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RESUMEN 

 

El estudio de los ciclos del combustible nuclear requieren de herramientas 

computacionales o "códigos" versátiles para dar respuestas al problema 

multicriterio de evaluar los actuales ciclos o las capacidades de las diferentes 

estrategias y escenarios con potencial de desarrollo en a nivel nacional, regional o 

mundial. Por otra parte, la introducción de nuevas tecnologías para reactores y 

procesos industriales hace que los códigos existentes requieran nuevas capacidades 

para evaluar la transición del estado actual del ciclo del combustible hacia otros 

más avanzados y sostenibles. 

 

Brevemente, esta tesis se centra en dar respuesta a las principales preguntas, 

en términos económicos y de recursos, al análisis de escenarios de ciclos de 

combustible, en particular, para el análisis de los diferentes escenarios del ciclo del 

combustible de relativa importancia para España y Europa. Para alcanzar este 

objetivo ha sido necesaria la actualización y el desarrollo de nuevas capacidades del 

código TR_EVOL (Transition Evolution code). Este trabajo ha sido desarrollado en 

el Programa de Innovación Nuclear del CIEMAT desde el año 2010. 

 

Esta tesis se divide en 6 capítulos. El primer capítulo ofrece una visión 

general del ciclo de combustible nuclear, sus principales etapas y los diferentes 

tipos utilizados en la actualidad o en desarrollo para el futuro. Además, se describen 

las fuentes de material nuclear que podrían ser utilizadas como combustible (uranio 

y otros). También se puntualizan brevemente una serie de herramientas 

desarrolladas para el estudio de estos ciclos de combustible nuclear. 

  

El capítulo 2 está dirigido a dar una idea básica acerca de los costes 

involucrados en la generación de electricidad mediante energía nuclear. Aquí se 

presentan una clasificación de estos costos y sus estimaciones, obtenidas en la 

bibliografía, y que han sido evaluadas y utilizadas en esta tesis. Se ha incluido 

también una breve descripción del principal indicador económico utilizado en esta 

tesis, el “coste nivelado de la electricidad”. 
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El capítulo 3 se centra en la descripción del código de simulación 

desarrollado para el estudio del ciclo del combustible nuclear, TR_EVOL, que ha 

sido diseñado para evaluar diferentes opciones de ciclos de combustibles. En 

particular, pueden ser evaluados las diversos reactores con, posiblemente, 

diferentes tipos de combustibles y sus instalaciones del ciclo asociadas. El módulo 

de evaluaciones económica de TR_EVOL ofrece el coste nivelado de la electricidad 

haciendo uso de las cuatro fuentes principales de información económica y de la 

salida del balance de masas obtenido de la simulación del ciclo en TR_EVOL. Por 

otra parte, la estimación de las incertidumbres en los costes también puede ser 

efectuada por el código. 

 

Se ha efectuado un proceso de comprobación cruzada de las funcionalidades 

del código y se descrine en el Capítulo 4. El proceso se ha aplicado en cuatro etapas 

de acuerdo con las características más importantes de TR_EVOL, balance de 

masas, composición isotópica y análisis económico. Así, la primera etapa ha 

consistido en el balance masas del ciclo de combustible nuclear actual de España. 

La segunda etapa se ha centrado en la comprobación de la composición isotópica 

del flujo de masas mediante el la simulación del ciclo del combustible definido en el 

proyecto CP-ESFR UE. Las dos últimas etapas han tenido como objetivo validar el 

módulo económico. De este modo, en la tercera etapa han sido evaluados los tres 

principales costes (financieros, operación y mantenimiento y de combustible) y 

comparados con los obtenidos por el proyecto ARCAS, omitiendo los costes del fin 

del ciclo o Back-end, los que han sido evaluado solo en la cuarta etapa, haciendo 

uso de costes unitarios y parámetros obtenidos a partir de la bibliografía. 

