 years to reach the 20.67 MWd/kHM burnup. During this time, the depletion
time was divided into 39 steps of 30 days, plus a final step of 15.21 days, to reach the total
burnup value. This analysis focuses on the six-factor, using SERPENT 2.2.1 and ENDF VII
cross-section library, which makes an estimate when calculating the values of each term
according to the specifications of each term [17]. The reproduction factor, η, is the ratio between
the number of fast neutrons produced by thermal fission and the number of thermal neutrons
absorbed in the fuel [13]. The thermal utilization factor, f, describes how effectively the thermal
neutrons are absorbed in the fuel [13]. The fast fission factor, ε, is the ratio of the total number
of fission neutrons (from both fast and thermal fission) to the number of fission neutrons from
thermal fissions[13].The resonance escape probability, p, is the fraction of fission neutrons that
escape to slow down from fission to thermal energies without being absorbed, defined as the
ratio between the number of neutrons reaching thermal energies and the number of fast neutrons
decelerating[13]. The neutron can escape while slowing down; as the mean free path of the
neutron is relatively large for high energies, this fast neutron leakage has a high probability.
However, after slowing down, the neutron can continue to scatter and eventually leak out before
absorption. These processes are considered in the effective multiplication factor through the
ratio between the number of fast neutrons that do not escape from the reactor core during the
slowdown process and the number of fast neutrons produced by fissions at all energies (P_FNL)
and the ratio between the number of thermal neutrons that do not escape from the reactor core
during the neutron diffusion process and the number of neutrons that reach thermal energies
(P_TNL)[13].
For the conversion ratio, the following fissile nuclides, U-233, U-235, Pu-239, and Pu-241, have
been considered [17]. For all cases analyzed, the parameters are evaluated during the burnup of
each fuel.

3. RESULTS AND EVALUATION OF NEUTRONIC BEHAVIOR DURING BURNUP

3.1.The global effective multiplication factor

During burnup, using SERPENT 2.2.1, the keff value changes, which can result from many
factors. Nevertheless, of the six-factor formula, the only one that varied significantly was η. The
results presented at the beginning of cycle (BOC), for the STANDARD core, a keff = (1.12665
+/- 14 pcm) and η = (1.64908 +/- 12) pcm and at End Of Cycle (EOC), a keff = (0.917373 +/- 19
pcm) and η = (1.41219 +/- 17 pcm) . The REP-Th core initializes in BOC with a keff = (1.12645
+/- 16 pcm) and η = (1.62320 +/- 16 pcm) and ends (EOC) with keff = (0.977605 +/- 18 pcm)
and η = (1.46679 +/- 17 pcm) , and the REP-DU core in BOC with a keff = (1.12674 +/- 16
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pcm) and η = (1.63525 +/- 15 pcm) and ends (EOC) with keff = (0.96342 +/- 19 pcm) and η =
(1.46292 +/- 19 pcm).

Fig 3.1. Global keff during burnup.

Fig 3.2. Reproduction and Thermal utilization factor for the 3 different
models(Standard, REP-DU and REP-Th).

Fig 3.3. Fast fission factor and Resonance escape probability for the 3 different models
(Standard, REP-DU and REP-Th).
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Fig. 3.4: Fast and Thermal Non-leakage for the 3 different models (Standard, REP-DU, and
REP-Th).

3.2. Conversion ratio

If C > 1, it is often referred to as the reproduction ratio, as in this case, the reactor is creating
more fissile material than it is consuming, which, as can be seen in Fig. 3.1, is not the case with
these models[18,19]. Something to be expected is that due to the different amounts of fissile
material in the compositions of the models analyzed, the Conversion ratio reaches a higher
value for the STANDARD model and a lower one for REP-Th, which is also shown in Fig. 3.1.

Fig. 3.5. Conversion ratio for the 3 different models(Standard, REP-DU and REP-Th)

4. CONCLUSION

This work analyzed neutronic parameters complementary to other works of this group for the
proposed SMR model. It can be seen from the variation of the terms of the six-factor formula
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that the main impact on the variation of keff is in the Reproduction Factor, showing that neutron
production decreases considerably more for the STANDARD model and remains considerably
close for models with reprocessed fuel. By analyzing the other graphs of these terms, greater
proximity is observed in the behavior of the models REP-DU e REP-Th. Also, from observing
the graphs, such as the conversion ratio, it can be seen that the behavior of the fuels, as
expected, has a lower production of fissile atoms per fissile atoms consumed for models with
reprocessed fuels since they all have the same design, this is explained by the different
composition, as in a reprocessed fuel there is already a greater presence of fissile atoms, which
does not happen in the STANDARD model, which is why throughout the burnup this model
goes from the model with the lowest conversion ratio to the higher one. It follows the same
pattern, showing that the fuels used in this simulation are close to those used in the FSAR of a
reactor design, in this case, NuScale reactor.
It shows that using thorium and depleted uranium for spiked reprocessed fuel results in similar
fuels. However, using thorium increases the environmental impact of the fuel reprocessing
process with the mining and makes the process more expensive. Thus, using depleted uranium
to produce reprocessed fuel minimizes the initial impact of mining and minimizes the impact of
the final deposition of the fuel. Therefore, using depleted uranium is a more sustainable fuel
proposal, as it minimizes the impact on the stages that cause greater environmental degradation
in the nuclear energy sector, leaving mining as an option for future generations avoiding the
depletion of fundamental resources for nuclear energy.

