"3
EITS
COMILLAS

UNIVERSIDAD PONTIFICIA

ICAI

MASTER IN ENVIRONMENT AND SMART
ENERGY MANAGEMENT

MASTER'S FINAL PROJECT
The fourth R in Nuclear Technology

Author: Marta Velasco Estévez

Director: B. Yolanda Moratilla Soria

Madrid






Declaro, bajo mi responsabilidad, que el Proyecto presentado con el titulo
La cuarta R de la tecnologia nuclear: Reprocesado
en la ETS de Ingenieria - ICAI de la Universidad Pontificia Comillas en el
curso academico 2020/21 es de mi autoria, original e inédito y
no ha sido presentado con anterioridad a otros efectos.
El Proyecto no es plagio de otro, ni total ni parcialmente y la informacion que ha sido

tomada de otros documentos esta debidamente referenciada.

Fdo.: Marta Velasco Estévez Fecha: 19/08/2021

Autorizada la entrega del proyecto

EL DIRECTOR DEL PROYECTO

Fdo.: B. Yolanda Moratilla Soria Fecha: 19/08/2021







"3
EITS
COMILLAS

UNIVERSIDAD PONTIFICIA

ICAI

MASTER IN ENVIRONMENT AND SMART
ENERGY MANAGEMENT

MASTER'S FINAL PROJECT
The fourth R in Nuclear Technology

Author: Marta Velasco Estévez

Director: B. Yolanda Moratilla Soria

Madrid






LA CUARTAR DE LA TECNOLOGIA NUCLEAR: REPROCESADO

Autor: Velasco Estévez, Marta.
Director: Moratilla Soria, B. Yolanda.
Entidad Colaboradora: ICAI — Universidad Pontificia Comillas

RESUMEN DEL PROYECTO

1.

Introduccion

La sociedad actual, preocupada por los problemas medioambientales que se han
acentuado las ultimas décadas, se ha concienciado acerca de la necesidad de
descarbonizar la sociedad. Aunque una sociedad descarbonizada se confunde en
ocasiones con una sociedad electrificada, son conceptos diferentes puesto que hay
otros vectores energéticos, como el vector hidrogeno actualmente en auge, que
permiten descarbonizar el sistema. Son varias las tecnologias que conducen hacia este
objetivo y entre ellas destaca la energia nuclear, que permite producir energia sin
emitir gases de efecto invernadero [1].

Una correcta gestion de los residuos nucleares es fundamental para decantar la
balanza a favor de esta tecnologia. La produccion de residuos es inherente a la
actividad industrial y su gestion es una etapa imprescindible, siendo una de las
prioridades de los grupos de investigacion que buscan optimizar gestion de residuos
de alta actividad, con el objetivo futuro de lograr que no existan residuos nucleares
gracias a los ciclos avanzados que permiten separar los componentes del combustible
nuclear gastado y asi poder ser reutilizados como materias primas.

Definicién del proyecto

Se busca justificar la necesidad de mantener en Espafia la energia nuclear como parte
del mix energético, tanto por razones técnicas de estabilidad del sistema como por
razones econdmicas para evitar la escalada de la pobreza energética. Ademas, se va a
demostrar la aceptabilidad social a esta tecnologia, siempre y cuando se renueve la
imagen anticuada de los cementerios nucleares gracias a la utilizacion de tecnologias
mas de vanguardia, desarrolladas en linea con la regla de las 4R. Estas tecnologias, al
igual que el slogan medioambiental citado anteriormente, buscan optimizar el
aprovechamiento de materias primas gracias el reprocesado y posterior reciclaje y
reutilizacion de materiales, no solo en la fase convencional actual sino avanzando
tendencias econdmicas de invertir en el nuevo modelo de reprocesado que permite
separar mas isotopos.

Metodologia

Con el fin de analizar la viabilidad econdmica del reprocesado avanzado, se estima el
incremento en el coste del reprocesado avanzado con respecto al reprocesado
convencional, a partir de los datos obtenidos en la tesis doctoral de Laura Rodriguez
[2]. El objetivo es demostrar que el reprocesado avanzado podria ser una opcién
viable para la gestion de residuos en un futuro préximo, pasando a formar parte de las
posibles estrategias espafiolas para la gestién de CNG.



El estudio de la aceptabilidad social se realiza mediante encuestas enviadas a
diferentes segmentos de la poblacion y su posterior andlisis. Dicha encuesta se redacta
con el objetivo de preguntar de forma indirecta sobre la preferencia de la poblacion
encuestada entre una gestion de residuos nucleares con ciclo abierto o dicha gestion
en ciclo cerrado.

Resultados
4.1. Estudio econdmico

Para realizar el estudio se consideran las siguientes hipotesis: no se realiza ningun
pago por el Pu obtenido -1-, se establece un reprocesado avanzado en el que se extrae,
aparte de U y Pu, algunos lantanidos y actinidos -2-, y, por tltimo, se consideran estos
elementos extraidos materias primas que pueden ser introducidas al mercado
energético obteniendo de ello un beneficio. Con estas hipdtesis definidas y
consultando en la bibliografia el sobrecoste esperado de este reprocesado avanzado,
se obtienen los costes totales para un incremento del 5%, 10% y 15%, mostrado en la
Tabla 1, representando su tendencia en la Ilustracion 1, donde se aprecia una tendencia
lineal y un incremento en el coste de alrededor de 350 € cada incremento de 5% con
respecto al reprocesado convencional.

0% 5% 10% 15%

Coste total 9.277,93 M€ 9.632,21 M€ 9.986,48 M€ 10.340,75 M€

Tabla 1. Andlisis de costes del reprocesado avanzado con respecto al coste del actual reprocesado.
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llustracion 1. Tendencia del coste del reprocesado avanzado

Aungue este es un coste aproximado, se debe tener en cuenta que este sobrecoste, en
gran medida, se va a compensar con la venta de las materias primas recicladas, con la
disminucion del volumen de residuos que retornan a los paises que enviaron su CNG
a plantas de reprocesado avanzado (asi como la disminucion de la radioactividad de
estos, lo que reduce también las exigencias radioldgicas a la hora de disefiar los AGPs
y los ATCs), y con la reduccion de transporte derivada de la reduccion en el volumen
de los residuos.

4.2. Estudio de aceptabilidad social

La encuesta realizada mediante el método CAWI (Computer Assisted Web
Interviewing), consta de un total de cinco preguntas. A continuacion, se muestran las
preguntas (excluyendo la quinta que era solo para analizar la franja de edad) y sus
correspondientes respuestas en las Ilustraciones 2-5.



P1. ¢Qué opinidn tiene sobre la Energia Nuclear?
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llustracién 2. Respuestas a la pregunta 1 de la encuesta en funcion del rango de edades.

P2. é{Mejoraria su opinidn si no se produjeran residuos?

No

o
N

0 40 60 80 100 120 140 160 180

W Menor de 30 afios M Entre 30y 50 aflos W Mayor de 50 afios

llustracion 3. Respuestas a la pregunta 2 de la encuesta en funcion del rango de edades.

P3. ¢Le parece bien que los residuos se almacenen de forma definitiva
en un almacén subterrdneo controlado y con las medidas de seguridad
necesarias?
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llustracion 4. Respuestas a la pregunta 3 de la encuesta en funcion del rango de edades.
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P4. i Mejoraria su opinidn si se reciclasen los residuos en vez de
almacenarse?
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llustracion 5. Respuestas a la pregunta 4 de la encuesta en funcion del rango de edades.