 

En el capítulo 5 se analizan dos grupos de opciones del ciclo del combustible 

nuclear de relevante importancia, en términos económicos y de recursos, para 

España y Europa. Para el caso español, se han simulado dos grupos de escenarios 

del ciclo del combustible, incluyendo estrategias de reproceso y extensión de vida 

de los reactores. Este análisis se ha centrado en explorar las ventajas y desventajas 

de reprocesado de combustible irradiado en un país con una “relativa” pequeña 

cantidad de reactores nucleares. Para el grupo de Europa se han tratado cuatro 

escenarios, incluyendo opciones de transmutación. Los escenarios incluyen los 
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reactores actuales utilizando la tecnología reactor de agua ligera y ciclo abierto, un 

reemplazo total de los reactores actuales con reactores rápidos que queman 

combustible U-Pu MOX y dos escenarios del ciclo del combustible con 

transmutación de actínidos minoritarios en una parte de los reactores rápidos o en 

sistemas impulsados por aceleradores dedicados a transmutación. 

 

Finalmente, el capítulo 6 da las principales conclusiones obtenidas de esta 

tesis y los trabajos futuros previstos en el campo del análisis de ciclos de 

combustible nuclear. 
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SUMMARY 

 

The study of the nuclear fuel cycle requires versatile computational tools or 

“codes” to provide answers to the multicriteria problem of assessing current nuclear 

fuel cycles or the capabilities of different strategies and scenarios with potential 

development in a country, region or at world level. Moreover, the introduction of 

new technologies for reactors and industrial processes makes the existing codes to 

require new capabilities to assess the transition from current status of the fuel cycle 

to the more advanced and sustainable ones. 

 

Briefly, this thesis is focused in providing answers to the main questions 

about resources and economics in fuel cycle scenario analyses, in particular for the 

analysis of different fuel cycle scenarios with relative importance for Spain and 

Europe. The upgrade and development of new capabilities of the TR_EVOL code 

(Transition Evolution code) has been necessary to achieve this goal. This work has 

been developed in the Nuclear Innovation Program at CIEMAT since year 2010.  

 

This thesis is divided in 6 chapters. The first one gives an overview of the 

nuclear fuel cycle, its main stages and types currently used or in development for 

the future. Besides the sources of nuclear material that could be used as fuel 

(uranium and others) are also viewed here. A number of tools developed for the 

study of these nuclear fuel cycles are also briefly described in this chapter.  

  

Chapter 2 is aimed to give a basic idea about the cost involved in the 

electricity generation by means of the nuclear energy. The main classification of 

these costs and their estimations given by bibliography, which have been evaluated 

in this thesis, are presented. A brief description of the Levelized Cost of Electricity, 

the principal economic indicator used in this thesis, has been also included. 

 

Chapter 3 is focused on the description of the simulation tool TR_EVOL 

developed for the study of the nuclear fuel cycle. TR_EVOL has been designed to 

evaluate different options for the fuel cycle scenario. In particular, diverse nuclear 
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power plants, having possibly different types of fuels and the associated fuel cycle 

facilities can be assessed. The TR_EVOL module for economic assessments 

provides the Levelized Cost of Electricity making use of the TR_EVOL mass balance 

output and four main sources of economic information. Furthermore, uncertainties 

assessment can be also carried out by the code. 

 

A cross checking process of the performance of the code has been 

accomplished and it is shown in Chapter 4. The process has been applied in four 

stages according to the most important features of TR_EVOL. Thus, the first stage 

has involved the mass balance of the current Spanish nuclear fuel cycle. The second 

stage has been focused in the isotopic composition of the mass flow using the fuel 

cycle defined in the EU project CP-ESFR. The last two stages have been aimed to 

validate the economic module. In the third stage, the main three generation costs 

(financial cost, O&M and fuel cost) have been assessed and compared to those 

obtained by ARCAS project, omitting the back-end costs. This last cost has been 

evaluated alone in the fourth stage, making use of some unit cost and parameters 

obtained from the bibliography.  

 

In Chapter 5 two groups of nuclear fuel cycle options with relevant 

importance for Spain and Europe are analyzed in economic and resources terms. 