ACKNOWLEDGEMENTS

The authors would especially like to thank CAPES, CNPQ, CNEN and FAPEMIG for their
support.

REFERENCES

[1] NuScale Power, LCC, “NuScale Standard Plant - Design Certification Application”, 2020.

[2] Gonzalez-Mantecon, J., et. al., Thermal hydraulic simulations of the Angra 2 PWR. EPJ-N
Nuclear Science & Technologies, v. 5, p. 1-8, 2015.

[3] Silva, R. H. M., et. al., Estimativa do valor médio do keff do núcleo padrão de Angra 2 utilizando
os códigos SCALE 6.0, MCNPX 2.6.0, MCNP 5. IV SENCIR - Quarta Semana De Engenharia
Nuclear e Ciências Das Radiações. Belo Horizonte: DEN/UFMG, 2018. v. único. p. 453-460.

[4] Castro, Víctor Faria et al. Contribuições ao uso de tório em reatores de água pressurizada -
aspectos neutrônicos. Thesis, 2020.

[5] Reis, P. A. L., et. al., Evaluation of the ANGRA 2 nuclear power plant using a RELAP5-PARCS
coupled model. Nuclear Energy for National Projects. Rio De Janeiro: ABEN, 2017. v. único. p.
1-12.

[6] Gonzalez-Mantecon, J., et. al., Modelagem e análise termo-hidráulica do vaso de pressão do
reator Angra 2 com o código RELAP5-3D. Segunda Semana de Engenharia Nuclear e Ciências das
Radiações - SENCIR 2014. Belo Horizonte: DEN/UFMG, 2014. p. 1-8.

[7] Monteiro, F., Faria, R., Fortini, A., Silva, C., & Pereira, C. (2015). Assessment of the Insertion of
Reprocessed Fuels and Combined Thorium Fuel Cycles in a PWR System. MRS Proceedings, 1769,
pp. 6-13.



Semana Nacional de Engenharia Nuclear e da Energia e Ciências das Radiações – VII SENCIR
Belo Horizonte, 12 a 14 de novembro de 2024

[8] Castro, V., Monteiro, F., & Pereira, C. (2017). Assessment of the Insertion of Reprocessed Fuel
Spiked with Thorium in a PWR Core. International Nuclear Atlantic Conference.

[9] Felipe Martins Gomes Pereira. A Thorium-Fuel Pin Neutronic Analysis Using Different Nuclear
Codes. Dissertation, (2019)

[10] Bell, K, et al., 2012. Progress towards the development of a new GANEX process. Procedia
Chem. 7, 392.

[11] Cota, Stela, and Claubia Pereira. "Neutronic evaluation of the non-proliferating reprocessed
nuclear fuels in pressurized water reactors." Annals of Nuclear Energy 24.10 (1997): 829-834.

[12] Eletrobras Termonuclear S.A., “Informações de Angra 1” -
https://www.eletronuclear.gov.br/Nossas-Atividades/Paginas/Informacoes-de-Angra-1.aspx
(Accessed august 2024)

[13] - Duderstadt, James J., and Louis J. Hamilton. Nuclear reactor analysis. Wiley, 1976.

[14] FERNANDES, Samuel. Neutronic analysis of the NuScale reactor with Serpent and Polaris. In:
International Nuclear Atlantic Conference - INAC 2024 Escola de Guerra Naval, Rio de Janeiro, RJ,
May 6 - 10, 2024

[15] - "Spent Nuclear Fuel Assay Data for Isotopic Validation", NEA/NSC/WPNCS/DOC(2011) -
SOAR_final.pdf (oecd-nea.org) - accessed 08/2024.

[16] FERNANDES, Samuel. “Reprocessed Fuels in a PWR SMR based on NuScale” submitted to
Nuclear Engineering and Design, 2024

[17] Leppänen, J., Pusa, M., Viitanen, T., Valtavirta, V., & Kaltiaisenaho, T. (2015). The Serpent
Monte Carlo code: Status, development and applications in 2013. Annals of Nuclear Energy, 82,
142-150.

[18] Hector Rene Vega-Carrillo, Isvi Ruben Esparza-Garcia, Alvaro Sanchez, Features of a
subcritical nuclear reactor, Annals of Nuclear Energy, Volume 75, 2015, Pages 101-106, ISSN
0306-4549.

[19] M. Salvatores, 17 - Partitioning and transmutation of spent nuclear fuel and radioactive waste,
Editor(s): Ian Crossland, In Woodhead Publishing Series in Energy, Nuclear Fuel Cycle Science and
Engineering, Woodhead Publishing, 2012, Pages 501-530, ISBN 9780857090737.