Analizando las respuestas se puede afirmar que el ciclo abierto no convence ni si
quiera a todos los que estan a favor de emplear la energia nuclear ya que el 64% afirma
estar de acuerdo con el almacén directo de residuos frente al 71% que se declara a
favor de la energia nuclear. También se puede concluir que el empleo de un ciclo
cerrado como estrategia para la gestion de residuos nucleares reduce
significativamente la percepcion negativa que tiene la poblacién sobre la energia
nuclear ya que el 22% de la poblacion tiene una opinion negativa a cerca de esta fuente
de energia y tan solo el 7% declara que el uso del ciclo cerrado no mejoraria su
percepcién. Cabe destacar que dentro de este 7% que no veria su opinidn alterada, un
5% tenia una opinidon “muy mala” acerca de la energia nuclear, lo que hace pensar
gue esta oposicion es una oposicion ideoldgica méas que fundamentada en realidades
tecnoldgicas. En esta linea, tan solo un 2% de los jévenes menores de 30 declararon
tener una opinion “muy mala” de la energia nuclear, lo que, unido al hecho de que
este rango de edad estd compuesto en su mayoria por estudiantes de ingenierias, da a
entender que los jovenes formados en esta area, con una opinién fundamentada en
aspectos técnicos a priori, no presentan tanta oposicion hacia esta tecnologia como las
personas adultas.

Por ultimo, no se puede valorar a partir de las preguntas realizadas si alguna de las
personas a los que no les convence el ciclo abierto basan esta opinion en una
argumentacion econdmica debida al sobrecoste que este ciclo conlleva.

Conclusiones

El cese total de las centrales nucleares espafiolas es una accion irreversible, puesto
gue no seria viable econdmicamente abrir nuevas centrales nucleares una vez
clausuradas todas las que estan operativas actualmente. Es por ello por lo que debe
ser una decision premeditada y que sopese todas las consecuencias.

Con el contexto actual europeo, analizando la posicion de Alemania y Francia
respecto a la energia nuclear, y el estudio realizado en el presente proyecto, queda
demostrado que la tecnologia nuclear es una tecnologia clave para seguir con un
sistema eléctrico estable y sin reducir las emisiones de gases de efecto invernadero.
Esto hace que sea muy recomendable mantener las centrales nucleares espafiolas en



6.
[1]

(2]

operacion, asegurando el suministro eléctrico las 24h del dia, alineandose con el reto
de alcanzar una sociedad descarbonizada, sin poner en peligro los avances
tecnoldgicos e industriales debido a probables cortes de suministro de forzar su cierre.
La disponibilidad, la fiabilidad, la estabilidad y la predictibilidad que ofrece posibilita
una adecuada gestion del sistema eléctrico.
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SUMMARY OF THE PROJECT

1.

Introduction

Current society, worried by the environmental crisis, is more compromised with the
need of decarbonization of the system. Despite a decarbonized society is often mixed
with an electrified society, those are very different concepts as there are other
energetic vectors such as hydrogen energy. European Union is creating a portfolio of
those environmentally sustainable technologies, and despite not being included yet,
the nuclear energy could be a great ally as it can produce energy without emitting any
greenhouse effect gas.

A proper management of the nuclear residues is fundamental to tip off the balance in
favor to nuclear technology. The production of residues is inherent to the industrial
activity and thus its management is key, needing to optimize those processes with the
goal of achieving no nuclear residues production in the future, and reusing the
components as new raw materials.

Project definition

This project aims to justify the need of nuclear technology in Spain as part of the
energetic mix, both for system stability and economical reasons to about the rise of
energetic poverty. Furthermore, it will show that the social acceptability of this
technology can increase as long as the development in refinement and reuse of
residues advances, in line with the rule of the 4R. These technologies, like the
environmental slogan previously cited, look for an optimization of the raw materials
thanks to the reprocessing, recycling and reuse of materials.

Model description

To analyze the economic feasibility of the advanced reprocessing, we estimated the
increment in costs of the advanced process compared to the cost of conventional
reprocessing. Such estimation was made from the data obtained in the PhD thesis of
Laura Rodriguez. The goal of such calculation was to demonstrate that an advance
reprocessing could be a feasible option for the waste management in a near future,
thus becoming part of the portfolio of possible strategies for Spain to improve SNF
management.

In order to assess the current opinion of the Spanish population regarding nuclear
energy and its impact in the environment, a CAWI survey (Computer Assisted Web
Interviewing) was designed with the five, below stated questions that could be
answered in the scale from “excellent” to “very poor” or with a “yes/no” answer type.



4. Results
4.1. Economical study

When doing this analysis, the following hypothesis were held: (1) there is no
associated payment for the plutonium obtained; (2) there is an advanced reprocessing
in which lanthanoids and actinoids are obtained as well, alongside plutonium and
uranium, and (3) the lanthanoids and actinoids obtained would be considered as raw
material that put back in the market give an economical benefit.

With these defined hypotheses and using the literature to find the estimated over-cost
of the advanced reprocessing, we obtained the total cost for an increment of 5%, 10%
and 15%, showed in Table 1. representing the trend in Figure 1, where it can be seen
as linecar and with an increment of cost of around 350€ each increment of 5%
compared to conventional reprocessing.

0% 5% 10% 15%
Total Cost 9.277,93 M€ 9.632,21 M€ 9.986,48 ME  10.340,75 M€

Table 1. Analysis of the advanced reprocessing cost compared to the current cost of reprocessing.
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Figure 1: Linear trend of over-cost against total cost

Although this is an approximate cost, it has to be taken into account that the over-cost
will largely be compensated with the sale of recycled raw materials, with the decrease
in the residue volume that need to get back to their countries, and with the decrease
in the transport need associated to this lower volume of residues.

4.1. Social acceptability

The survey performed by CAWI (Computer Assisted Web Interviewing) method
consist of a total of five questions. Below, it is shown all the questions but the fifth
one (only needed to set the age frame of the subject) and the corresponding answers.



Q1. What is your opinion about the nuclear energy?

Excellent

Indifferent

M Less than 30 years old M Between 30-50 years old W Over 50 years old

Figure 2: Answers to Q1 grouped by age.

Q2. Would your opinion improve if there were no
associated nuclear waste disposal?
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Figure 3: Answers Q2 classified by age groups.

Q3. Would you agree with the nuclear waste to be
indefinitely stored in safe and controlled underground
casks?

Not answered
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Figure 4: Answers to Q3 classified by age groups.



Q4. Would your opinion improve if the nuclear waste were
recycled instead of stored?

Not answered

Yes

No
I

0 20 40 60 80 100 120 140 160 180 200

Less than 30 years old Between 30-50 years old B Over 50 years old

Figure 5: Answers to Q4 classified by age groups.

Based on all the answers collected, it is clear that a once-through cycle is not good
enough for the population, not even for those who already hold a positive view of
nuclear power (71% of population has a positive view of nuclear energy, while 64%
agrees with the direct storage of SNF). On the other hand, it was also observed that
the usage of a twice-through cycle as SNF management strategy would significantly
reduce the negative perception of the surveyed sample. This affirmation is held on the
basis that 22% of the population answered to have a negative perception of nuclear
energy and only 7% of them declared that a change of the SNF management strategy
would not be enough for them to improve their opinion about nuclear. It is worth
noting that inside that 7% who would not change their opinion, 5% had a “very poor”
view of nuclear technology, which leads to the hypothesis that such opposition is
funded upon ideological fundaments rather than technological knowledge. Following
this line, only the 2% of the people below 30 years old declared to have a “very poor”
opinion about nuclear technology, and this, linked to the fact that most people
belonging to this sample group are engineering students, leads to the hypothesis that
when having the grounds and knowledge about what is nuclear technology and how
it works, people is less inclined towards having a negative view of this technology.
Finally, we could not evaluate from the survey performed whether the sample
population who was not convinced with a once-through cycle base their opinions on
an economical argumentation due to the over-costs that this management strategy
implies.

Conclusions

The total cease of the Spanish nuclear centrals is an irreversible action, as it would
not be economically feasible to open new ones afterwards. That is why it must be a
strongly premeditated choice, with all the possible consequences very clear.