For the Spanish case, two groups of fuel cycle scenarios have been simulated 

including reprocessing strategies and life extension of the current reactor fleet. This 

analysis has been focused on exploring the advantages and disadvantages of spent 

fuel reprocessing in a country with relatively small amount of nuclear power plants. 

For the European group, four fuel cycle scenarios involving transmutation options 

have been addressed. Scenarios include the current fleet using Light Water Reactor 

technology and open fuel cycle, a full replacement of the initial fleet with Fast 

Reactors burning U-Pu MOX fuel and two fuel cycle scenarios with Minor Actinide 

transmutation in a fraction of the FR fleet or in dedicated Accelerator Driven 

Systems.  

 

Finally, Chapter 6 gives the main conclusions obtained from this thesis and 

the future work foreseen in the field of nuclear fuel cycle analysis. 
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1  

THE NUCLEAR FUEL CYCLE 

 

This chapter is focused on introducing the concept of nuclear fuel cycle and 

the main stages in its current status and future options. Additionally, in order to 

give a global vision about the current and future concepts for the nuclear fuel cycle 

scenarios, their classification (and some variants) according to the OECD/NEA has 

been included here.  

 

Additionally, in this chapter, the concept of sustainability is also discussed, 

mainly from the point of view of the use of the resources for this energy type: 

Uranium, plutonium and possibly for the future, thorium. 

 

Finally, the last section is devoted to the state-of-the-art fuel cycle 

simulation codes, developed for the study and evaluation of the different nuclear 

fuel cycle strategies. That section is aimed to give an overview of those most 

frequently used and their main characteristics.  
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1.1. THE NUCLEAR FUEL CYCLE: DEFINITION AND STAGES 

 

The various activities associated with the production of electricity from 

nuclear reactions are referred to collectively as the nuclear fuel cycle. As it can be 

seen in Figure 1.1, the nuclear fuel cycle starts with the mining of uranium and ends 

with the disposal of nuclear waste. With the reprocessing of used fuel as an option 

for nuclear energy, the stages form a true cycle.  

 

 
Figure 1.1: The nuclear fuel cycle (WNA). 

 

All the stages for the nuclear fuel, excluding the irradiation process, are 

included usually in two main groups, the “front-end” and the “back-end” [IAEA, 

2009]. The “front-end” of the nuclear fuel cycle includes all activities related to 

prepare uranium for use in a nuclear reactor, undergoing the steps of mining and 

milling, conversion, enrichment and fuel fabrication. After uranium has spent 

about three-four years in a reactor to produce electricity, the used fuel may undergo 

a further series of steps including temporary storage, reprocessing, and recycling 
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before wastes are finally disposed of. Collectively these steps are known as the 'back 

end' of the fuel cycle. 

 

Detailed descriptions of the main stages involved mainly in the current 

nuclear fuel cycle [WNA WP] are presented in the next sections.  

 

 

1.1.1. The front-end 

 

1.1.1.1. Uranium mining  

 

Both excavation and other in situ techniques are used to recover uranium 

ore. Excavation may be underground and open pit mining. In general, open pit 

mining is used where deposits are close to the surface and underground mining is 

used for deep deposits, typically deeper than 120 m.  

 

Open pit mines require large holes on the surface, larger than the size of the 

ore deposit, since the walls of the pit must be sloped to prevent collapse. As a result, 

the quantity of material that must be removed in order to access the ore may be 

large. Underground mines have relatively small surface disturbance and the 

quantity of material that must be removed to access the ore is considerably less 

than in the case of an open pit mine. Special precautions, consisting primarily of 

increased ventilation, are required in underground mines to protect against 

airborne radiation exposure. 

 

An increasing proportion of the world's uranium now comes from in situ 

leach (ISL) mining, where oxygenated groundwater is circulated through a very 

porous orebody to dissolve the uranium oxide and bring it to the surface. ISL may 

be implemented with slightly acid or with alkaline solutions to keep the uranium in 

solution. The uranium oxide is then recovered from the solution as in a 

conventional mill. 

 

The decision about which mining method to use for a particular deposit is 

governed by the nature of the orebody, safety and economic considerations. 
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1.1.1.2. Uranium milling 

 

Milling, which is generally carried out close to a uranium mine, extracts the 

uranium from the ore (or ISL leachate). Most mining facilities include a mill, 

although where mines are close together, one mill may process the ore from several 

mines. Milling produces a uranium oxide concentrate which is shipped from the 

mill. It is usually referred to as 'yellowcake' (though it is usually khaki) and 

generally contains more than 80% uranium. The original ore may contain as little 

as 0.1% uranium, or even less. 

 

In a mill, the ore is crushed and ground to a fine slurry which is leached in 

sulfuric acid (or sometimes a strong alkaline solution) to allow the separation of 

uranium from the waste rock. It is then recovered from solution and precipitated as 

uranium oxide (U3O8) concentrate. After drying and usually heating it is packed in 

drums as a concentrate. 

 

The remainder of the ore, containing most of the radioactivity and nearly all 

the rock material, becomes tailings, which are emplaced in engineering-barried 

facilities near the mine (often in a mined out pit). Tailings need to be isolated from 

the environment because they contain long-lived radioactive materials in low 

concentrations and maybe also toxic materials such as heavy metals. However, the 

total quantity of radioactive elements is less than in the original ore, and their 

collective radioactivity will be much shorter-lived. 

 

1.1.1.3. Conversion and enrichment  

 

The uranium oxide product of a uranium mill is not directly usable as fuel 

for a nuclear reactor but additional processing is required. Only 0.7% of natural 

uranium (NatU) is 'fissile', or capable of undergoing fission, the process by which 

energy is produced in a nuclear reactor [Henry, 1975]. The isotope of uranium 

which is fissile is the uranium-235 (235U) isotope. The remainder is uranium-238 

(238U). For most kinds of reactors, the concentration of the fissile 235U isotope 

needs to be increased – typically to between 3.5% and 5% 235U. This process is 
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called enrichment of uranium, a physical process used to increase the proportion of 

the 235U isotope. Enrichment is the modification of isotope ratios in an element, 

and is usually done by isotope separation. The enrichment processes are made up of 

many stages, both in series and parallel and requires the uranium to be in a gaseous 

form.  

 

All the stages that transform the uranium oxide concentrate (U3O8) to 

uranium hexafluoride (UF6), a gas at relatively low temperatures, are called 

conversion. This process can be seen in Figure 1.2. At a conversion facility, the 

uranium oxide (U3O8) is first refined to UO2, which can be used as fuel for those 

types of reactors that do not require enriched uranium as CANDU reactors (Canada 

Deuterium Uranium) [Lewis, 2008]. Most is then converted into gaseous UF6 

ready for the enrichment plant. The uranium hexafluoride is then drained into 

cylinders where it solidifies. These strong metal containers are shipped to the 

enrichment plant.  

 

 
Figure 1.2: Conversion stages [IAEA, 2009] 
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After the conversion process, the uranium is ready to be enriched. There are 

three main types of enrichment processes: The Gaseous Diffusion, the Gas 

Centrifuge and the Laser Separation [NRC WP]. 

 

A) The gaseous diffusion: This process uses molecular diffusion to separate 

a gas from a two-gas mixture. The isotopic separation is accomplished by 

diffusing the UF6 gas through a porous membrane (barrier), and using 

the different molecular velocities of the two isotopes to achieve 

separation (see A in Figure 1.3). The isotope enrichment occurs when the 

lighter UF6 gas molecules (with the U234 and U235 nuclei) tend to 

diffuse faster through the barriers than the heavier UF6 gas molecules 

containing U238. This process involves many hundreds of barriers, one 

after the other, before the UF6 gas contains enough U235 to be used in 

reactors. At the end of the process, the enriched UF6 gas is withdrawn 

from the pipelines and condensed back into a liquid that is poured into 

containers.  