In the current European context, analyzing the position of France and Germany
regarding nuclear energy and with this project, it has been proven that the nuclear
technology is a key technology to maintain a stable electric system while reducing the
emissions of greenhouse gases. Therefore, it seems highly advisable to keep the
Spanish nuclear centrals operating, thus guaranteeing the electric supply 24/7 and
helping achieve the goal of a decarbonized society without compromising the society.



The availability, stability and predictability that nuclear technology possesses, offers
the possibility of an adequate management of the electric system.

6. References
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Abstract: With industrial revolution, carbonization began leading to the current greenhouse effect and global
warming, one of the main issues in current society. Due to this emerging climate crisis, countries are trying
to switch to a decarbonization system. Nuclear energy began in 1950s, constituting a powerful technology
with no CO; emissions that could contribute to the decarbonization of the system without compromising the
electrical supply and without economical caveats. However, the lack of experience regarding radioactive
waste management and the two nuclear accidents in Chernobyl and Fukushima, have made nuclear energy
to have a poor social acceptability and to be left out of the portfolio suggested by the European Union as
environmentally sustainable technologies, despite the recommendation of experts. Thus, this project aims
to analyze the current opinion of the Spanish population regarding nuclear energy as well as developing an
economical analysis of the instauration of a twice-through cycle strategy. We observed that the younger
population, more engaged with the environment, has a more positive opinion of nuclear energy. Further-
more, all surveyed population agreed on improving their opinion if a twice-through cycle strategy was in
place. Despite being a more expensive strategy regarding direct costs, we found that it would be compen-
sated by a higher energy production and lower indirect costs, making twice-through cycle a possible option.
Therefore, this project sets the ground for a deeper technological consideration of nuclear energy as an asset
for decarbonization and environmental sustainability.

Keywords: Nuclear energy; Reprocessing; Waste management; Twice-through of fuels; Environmental sus-
tainability; Decarbonization; Social acceptability.

1. Introduction

Due to the emerging climate crisis, the world needs to switch to a decarbonization society,
which is not an analog of electrified society, as other energetic vectors could also contribute to
the decarbonization of the system — take for instance hydrogen as an energetic system which is
currently taking off thanks to the European investment into its research development. From a
technical perspective, there are several technologies that would allow the decarbonization being
one of those the nuclear technology as it allows production of energy without CO> emission [1].
Therefore, in order to achieve a complete decarbonization of the electric system minimizing the
risks and associated costs, a varied portfolio of all options available is needed [2]. Excluding nu-
clear energy of this portfolio for the decarbonization of the system would increase the electric
production notable [iError! No se encuentra el origen de la referencia.]. As well as diminishing
the stability of the whole electrical network, which would then lead to supply cuts.

To tackle this crisis, the European Commission has launched the European Green Deal, which
aims to make the 27 member states reduced their carbon emissions in 55% by 2030, turning into
full climate-neutral by 2050 [4]. But in order to achieve these goals, it is necessary to invest in new
sustainable projects that would replace the current energetic system. Thus, the European Union
(EU) created a listing of what the Commission considers as environmentally sustainable activities,
called the “EU taxonomy”, establishing six environmental objectives which includes: climate
change mitigation (1) and adaptation (2), protection of water and marine resources (3), transition
to a circular economy (4), pollution prevention and control (5) and protection of biodiversity and
ecosystems (6). However, despite the favorable experts’ report about nuclear technology for the
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energy transition [5], nuclear energy was not included into this EU list of environmentally sustain- 48
able activities due to the lack of experience regarding radioactive waste management and spent 49
nuclear fuel management. Therefore, an appropriate management of the radioactive waste, ina 50
controlled and coordinated manner, would tip the scales for nuclear energy to get integrated into 51
the EU Taxonomy and thus be considered an environmentally sustainable activity. 52
53

All industries generate waste, as this is an inherent action of the human being. In the last 54
decades, the generation of different types of waste has increased alarmingly [6]. With the aimto 55
protect the planet, the rule of the “3Rs” was proposed: Reduce — Reuse — Recycle. Additionally, in 56
the last few years, a new R was included: Recover. This last process is directly linked to industrial 57
processes and consist of recovering materials or elements that would then be used as raw mate- 58

rials. The reprocessing of used nuclear fuel refers to recover radioactive materials that are still 59
useful for nuclear reactors. Thus, here we propose the Reprocessing as the “4™" R” of nuclear tech- 60
nology. 61

62

Furthermore, there is a clear need for nuclear energy in Europe to achieve the European 63
Green Deal and full climate-neutrality by 2050, as it would be impossible to maintain the energetic 64
demand relying solely on the wind and solar technologies. For instance, Spain holds a diversified 65
energetic mix, with 12% of total energy production being hydraulic and only 8% being solar energy 66
[7]. The reason for solar energy to only account for a small percentage, being Spain one of the 67
member states with the highest levels of solar radiance in EU, relies on the limitations of this 68
technology [8]. Only wind production substantially contributed to energy production in Spain, ac- 69
counting for 22% of the total production, in a similar level to nuclear energy production [7]. How- 70
ever, although wind energy production is equivalent to nuclear production, the power installed is 71
significantly lower in the case of nuclear energy production -being 17093 MW of wind power ver- 72
sus 7117 MW of nuclear power [9] — thus making nuclear energy production far more efficient. 73
Following this context, if Spain decided to continue with a denuclearization plan, the country 74
would have to substitute that 22% of nuclear energy production for a new technology with a sim- 75
ilar energy production yield and that is catalogued as environmentally sustainable in the EU Tax- 76
onomy. As previously stated, nuclear energy would constitute a perfectly environmentally sus- 77
tainable activity if radioactive waste management were performed correctly. 78

79

Despite this, Spain decided to follow a once-through strategy, where the waste generated is 80
directly stored without any treatment. The Spent Nuclear Fuel (SNF) management firstly thought 81
to put in place in Spain was the reprocessing, when dismantling Vandellds I, thus sending the SNF 82
from that nuclear plant to reprocessing plant of La Hague in France and Sellafield in United King- 83
dom. But the glasses from this reprocessing are still awaiting to be sent back to Spain from France. 84
In the VI Plan General de Residuos Radiactivos from 2006, currently in place in Spain, a strategy 85
for once-through cycle was established as well as the construction of a Centralized Interim Storage 86
(CIS) to store the SNF from the different nuclear plant in Spain. This CIS was planned to be in place 87
and running from 2010; however, its construction has not even been started due to all the diffi- 88
culties encountered that continuously delay this project [10]. Without a working CIS, as soon as 89
the nuclear plant’s pools get filled, some Independent Spent Fuel Storage Installations (ISFSI) are 90
built. 91

92

This waste management strategy has contributed to a poor public opinion of the nuclear 93
energy industry in Spain, alongside the fear of nuclear accidents -such as those occurred in Cher- 94
nobyl in 1986 and Fukushima in 2011-. The accident of Chernobyl in 1986 has been described as 95
one of the worldwide events that caused important psychological damage to the entire popula- 96
tion due to the uncertainty of the consequences and the ignorance about radiation effect in hu- 97
mans. Afterwards, the accident in Fukushima in 2011 led to the plan of different EU member 98
states to dismantle all their nuclear plants, despite the fact that the Fukushima plant had a cold 99
shutdown without any major human damage and all deaths were associated to the tsunamiand 100
not to the radioactivity. But importantly, alongside the worries about a possible nuclear accident, 101
another matter that worries the public is the price of the electricity [11]. Nuclear energy not only 102
gives stability to the energetic system but is able to reduce the electricity price as well, as it does 103
not depend on external elements, making it a potential ally to the public. 104