 

B) The gas centrifuge: The main enrichment process in commercial plants 

uses centrifuges because of its higher efficiency regarding the gaseous 

diffusion process. In fact, modern gas centrifuge plants require around 

4% of the energy required using gaseous diffusion process (100 kWh vs 

2400 kWh per SWU respectively) [Whitaker, 2005]. The gas centrifuge 

process, shown in B in Figure 1.3, uses thousands of rotating cylinders in 

series and parallel configurations. In this process, UF6 gas is placed in a 

cylinder and rotated at a high speed. This rotation creates a strong 

centrifugal force so that the heavier gas molecules (containing U238) 

move towards the outer side of the cylinder and the lighter gas molecules 

(containing U235) remain closer to the center. The stream that is slightly 

enriched in U235 is withdrawn and fed into the next higher stage, while 

the slightly depleted stream is recycled back into the next lower stage. 

Significantly more U235 enrichment can be obtained from a single-unit 

gas centrifuge than from a single-unit gaseous diffusion stage. The 

enriched and the depleted gases are removed by scoops.  
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C) The laser enrichment process: There is a possible third-generation 

technology that claims to need lower energy inputs, lower capital costs 

and lower tails assays, hence significant economic advantages. Isotopic 

separation of uranium can be achieved based on photo-excitation 

principles (exciting the molecules using laser light) [Rousseau & 

Lepingwell, 2011], shown in C in Figure 1.3. Such technologies have been 

named Atomic Vapor Laser Isotope Separation (AVLIS) [Bokhan et al, 

2006], Molecular Laser Isotope Separation (MLIS) [MLIS, 1982], and 

Separation of Isotopes by Laser Excitation (SILEX) [SILEX WP]. In 

general, the enrichment process entails using three major systems, which 

are the laser system, an optical system, and the separation module 

system. Tunable lasers can be developed to deliver a highly 

monochromatic radiation. The radiation from these lasers can 

photoionize a specific isotopic specie while not affecting other isotopic 

species. The affected species is then physically or chemically changed, 

which enables the material to be separated. AVLIS used a uranium-iron 

(U-Fe) metal alloy as its feed material, while SILEX and MLIS use UF6 

as its feed material. 

 

After the enrichment process, the remaining 238U, known as depleted 

uranium (DepU), is stored in the open air in so-called cylinder yards located 

adjacent to the enrichment plants mostly as UF6 in steel cylinders or preferably, 

after deconversion, as U3O8, allowing the hydrogen fluoride (HF) to be recycled. It 

may also be deconverted to UF4, which is more stable, with much higher 

temperature of volatilization.  

 

A relevant parameter of the enrichment process is the Separative Work Unit 

(SWU). The term SWU is used to quantify the output of the enrichment plants, and 

to describe the supply and demand for enriching service. SWU refers to the 

measure of the effort (not a quantity of material) spent to separate a given quantity 

into two streams, one having a higher concentration of U-235, the other lower [Kok, 

2009]. Furthermore, it has to be noted that the SWU is the main factor used for the 

enrichment process cost. As the SWU for a specific fuel is the same in any 
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enrichment process type, because it depends only on the enrichment level and the 

tail requirement, the process efficiency plays an important role in the economics of 

the enrichment plants. 

 

 
A 

 
B 

 
C 

Figure 1.3: Different enrichment technologies. 

 

According to the WNA, the worldwide conversion capacity is 71 ktUF6 with a 

62% of utilization. On the other hand the DepU deconversion was about 60,000 

tUF6/yr at the end of 2010. Regarding to the enrichment process, in the year 2008 

the total capacity was around 55 MSWU of which around 65% were centrifuge 

technology. 

 

 

1.1.1.4. Fuel fabrication 

 

The next step in the nuclear fuel cycle after enrichment (or conversion in the 

case of natural uranium fuel) is manufacturing the nuclear fuel in the form of a fuel 
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assembly (FA) in order to be properly utilized in the nuclear power reactors. The 

assembly has to be fabricated in a certain physical geometry to meet the neutronic 

and thermalhydraulic design of the reactor and in a certain material form to 

provide the first level of containment of radioactive material including fission 

products and other actinides which are produced during the irradiation of the 

nuclear fuel. 

 

Usually, the fuel assembly is the final product of fuel fabrication plant 

delivered to the electric utilities. A LWR fuel assembly is made of cylindrical tubes 

called „fuel rods‟ containing uranium dioxide pellets, that is, the fissile material 

which is formed from pressed UO2 which is sintered (baked) at a high temperature 

(over 1400°C), and held in place in a metal frame or „skeleton‟, usually made of 

zirconium alloy. An assembly can contain 200 to 500 kilograms of heavy metal, 

depending on its type. The dimensions of the fuel pellets and other components of 

the fuel assembly are precisely controlled to ensure consistency, in addition to the 

neutronic properties. 

 

Main stages in FA fabrication, as shown in Figure 1.4 include re-conversion 

(or second conversion) of UF6 to UO2 powder, pellet fabrication, cladding 

fabrication, fuel rod fabrication, skeleton fabrication (in case of LWRs; guide tubes, 

grids and end pieces) and, finally fuel assembly fabrication. 
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Figure 1.4: Fabrication of a LWR fuel [IAEA, 2009] 

 

In a fuel fabrication plant great care must be taken with the size and shape of 

processing vessels to avoid criticality (a limited chain reaction releasing radiation). 

With low-enriched fuel, criticality is most unlikely, but in plants handling special 

fuels for research reactors this is a vital consideration. 

 

 

1.1.2. Power generation and burn-up 

 

Several hundred fuel assemblies make up the core of a reactor. For a 

conventional LWR with an output of 1000 megawatts (MWe), the core could 

contain about 75 t of low-enriched uranium. In the reactor core the 235U isotope 

fissions or splits, producing a lot of heat in a continuous process called a chain 

reaction. Additionally, some of the 238U in the fuel is turned into plutonium and 

about half of this is also fissioned, providing about one third of the reactor's energy 

output [Nifenecker et al, 2003]. The chain reaction depends on the presence of a 

moderator such as water or graphite, and is fully controlled. 
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The long-term change in the isotopic composition of the fuel, caused by 

exposure to the neutron field, is a critical aspect to take into account. These 

changes, in both time and space, may have a significant impact on the nuclear 

characteristics of the reactor and are usually known as burn-up problems. Fuel 

burn-up is measured in gigawatt-day per t of initial U (GWd/tU) and means that a 

reactor operating at a specific (thermal) power of one gigawatt per ton of the U 

initially present will be depleted by one GWd/tU in one day [Davison, 1957].  

 

As in fossil-fuel burning electricity generating plants, the heat is used to 

produce steam to drive a turbine and an electric generator. According to the 

thermal efficiency of the current LWR, around one third of the thermal power is 

converted into electricity. This means, in the case of a typical LWR of 3 GW(th), 

that around one GWe is generated, providing over 7000 GWhe of electricity in one 

year (taking into account an 80% of load factor, that is, real operation time 

averaged over a year). Taking into account that to maintain efficient reactor 

performance, about one-third of the spent fuel is removed every 12 to 24 months to 

be replaced with fresh fuel (depending on its enrichment and burn-up), more that 

40 million kilowatt-hours of electricity (kWhe) are produced from 1 t of natural 

uranium1.  

 

Considering the current level of technology, the physical robustness of fuel 

assemblies has proven to be a limiting factor in burn-up, and hence burn-up levels 

of only about 40 GWd/t have been achieved, requiring around 4% enrichment. 

However, with better equipment and fuel assemblies technologies, larger burn-ups 

are possible (with higher enrichment) [WM, 2006]. The benefit of higher burn-ups 

is that operation cycles can be longer – around 24 months, avoiding refueling 

processes with the reactor in zero power or cold shutdown – and the number of fuel 

assemblies discharged as used fuel can be reduced by one third. Associated fuel 

cycle cost is expected to be reduced by about 20%. 