105

In this project we have analyzed the current public opinion about nuclear energy in Spain 106

and estimated the economic feasibility of the nuclear advanced reprocessing. We observed that 107
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the once-through cycle is not considered to be the best option even to the people that had a good 108
impression of nuclear energy (64% agreed with an opened cycle versus the 71% of nuclear energy) 109
as well as the twice-through cycle, or closed cycle, could reduce the negative opinion to nuclear 110
energy significantly, which leads to the conclusion that an appropriate and efficient spent nuclear 111
fuel (SNF) management would improve the public opinion of nuclear energy and contribute tothe 112
stabilization of this technology as one of the environmentally sustainable technologies used for 113

worldwide transition to a climate-neutral society. 114
115

2. State of the Art 116
117

2.1. Nuclear Fuel cycle: 118

The nuclear fuel cycle encompasses all the stages and processes that are made on the ura- 119
nium and its later derivatives, from its extraction in the mines until its final disposal. The different 120
types of cycles define different strategies for the management of fissile nuclides residues thus 121
assuming important implications of the management of nuclear residues and proliferation of nu- 122
clear weapons, both of them two of the three main negative impacts of nuclear power in the 123
environment [12]; being the last one nuclear accident. 124

125

The nuclear fuel cycle has two main stages: front-end (initial phase) and back-end (manage- 126
ment of the spent nuclear fuel). The front-end comprises all the stages precious to the usage of 127
nuclear fuel in the central reactors for the generation of nuclear power. On the contrary, the back- 128
end refers to all processes in which the spent nuclear fuel is involved, from its extraction from the 129

reactor until its final storage. 130
131
2.1.1. Front-end — from nature to reactor: 132

This first phase has five stages: (1) mining to extract the uranium, (2) conversion of the con- 133
centrated uranium (UsOs) into uranium hexafluoride (UFe), (3) enrichment of uranium to obtain 134
the concentration of the fissionable isotope U-235 required by the nuclear reactors, (4) conver- 135
sion of enriched UF6 into uranium dioxide dust (UOz2), and finally (5) the fabrication of fuel ele- 136

ment. 137
138
To obtain the fuel element, the starting point is a uranium pill, obtained after compression 139
of UOz into cylindrical tables, as it can be observed in Figure 1. 140
141
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Figure 1. Fabrication of fuel element. 143
2.1.2. Back-end — managing Spent Nuclear Fuels: 144

The management of the Spent Nuclear Fuels (SNF) aims to avoid that such residues become 145
a risk for the environment or the human beings, neither in a direct not indirect way through air, 146
water or the food chain. This stage of the nuclear process starts with the extraction of used nu- 147
clear fuel form the reactor until the final disposal of such. The fuel is considered “spent” when the 148
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growth of the fission products, responsible of absorbing the neutrons, and the decrease of U-235 149
consumed in the reaction, reduce the efficacy of the fission reaction chain [13]. This reduction in 150
the efficacy leads to the need of substituting part of these elements for a new fuel, what is de- 151
nominated as a “re-charge”. 152
153

The SNF that is extracted still hold a high energetic capacity, as the reactor only uses 5% of 154

the energy initially contained [13]. This remanent energetic capacity can be used again in other 155
reactors. 156
157

The different stages of this phase depend on the SNF cycle strategy followed. There are cur- 158
rently two main cycle strategies available: once-through cycle (or opened cycle) and twice-through 159

cycle (or closed cycle). 160
161
2.1.2.1 Once-through cycle: 162

This strategy consists of the direct storage of SNF, without any intermediate reaction of 163
treatment. This storage is performed according to the safety guidelines in place for thousands of 164
years, until the radioactivity of the SNF reaches the levels or natural uranium or safe levels. This 165
cycle consists of two main phases: temporal storage and final storage, including the intermediate 166
phases of transport and encapsulation. 167

168

There are two types of temporal storage, depending on the type of refrigeration needed: 169
wet storage — using pools of cold water-, and dry storage — using an inert gas or just normal airas 170
refrigeration. Firstly, after extracting the SNF from the reactors, it is introduced into pools inside 171
the nuclear central with the goal of diminishing its radioactivity and using the remanent heatto 172
easy the next phases. They are kept in these pools for 5 to 10 years, depending on the nuclear 173
central characteristics (type of reactors, burnt degree...) [14]. This phase is shared between once- 174
through cycle and twice-through cycle, being the very first phase of the temporal storage of SNF. 175

176

After being refrigerated in pools, the SNF is transported to a dry storage, where it will be 177
kept for 50 to 100 years, until its final disposal at a proper depth. This storage could be placed 178
either at the nuclear central (denominated Independent Spent Fuel Storage Installations or ISFSIs), 179
or at an external localization where the SNF of different nuclear centrals is mixed (denominated 180
Centralized Interim Storage or CIS). Finally, the radioactive residues are sent to their final destination, 181
where they will be kept until the radioactivity levels are the same as natural uranium or safe levels. 182

The most common option for this final storage is a Deep Geological Repository or DGR. 183
184
2.1.2.2 Twice-through cycle: 185

The SNF extracted from the reactors is composed mostly of uranium, bound to the fission 186
products and minority actinoids. Despite the composition changes regarding the nuclear central 187
characteristics and the reactor, the amount of uranium is around 95%, being thus the energetic 188
capacity still very high. Therefore, the twice-through cycle separated the SNF into different com- 189
ponents to be able to take advantage of such residual energetic capacity. Thus, the twice-through 190
cycle of SNF is considered a resource and not a residue, a concept supported by the principles of 191
circular economy which converts this strategy into one based in sustainability, notably reducing 192
the quantity of residues and their temporal scope [15]. 193

194

To reclaim these components with a high calorific content, it is needed to separate the fis- 195
sional materials (uranium and plutonium) from the rest of components of the SNF. The uranium 196
and plutonium extracted from it can be reused by forming a mix of uranium oxide (UO2) and plu- 197
tonium oxide (PuOz), called mixed oxides or MOX. This fuel can be used in the nuclear centrals, 198
thus achieving a better exploitation of the uranium. After being used in the reactors, MOX can be 199
reprocessed again although it is not advisable to it more than twice or three times, as the reduc- 200
tion in the efficacy could be very high. The rest of the components of the SNF (fission products 201
and minority actinoids) undergo a process of vitrification to reduce their radioactivity and to easy = 202
their manageability as well in later stages. 203

204

The reprocessing of nuclear residues is usually performed through a process denominated 205
PUREX: Plutonium Uranium Recovery by EXtraction. This process, developed in United States in 206
the last half of the 20th century, is the most used nowadays for reprocessing at industrial scale. 207
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Amongst the countries that have PUREX reprocessing plants, the most important ones due to the 208
volume of processed residues are the ones in Japan (Rokkasho), France (La Hague), United King- 209
dom (Sellafield) and Russia (Mayak). 210
211

Separating the uranium and plutonium from the rest of the components of SNF is considered 212

a conventional twice-through cycle. However, there are novel technologies still under develop- 213
ment that allow the separation of some of the fission products and minority actinoids. These tech- 214

nologies would thus be advanced reprocessing technologies. 215
216
2.2. Reprocessing technologies: 217

The reprocessing step consists of separating, via chemical reactions, the different materials 218

that compose the SNF [16]. Currently, the conventional reprocessing only separates uraniumand 219
plutonium from the rest of the components. However, new technologies under development aim 220
to achieve the separation of minority actinoids and fission products as well. 221
222

The SNF is mainly composed of reusable materials (approximately 95% is uranium) that keep 223
their energetic potential after use. The need for developing better reprocessing technologies rely 224
on them being economically feasible and is line with the current interest towards an environmen- 225
tally sustainable future. Achieving a circular economy, where the produced “residues” could be 226
reused thus becoming new resources and reducing the final volume of waste, is the aim of the 227
advanced reprocessing. Only then the nuclear energy would become a really environmentally sus- 228
tainable power, with no CO2 emission and a low rate of waste production, becoming the ideal ally 229
for the decarbonization process. 230
231

It is worth noting that despite reprocessing would reduce the nuclear waste production, it 232
would never eliminate them completely, and therefore final storages would still be needed for 233
those products that cannot be reprocessed. There are several reprocessing technologies currently 234

under development, but only PUREX is commercially available. 235
236
2.2.1. Conventional reprocessing - PUREX: 237