 

 

                                                 
1 Considering 23 t per year for LWR of 1000 MWe and 8 t of NatU per tonne enriched.  
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1.1.3. The Back-End of the nuclear fuel cycle 

 

With time, the concentration of fission fragments and heavy elements 

formed in the same way as plutonium in the fuel will increase to the point where it 

is no longer possible to maintain the controlled chain reaction. So commonly after 

some years the used fuel is removed from the reactor (in refuelling stages replacing 

approximately one third of the core each 18-24 months). The amount of energy that 

is produced from a fuel assembly varies with the type of reactor and the policy of 

the reactor operator. 

 

When removed from a reactor, the fuel will be emitting both radiation, 

principally from the fission fragments, and heat. It is unloaded into a storage pool 

immediately adjacent to the reactor to allow the radiation levels to decrease. In the 

poools the water shields the radiation and absorbs the heat, which is removed by 

circulating the water to external heat exchangers. Used fuel is held in such pools 

typically for several years. It may be transferred to naturally-ventilated dry storage 

on site after about five years. After this period, some used fuel may be transferred to 

centralized interim storage facilities depending on particular national policies. 

 

Despite that the management of the spent fuel is a sensitive issue and taking 

into account the challenges that nuclear energy has to face in order to reach public 

acceptance in terms of generation of radioactive waste (which needs a special 

treatment, confinement and disposal to avoid its interaction with human beings or 

the environment), the spent fuel represents just a fraction of the nuclear waste, 

which amount is relatively small compared with other types of waste from human 

activity. In fact, the spent fuel is less than 5% of the total radioactive waste 

generated [Bayliss & Langley, 2003], but anyway it requires special attention. The 

main sources of radioactive waste come from the operation, decommissioning and 

dismantling of the reactors or radioactive installation, radioactive isotopes from 

nuclear medicine, and others.  

 

Nuclear waste can be classified in multiple ways according to its physical or 

chemical form, specific activity, half-life or emitted ionizing radiation. According to 
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the International Atomic Energy Agency [IAEA, 1994], for waste management 

purposes, nuclear waste can be classified as follows: 

 Exempt waste: It contains so little radioactive material that it cannot be 

considered radioactive and might be exempted from nuclear regulatory 

control. 

 Low and Intermediate Level Waste (L/ILW): In previous IAEA documents, 

the definition of this type of waste was related to the necessity of radiation 

shielding or heat dissipation. Nevertheless, this became of secondary 

importance, as classification is nowadays made according to individual 

radionuclides, taking into account the exposure levels. This definition leads 

to a subdivision of L/ILW. 

o Short Lived (L/ILW-SL): The possible hazard represented by this 

type of waste can often be significantly reduced by administratively 

controlling waste as part of storage or after disposal. 

o Long lived (L/ILW-LL): It contains long lived radionuclides in 

quantities that need a high degree of isolation from the biosphere, 

provided by disposal in geological formations. 

 High Level Waste (HLW): It contains large amounts of short and long lived 

radionuclides to such a level that a high degree of isolation from the 

biosphere is needed. It generates significant amount of heat from radioactive 

decay and normally continues to generate heat for several centuries. Deep 

geologically stable formations can provide their safe long-term disposal. 

HLW is mainly composed by the spent fuel (SF), containing more than 95% 

of the total radioactivity present in radioactive waste although it accounts for 

less than 5% of the total waste volume or by vitrified waste from the 

reprocessing process (including reprocessing losses and fission products). 

The management of the used fuel must face two possible alternatives: Final 

disposal without reprocessing, in a strategy commonly named Open cycle, where 

the spent fuel is treated as a waste; or Reprocessing with use of the separated 

nuclear material, in a strategy known as Closed cycle (or partial closed cycle), 
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considering the spent fuel as a resource. The reprocessing strategy can also divided 

in two groups, the first one, using the Pu and the reprocessed uranium (RepU) in 

the current LWRs; and the second one, called Partitioning and Transmutation 

(P&T) for more advanced strategies. They will be presented in more detail in this 

chapter below.  