The current reprocessing available at large scale is PUREX. This technology was developed in 238

the second half of the 20" century thanks to the military technology and its experience. PUREX 239
consists of breaking down the SNF, dissolving it in nitric acid and extracting the solvents by using 240
tributilphosphate (TBP). With this process, the uranium and plutonium are separated from the 241
fission products and minority actinoids, that remain dissolved in the acid. 242
243

To start the reprocessing, the SNF is transported to a reprocessing plant, where it is intro- 244
duced in pools (wet storage) identical to the ones in the nuclear centrals. They can be kept in 245
these pools for several decades until being reprocessed. Then, there are four phases in the PUREX 246
process: (1) coating removal, (2) dissolution, (3) separation of uranium and plutonium, and (4) 247

treatment and conditioning of radioactive residues [17]. 248
249
2.2.1.1 Coating removal: 250

The fuel is coated with different metals in order not to get in contact with the refrigerant. 251
Therefore, for the SNF to get in contact with the nitric acid and thus react, a coating removal step 252

is needed. This removal could be mechanical or chemical. 253
254
2.2.1.2 Dissolution: 255

To separate the uranium and plutonium from the rest of components, the SNF is dissolved 256
in nitric acid. The degree of dissolution depends on several factors such as temperature, porosity 257
or plutonium concentration. This process leads to the emission of nitrogen oxides and volatile 258

fission products that require a treatment before their release into the atmosphere. 259
260
2.2.1.3 Separation and purification: 261

To extract the uranium and plutonium, it is needed to filter the solution and regulate the pH 262
until obtaining the optimum values for the separation. Once separated, the extracted uranium 263
and plutonium undergo a chemical process to separate them from each other, and later they are 264
purified. 265
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2.2.1.4 Treatment and conditioning of residues: 266

The uranium and plutonium are reconverted into PuO2 and UO., and they are sent to fuel 267
manufacturing plants in order to get reused, while the fission products and minority actinoids that 268
are kept in liquid form are vitrified and stored as highly radioactive residues but with a lower half- 269
life than the residues obtained after a once-through cycle. 270

271

The PUREX reprocessing is a developed technology that achieves nearly 100% of separation 272

of uranium and plutonium, and thus the improvement of reprocessing relies in the reduction of 273

the radioactivity of the produced residues to ease their storage. 274
275
2.2.2. Advanced reprocessing: 276

At the beginning of the 90s, a new strategy of closed cycle emerged, based on the transmu- 277
tation of certain radionuclides of a long half-life present in the SNF, with the aim of diminishing 278
their radiotoxicity and thus reducing the time until they reach a safe level of radioactivity [14]. In 279
order to perform the transmutation, a previous reprocessing step is needed to separate the mi- 280
nority actinoids (Np-237, Am-241 and Cm-242/243/244) and some of the fission products of long 281
half-life (Tc-99 and I-129). Complementary, the interest to separate the Sr-90 as well and Cs-137 282
emerged, as they are heat transmitter and thus condition the design of DGRs. Although the sepa- 283
ration of strontium and cesium is viable now, their transmutation is economically unfeasible now- 284
adays. 285

286

Regarding the advanced reprocessing technologies, there are two main lines of research: 287

hydrometallurgical processes —using wet medium-, and pyrometallurgical processes, developed 288

in a dry medium. 289
290
2.2.2.1. Hydrometallurgical processes: 291

These processes take place in a wet environment and are based on the extraction of isotopes 292
through organic solvents. These technologies are the most developed ones and take place from 293
the PUREX method, including improvements in the yield of the process and reducing the toxicity 294
of the reprocessing and volume of residues sent to a final storage. Amongst them we can find 295

UREX, DIAMEX and TRUEX [18]. 296
297
2.2.2.1.1 UREX: 298

The UREX process (URaium EXtraction), also known as advanced PUREX, is an adaptation of 299
the PUREX process to extract neptunium, apart from uranium and plutonium, as well as other 300
minority actinoids with high yield. One of the advantages of such technology is the possibility of 301
extracting plutonium alongside other elements, reducing the amount of pure plutonium that can 302
be extracted and thus diminishing the risk of proliferation. This process consists of putting the SNF 303
through several consecutive phases of solvent extraction through dissolutions of nitric acid, sep- 304
arating different components on each of them. Depending on the different phases that are made 305

and the actinoids that are meant to be extracted, there are several variants of this process. 306
307
2.2.2.1.2 DIAMEX: 308

The DIAMEX process (DIAmide EXtraction) is a solvent extraction process that allows to ex- 309
tract actinoids and lanthanoids from the residues generated through PUREX. This process, devel- 310
oped in France, consists of 16 phases divided into four main categories: extraction, incorporation 311
of the SNF to an acid solution, two stages of depuration of the organic phase, and a final separa- 312

tion using nitric acid. 313
314

This technology has been highly developed and tested in laboratories, being almost ready to 315

get incorporated at a commercial level. 316
317

2.2.2.1.3 TRUEX: 318

The TRUEX process (TRansUranic EXtraction) is also based in PUREX and presents itselfasan 319
alternative to the DIAMEX process, thanks to which the transuranic elements (plutonium, ura- 320
nium, americium and curium) can be separated from the SNF, largely reducing the radioactivity 321
of the residues [18]. 322
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This process was developed in United States at the end of the 20th century, and it is an 323
extraction process through solvents that achieve the separation of the cited elements from the 324
acid solution. This process has 20 different stages divided into 4 categories: extraction (where the 325
SNF is incorporated to an acid solution), depuration from the organic phase (first of the americium 326
and then of the plutonium), and several phases of solvent cleanse. This technology has already 327

been tested in different laboratories giving very good results. 328
329
2.2.2.2. Pyrometallurgical processes: 330

These processes take place in a dry environment, involve several stages and are based on 331
the extraction of isotopes through molten salts, such as chlorides or fluorides, or fused metals, 332
such as cadmium, bismuth or aluminum [18]. This process is designed for fuels used in Generation 333

IV reactors and instead of being applied to oxide fuels they are applied to metals. 334
335

Amongst the pyrometallurgical processes we can find the US electrorefining, the EU electro- 336
refining and the liquid-liquid extraction. 337
338

2.2.2.2.1 US electrorefining: 339

In order to develop a process that was economically feasible, able to adapt to the variety of 340
nuclear materials and weapons, and efficiently operable with minimum generation of residues, 341
researcher from the Argonne National Laboratory (USA) developed a pyrochemical electrorefining 342
process in 1991 designed to treat the IFR spent fuel. There are currently two different versions of 343
electrorefining developed by American researchers from the Argonne National Laboratory (ANL), 344
one that only recovers uranium (ready to be industrialized) and the other that allows the recovery 345
of all transuranic elements as well (only tested at laboratory scale). 346

347

The process starts with the removal of fuel rods from the irradiated fuel assembly, to then 348
being chopped into 6-7mm pieces. These segments are then placed into perforated steel baskets 349
in an electrorefiner, which is the key point to separate the actinoids from the fission products 350
present in the spent fuel. Then, the pure uranium is collected at a solid mandrel cathode and the 351
mixture of plutonium, curium, neptunium, americium and some rare earth fission products ata 352
liguid cadmium cathode. The remaining products stay in the salt and the cadmium layer below 353

the salt. 354
355
2.2.2.2.2 EU electrorefining: 356

The EU process is designed to reprocess metal fuel through separation by electrorefiningon 357

an aluminum cathode in molted chloride. This process is based on the ANL one, and further de- 358
veloped by the European projects EUROPART and ACSEPT, and now the SACSESS project. 359
360

The advantage of the EU electrorefining process compared to the ANL one is that the prior 361
reduction step is not needed, as it is based purely on electrolysis without any reductive salt/metal 362
extraction step, and thus the process gets simplified. At the end of this process, the actinoids and 363

uranium are separated and recovered. 364
365
2.2.2.2.3 Liquid-liquid reductive extraction: 366

This process, developed by the CEA Marcoule in France, aims to separate the actinoids from 367
lanthanoids with LiF-AlFs. To do so, in the liquid-liquid reduction extraction process the nuclear 368
spent fuel is put through a thermal treatment of 1100°C to remove cesium and rubidium, and 369
later the elements remaining are undergo fluorination at 450-500°C, removing the zirconium in 370
the ZrF4 form. Once these elements have been removed from the mix, the reductive extraction 371

step takes place using molten fluoride salts. 372
373
3. Objectives 374

This project aims to determine the feasibility of the advanced reprocessing of spent nuclear 375
fuel (SNF), using a strategy that would allow to reuse part of the nuclear fuel again, thus reducing 376
the volume of final SNF disposed and improving the social acceptability of nuclear technology. 377
This project aims to justify the need for Spain to keep the nuclear energy as part of its energetic 378
mix, both for technical, environmental and economic reasons. Likewise, its aims to prove that 379
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there would be a good social acceptability of nuclear technology if the SNF managementimproves 380

and switches to a close-cycle model, developed in line with the 4R. 381
382

The specific objectives for this aim are two: 383

(1) To survey the current public opinion about nuclear energy in Spain and to evaluate the 384
impact of a the twice-through cycle waste management system in the public opinion. 385
(2) To study the economic impact of reprocessing the spent nuclear fuel. 386

387

4. Materials and Methods (Methodology) 388
4.1. Economical model of reprocessing: 389

When choosing a certain strategy of spent nuclear fuel management, there are several fac- 390

tors to bear in mind. Amongst them we can find the social acceptability, environmental impact, 391
technical aspects and finally, economical aspects. In this project, we analyzed the economic fea- 392
sibility of an advanced twice-through cycle, being the economic viability a crucial aspect when 393
choosing a national strategy. 394
395

The advanced reprocessing technologies that would allow to create a twice-through cycle 396
strategy are still under further development. Despite the many advantages of this type of process, 397
the associated cost of the implementation of such novel technologies to manage SNF is still not 398
clear. There are several studies assuring that the cost of advanced reprocessing, depending onthe 399
isotopes in order to be separated for recycling —apart from uranium and plutonium-, would range 400
between a 5% and 15% more expensive than the current reprocessing technologies. However, 401
taking into account that the current reprocessing methods do not reuse the obtained materials 402
outside the options of reusing uranium and plutonium, advanced reprocessing could constitute a 403
more profitable option as new raw materials could be obtained from this process. 404
405

To analyze the economic feasibility of the advanced reprocessing, we estimated the incre- 406
ment in costs of the advanced process compared to the cost of conventional reprocessing. Such 407
estimation was made from the data obtained in the PhD thesis of Laura Rodriguez [22]. The goal 408
of such calculation was to demonstrate that an advance reprocessing could be a feasible option 409
for the waste management in a near future, thus becoming part of the portfolio of possible strat- 410

egies for Spain to improve SNF management. 411
412
4.1.1. Marifio model: 413

This model is developed to estimate the associated cost of different SNF management tech- 414
nologies through the Net Present Value (NPV) technique to then analyze the differences amongst 415
the different scenarios. The calculation of costs is established as the calculation of the normalized 416
costs through the definition of the sum of discount costs (cash flows) divided by the total produc- 417
tion of electricity [22]. 418

419

The model, developed in MATLAB, consists of four stages: (1) estimation of the future dates 420
for reactor recharges and final SNF inventory, (2) calculation of the annual material flow, (3) cal- 421
culation of costs, and (4) estimation of the future electricity production of the nuclear plants. 422

423

Finally, for each installation of SNF management, there are three established types of costs: 424
investment, operational and maintenance, and dismantling. Alongside these ones, there will be 425
an extra cost for the storage of nuclear containers in the pool, the cost of the containers them- 426

selves and the cost associated to the transport between the different installations. 427
428

4.1.2. Considered hypothesis: 429
When performing this study, we held the following hypothesis: 430

- Thereis no associated payment for the plutonium obtained 431

- There is an advanced reprocessing in which lanthanoids and actinoids are obtained as 432
well, alongside plutonium and uranium 433

- The lanthanoids and actinoids obtained in the reprocessing would be considered as raw 434
material that could be put on the market, thus obtaining an economical benefit from 435
them. 436

437
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4.2. Current public opinion surveys: 438
In order to assess the current opinion of the Spanish population regarding nuclear energy 439
and its impact in the environment, a CAWI survey (Computer Assisted Web Interviewing) was de- 440
signed with the five, below stated questions that could be answered in the scale from “excellent” 441

to “very poor” or with a “yes/no” answer type. 442
443

Q1: What is your opinion about the nuclear energy? 444

Q2: Would your opinion improve if there were no associated nuclear waste disposal? 445

Q3: Would you agree with the nuclear waste to be indefinitely stored in safe and controlled 446
underground casks? 447
Q4: Would your opinion improve if the nuclear waste were recycled instead of stored? 448

Q5: What is your age frame? 449

450

The survey was aimed at both men at women over 18 years old in Spain, being classified in 451
three age groups: less than 30 years old, from 30 to 50 years old, and more than 50 years old. The 452
survey was launched using the website SurveyMonkey (https://es.surveymonkey.com) and was 453
available for a month. 454

We collected a total of 423 surveys, that were then analyzed and pondered in order to be 455
representative of the current age groups in Spain, using the population data from the Instituto 456

Nacional de Estadistica (INE). See Table 1 for further details. 457
458
Table 1. Survey technical characteristics. 459
Survey characteristics Aims
Name of the project Perception of the Nuclear Energy
Universe Men and women over 18 years old in Spain

o To analyze whether a twice-through management of the spent nu-
Objective clear fuel would improve the current social acceptability, compared
to the current social opinion

Sample type Randomized

Date of the survey Opened from 28/06/2021 until 21/07/2021

Size of the sample We obtained 423 completed surveys, pondering the results in order
to make them representative of the current age groups in Spain

Data collection method CAWI survey (Computer Assisted Web Interviewing)
460
The surveyed population was divided into three age groups: 461
462

1) Below 30 years old: this group mainly collects engineering students from all academic levels 463
and newly graduated students. Therefore, it is a population with a good intellectual formation 464
and with capacity to understand the differences between once-through cycle and twice-through 465
cycle (related to the questions performed). They are young people for who the use of technology 466
to achieve an environmentally sustainable future. 467

468
2) Middle age group: between 30 and 50 years old: addressed to all type of people, not necessarily 469
experts in technology but with certain formation. Therefore, they consist of active population with 470
the capacity of changing their minds about their opinion regarding nuclear energy if enough tech- 471
nical improvements are given. 472

473
3) Above 50 years old: they represent more than half of the collected answers. This group is ad- 474
dressed to the general population, without identifying their formation level. Based on the con- 475
tacts the survey was sent to, it is estimated that this group holds a high level of qualification, 476
similar to what happens in the middle group. 477
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5. Results
5.1. Economical study:

To perform the economic study, we used the results obtained from the Marifio model de-
veloped in the PhD thesis by Laura Rodriguez [22]. Starting from the sensitivity study (see table
2), we applied the hypothesis previously defined to obtain the results regarding the advanced

reprocessing, which was not considered in such PhD thesis.

Table 2. Analysis of the sensitivity obtained from the Marifio model.

Cost -50% 0% 50%
ISFSIs 12.793,45 M€ 12.820,68 M€ 12.847,90 M€
CIs 12.539,90 M€ 12.820,68 M€ 13.101,45 M€
DGR 12.648,65 M€ 12.820,68 M€ 12.992,70 M€
Transportation 12.476,93 M€ 12.820,68 M€ 13.164,42 M€
Casks 12.741,02 M€ 12.820,68 M€ 12.900,33 M€
Reprocessing 7.506,56 M€ 12.820,68 M€ 18.134,79 M€
Reprocessing Pu 0 5.735,19 M€ 9.277,93 M€ 12.820,68 M€

One of the simplifications taken into account in this project was to consider both repro-
cessed plutonium and uranium as raw materials that could be then put on the international ener-
getic markets. It was not considered the possibility of having to grant a monetary compensation
or other benefit in kind for other EU member state to keep the plutonium. Therefore, the cost
corresponding to Reprocessing Pu O from Table 2 was the one taken. This current project studied
the base case (0%) and the cases +50% and -50%, observing a lineal trend in the variation of the
associated cost of reprocessing. Based on this linearity and starting from the base case corre-
sponding to 9.277,93 M€ and the hairpin of over-costs from reprocessing obtained from previous
studies in the literature, the cost of advanced reprocessing was analyzed as shown in Table 3.

5.1.3. Analysis:

From all the studies found in the literature, we obtained an over-costs estimation of the
advanced reprocessing compared to the current reprocessing technologies that ranges from 5%
to 15% of over-cost. Setting this as the starting point and taking into account the previously men-
tioned hypothesis, we obtained the over-cost and total cost of the advanced reprocessing for an
increment of 5%, 10% and 15%. This increment is variable, due to the fact of this technology being
commercial and thus depending on the negotiations taking place with the companies involved.

Table 3. Analysis of the advanced reprocessing cost compared to the current cost of reprocessing.

0% 5% 10% 15%
Over-cost - 354,27 M€ 708,55 M€ 1.062,82 M€
Total Cost 9.277,93 M€ 9.632,21 M€ 9.986,48 M€ 10.340,75 M€

In order to be able to analyze the trend of the cost, we plotted the over-cost against the total

cost, as it can be seen in Figure 2.
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Figure 2. Linear trend of over-cost against total cost 511

Although this is an estimated cost, it is appropriate to bear in mind that this over-cost will 512
largely be compensated with the sale of the recycled raw materials (sodium, fluor), as well as with 513
the reduction of waste volume that return to the countries that sent their SNF to advanced repro- 514
cessing plants, the decline in the radioactivity of such SNF, and the reduced transport need de- 515
rived from this decrement in waste volume. With the aim of analyzing the impact of these reduc- 516
tion into the associated costs of the different stages of SNF management, obtained thanks to the 517
benefits of advanced reprocessing, we estimated these cost reductions as can be observed in Ta- 518

ble 4. 519
520
Table 4. Analysis of cost reductions in the different stages of SNF management. 521
ATC AGP Transport
Cost Reduction 3% 1% 1%
522
523
5.2. Social acceptability: 524

We analyzed the answers of the first 4 questions rating different aspects of the public per- 525
ception about nuclear energy and used the last question to set it under the appropriate age frame 526

for ponderation. 527
528
5.2.1. Opinion about the nuclear energy: 529

We grouped all opinions in Table 2. As it can be observed, over 70% of the population hasa 530
positive perception of the nuclear energy and only 5% (even below the number of “indifferent” 531
answers) had a very poor perception of it, as can be seen in Figure 3 below. We considered as 532
positive answers “excellent” and “good”, while negative answers were assigned to “poor” and 533

“very poor”. 534
535
Table 5. Answers from Q1 “what is your opinion about the nuclear energy”. 536
Options Answers (%) Answers (n)
Excellent 26% 109
Good 45% 189
Poor 17% 74
Very poor 5% 20
Indifferent 7% 31
100% 423
Not answered: 0
537

538
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What is your opinion about the nuclear energy?

71%

Positive
Negative

= Indifferent

Figure 3. Percentage of positive and negative answers regarding the nuclear energy

5.2.2. Would your opinion improve if there were no associated nuclear waste disposal?

We grouped all opinions in Table 6. As it can be observed from both Table 3 and Figure 4,
over 90% of the population would have a better perception of the nuclear technology if there
were no nuclear waste disposal associated to it, which shows the concerns of the population re-
garding nuclear waste and their effect on health and environment.

Table 6. Answers from Q2 “would your opinion improve if there were no associated nuclear waste disposal”.

Options

Answers (%)

Answers (n)

Yes

No

91%
9%
100%

Not answer:

384
39
423

Would your opinion improve if there were no

associated nuclear waste disposal?

9%

91%

Yes

No

Figure 4. Percentage of yes/no answers regarding an improvement in nuclear energy perception without waste disposal

5.2.3. Would you agree with the nuclear waste to be indefinitely stored in safe and controlled

underground casks?

We grouped all opinions for this question in Table 7, showing that the shifting to twice-
through would not be an inconvenient for most of the surveyed population, thus being this a
possible alternative to the current nuclear waste management in terms of social acceptability.
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Table 7. Answers from Q3 “Would you agree with the nuclear waste to be indefinitely stored in safe and controlled underground

casks?”.
Options Answers (%) Answers (n)
Yes 64% 269
No 36% 151
100% 420
Not answered: 3

5.2.4. Would your opinion improve if the nuclear waste were recycled instead of stored?

We grouped all opinions for this question in Table 8. It can be observed that the vast majority
of the population (93% of positive answers vs 7% of negative ones) would have a more positive
perception of nuclear technology if there was a recycling process of the nuclear waste instead of
the currently in place storage of them. Therefore, linked to the previous question (see table 4 for
details) a twice-through management of nuclear technology waste would be largely accepted into
the Spanish society.

Table 8. Answers from Q4 “Would your opinion improve if the nuclear waste were recycled instead of stored?”.

Options Answers (%) Answers (n)
Yes 93% 392
No 7% 29
100% 421
Not answered: 2

5.2.5. What is your age frame?

In order to contextualize the answers into age frame and ponder them, we asked the sub-
jects to say their age range (less than 30, between 30 and 50, and over 50 years old). Table 9
collects the number and percentage of subjects from each age group and Figure 5 shows the sub-
jects distributed in “students” and “workers”, considering those in the age frame below 30 years
old as students and all the rest as workers. This estimation was based in the sample population
that the survey was sent to.

Table 9. Answers from Q5 “What is your age frame?”

Options Answers (%) Answers (n)
Less than 30 years old 27% 113
Between 30 - 50 years old 27% 114
Over 50 years old 46% 196
100% 423
Not answered: 0

6. Discussion

For a better interpretation and discussion of the results obtained regarding the public opin-
ion of nuclear energy, the age quotas were taken into account, thus turning the results obtained
in our survey representative to the current population by age. To do so, we obtained the numbers
of inhabitants on each age frame through the Instituto Nacional de Estadistica (INE)’s database
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and we pondered the proportions obtained in the surveys with the age quota obtained through
the INE. This ponderation can be seen in Table 10 for further details.

Table 10. Ponderation of results according to INE age quota

Age INE Ffopu- Surveye.d POP- o deration Equivalent St.xrveyed
lation ulation population
18-29 5.879.514 113 0,56 64
30-49 13.757.32 114 1,30 149
>50 19.505.01 196 1,08 211
TOTAL 39.141.84 423 1,00 424

Once the pondering was made, we analyzed the answers to all questions made by age group and
represented them in Figures 5-14.

The answers to the question 1, regarding the perception of nuclear energy, were plotted showing
the different answers by the different age groups (see Figure 5). In addition to this, it can be ob-
served in Figure 6-8 the percentage of positive, negative or indifferent perception of nuclear en-
ergy depending on the age. It can be observed that, regarding perception of nuclear energy, both
the population under 30 years old and above 50 years old had similar opinions, while the middle
age group (from 30 to 50 years old) had a more negative perception of nuclear technology. The
fact that this age group has a worse opinion of nuclear compared to the other groups could be
because they belong to the active population that is more engaged with the current environmen-
tal issues and therefore, they believe that nuclear technology needs to still improve its waste
management in order to be fully environmentally sustainable.

Q1. What is your opinion about the nuclear energy?

Very Poor [
I
Poor I
|
Excellent NG
]
Good
|
Indifferent G
]

o

10 20 30 40 50 60 70 80 90 100

Less than 30 years old M Between 30-50 years old B Over 50 years old

Figure 5: Answers to Q1 grouped by age.
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Less than 30 years old
8%

19% .
Positive

= Negative

= |Indifferent
73%

Figure 6: Positive/negative perception based on Q1 in the population below 30 years old.

Between 30-50 years old
8%

Positive
29%
= Negative

63% = Indifferent

Figure 7: Positive/negative perception based on Q1 in the population between 30 and 50 years old.

Over 50 years old

7%

19%
Positive

= Negative

= |ndifferent
74%

Figure 8: Positive/negative perception based on Q1 in the population above 50 years old.

When analyzing whether or not their opinion would improve if there were no associated
nuclear waste disposal, it was observed that that the answers were similar across age groups. To
corroborate this observation, plots were made for each age group, noticing identical percentages
between the two first groups (below 30 and middle group), as shown in Figures 10 and 11. How-
ever, the percentage of people stating that their opinion would not change even without nuclear
waste production was double for people over 50 years old, as seen on Figure 12. Being this group
the elderly one, we believe that their opinion regarding nuclear technology, being this a positive
or a negative opinion, it already deeply rooted and thus would remain unchanged, while the
younger population is more prone to accept that an improvement of the technology would lead
them to improve their opinion about nuclear energy. This could also be due to the fact that the
term “closed cycle” and environmental sustainability is a relatively novel concept that has had a
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greater impact on the youngest, conscious that they are the ones to lead the change towards a 633
more environmentally sustainable future. 634
635

Q2. Would your opinion improve if there were no
associated nuclear waste disposal?

Yes

No

0 20 40 60 80 100 120 140 160 180 200

M Less than 30 years old M Between 30-50 years old H Over 50 years old

636
Figure 9: answers to Q2 classified by age groups. 637
638
Less than 30 years old
6%
= No
= Yes
94%
639
Figure 10: answers to Q2 of the population below 30 years old. 640
641
Between 30-50 years old
6%
= No
= Yes
94%
642
Figure 11: answers to Q2 of the middle age population. 643
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Over 50 years old

13%

= No

87%

Figure 12: answers to Q2 of the population above 50 years old.

The next question was referring to the public opinion towards the nuclear waste manage-
ment as a once-through cycle. In order to ask this in an indirect manner, we referred to the final
storage of the waste, always under the established control measures. Figure 13 collects all given
answers divided by age group, showing that most of them, nearly 60%, would have a positive
answer.

Q3. Would you agree with the nuclear waste to be
indefinitely stored in safe and controlled underground
casks?

Not answered
Yes

No

0 20 40 60 80 100 120 140

Less than 30 years old M Between 30-50 years old B Over 50 years old

Figure 13: answers to Q3 classified by age groups.

Finally, we indirectly asked about their opinion regarding a twice-through cycle management
strategy by referring to the recycling of the residues produced. Figure 14 represents the positive
and negative answers of all age groups, and it can be observed that a vast majority of nearly 92-
93% of the population would have a better perception of nuclear energy if the waste products
were recycled instead of just stored as it occurs with the current once-through cycle. These results
fully support the affirmation of several studies that propose waste management in nuclear energy
as one of the main issues.
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Q4. Would your opinion improve if the nuclear waste were
recycled instead of stored?

Not answered

Yes
|
No
I
0 20 40 60 80 100 120 140 160 180 200
Less than 30 years old Between 30-50 years old B Over 50 years old
666
Figure 14: answers to Q4 classified by age groups. 667
668
7. Conclusions 669

The total cease of the Spanish nuclear centrals is an irreversible action, as it would not be 670
economically feasible to open new ones afterwards. That is why it must be a strongly premedi- 671
tated choice, with all the possible consequences very clear. Despite Europe is nowadays divided 672
regarding the nuclear energy topic, there are two of the main member states that have positioned 673
themselves with a final strategy: France and Germany. On the one hand, Germany has opted for 674
closing all its nuclear reactors, reaching this goal at the end of 2022 and basing the electric net- 675
work system in renewable energy and gas centrals, although keeping several coil centrals. This 676
country defends that there should be an integration of the European electric network in order not 677
to lose stability. On the other hand, France is considered the reference country for energy expor- 678
tation in the European Union and bases its energetic mix in the nuclear technology, being this 679
type of energy responsible for the 77% of the electricity production of the country. France assures 680
that it will keep nuclear energy as the base of its energetic mix for the next decades as the best 681
strategy for reaching a decarbonized society, because the closure of such centrals would lead to 682
the need of opening new coil and gas centrals and importing energy from coil, which at the end 683
would not help achieving a total decarbonization of the electric system. 684

685

It has been demonstrated that the nuclear technology is the energy power that more hours 686
of electricity produce, due to the fact that it only needs some breaks for recharge, and it emits 687
zero greenhouse effect gasses. All this makes it a highly recommendable technology to maintain 688
and thus keeping the Spanish nuclear central operating would ensure the electric supply 24/7, 689
helping achieve the challenge of transforming into a decarbonized society without compromising 690
the power supply. The availability, stability and predictability that nuclear technology possesses, 691
offers the possibility of an adequate management of the electric system. 692

693

Based on all the answers collected, it is clear that a once-through cycle is not good enough 694
for the population, not even for those who already hold a positive view of nuclear power (71% of 695
population has a positive view of nuclear energy, while 64% agrees with the direct storage of SNF). 696

697

On the other hand, it was also observed that the usage of a twice-through cycle as SNF man- 698
agement strategy would significantly reduce the negative perception of the surveyed sample. This 699
affirmation is held on the basis that 22% of the population answered to have a negative percep- 700
tion of nuclear energy and only 7% of them declared that a change of the SNF management strat- 701
egy would not be enough for them to improve their opinion about nuclear. It is worth noting that 702
inside that 7% who would not change their opinion, 5% had a “very poor” view of nuclear tech- 703
nology, which leads to the hypothesis that such opposition is funded upon ideological fundaments 704
rather than technological knowledge. Following this line, only the 2% of the people below 30years 705
old declared to have a “very poor” opinion about nuclear technology, and this, linked to the fact 706
that most people belonging to this sample group are engineering students, leads to the hypothesis 707
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that when having the grounds and knowledge about what is nuclear technology and how it works,
people is less inclined towards having a negative view of this technology. Finally, we could not
evaluate from the survey performed whether the sample population who was not convinced with
a once-through cycle base their opinions on an economical argumentation due to the over-costs
that this management strategy implies.
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Appendix A: Alignement of thi project with the Sustainable Development Goals (SDG) 721

A sustainable development is the one able to satisfy the current needs without compromis- 722

ing the possibilities of future generations. With this in mind, the United Nations defined the 17 723
Sustainable Development Goals (SDGs), that target three different aspects: social, environmental 724
and economic [25]. 725
726

This project is directly related to the environmental field and inside all the SDGs related to 727

it, is mostly aligned with the SDG-13: Climate action — Take urgent action to combat climate 728
change and its impacts. This SDG aims to incorporate measures against the climate change ata 729
national level to improve the mitigation of the global warming. In line with this, our project pro- 730
poses the need of stablishing a strategy for the radioactive residues management in Spain, and 731
poses the nuclear energy as a technology able to produce energy without greenhouse gas emis- 732
sions, thus helping mitigate the climate change. 733
734

Another of the SDG related to this project is the SDG-7: Affordable and clean energy —en- 735

sure access to affordable, reliable, sustainable and modern energy for all. The nuclear energy 736
generates each year nearly 60.000 GWh, which is more than 20% of the whole amount of elec- 737
tricity consumed in Spain, therefore setting itself as the main power source free of CO2 emissions. 738
Furthermore, the electric production in nuclear centrals guarantees the electric supply 24/7 all 739
year around and they operate in base, giving stability to the electric network. Finally, they do not 740
produce greenhouse gas emissions, which makes it a key power source to obtain energy in an 741
accessible manner and in an environmentally sustainable way, generating a high value for society. 742
743

744

745

746
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