 

 

1.1.3.1. Long-term storage and final disposal without 

reprocessing 

 

Considering that the longer the nuclear waste is stored, the lesser hazard due 

to decay of radioactivity, the final disposal is the main solution adopted in many 

countries for this waste, which are mainly HLW and ILW in a solid and stable waste 

form ([NWMO, 2011], [FNE, 2007], [Fries et al, 2008], [SKB, 2003], etc.). 

However, at the present time, there are no disposal facilities (as opposed to storage 

facilities) in operation in which used fuel, not destined for reprocessing, and the 

waste from reprocessing, can be placed. 

 

Although technical issues related to disposal are straightforward, there is 

currently no pressing technical need to establish such facilities, as the total volume 

of such wastes is relatively small. Further, as abovementioned, the longer it is 

stored the easier it is to handle, due to the progressive decrease of radioactivity.  

 

There is also a reluctance to dispose of used fuel because it represents a 

significant energy resource which could be reprocessed at a later date to allow 

recycling of the uranium and plutonium, and possibly minor actinides.  

 

A number of countries are carrying out studies to determine the optimum 

approach to the disposal of used fuel and wastes from reprocessing. It seems there 

is a general consensus favoring its placement into deep geological repositories, 

about 500 m down, initially recoverable before being permanently sealed. 
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1.1.3.2. Reprocessing to recover and recycle the U and Pu 

 

Depending on the fuel type and the irradiation process, the irradiated fuel 

still contains commonly about 95% of its original uranium as it can be seen in Table 

1.1, of which the fissile 235U content has been reduced to around or less than 1%. 

About 4% of the used fuel comprises waste products as fission products and the 

percentage of minor actinides reaches around 0.1% .The remaining 1% is plutonium 

produced while the fuel was in the reactor and not fissioned then, with typically 

more than 70% of fissile isotopes (Pu239 and Pu241). 

 

Table 1.1 Isotopic composition of a typical UO2 irradiated fuel (4% enriched). 

[Author‟s calculation by Origen Code] 

Isotope Mass per tU (kg) 

Total Uranium 947.1 

U-238 932.3 

U-235 9.6 

U-236 5.0 

U-234 0.17 

Total Plutonium 10.95 

Pu-238 0.23 

Pu-239 6.26 

Pu-240 2.49 

Pu-241 1.46 

Pu-242 0.52 

Total Minor Actinides 0.90 

Np-237 0.68 

Am-241 0.0459 

Am-242 0.0021 

Am-243 0.120 

Cm-242 0.014 

Cm-243 0.0005 

Cm-244 0.0429 

Total Fission Products 41.3 

 

 

Reprocessing takes mainly the valuable uranium and plutonium from waste 

products (and from the fuel assembly cladding) by chopping up the fuel rods and 
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dissolving them in acid to separate the various materials. It enables recycling of the 

uranium and plutonium into fresh fuel as follows: 

 

 UO2 Fuel: The uranium recovered from reprocessing may contain 

around 1% of 235U concentration (depending on the fuel burn-up and 

initial enrichment), a slightly higher than occurs in nature (0.71%). This 

uranium can then be reused as fuel after conversion and re-enrichment 

[EPRI, 2010]. 

 

 MOX fuel: The plutonium can be directly made into MOX fuel [IAEA, 

2003], in which uranium (mainly depleted uranium2) and plutonium 

oxides are combined. In reactors that use MOX fuel, plutonium 

substitutes for the 235U in normal uranium dioxide fuel. Other 

alternatives such the use of Pu with slightly enriched 235U can also be 

used. 

 

The main motivation for reprocessing has been to recover unused uranium 

(RepU) and plutonium in the used fuel and thereby close the fuel cycle. Significant 

amounts of untapped energy from the original uranium for using the RepU and Pu 

can be obtained, which about 10% of that comes from the re-enrichment of the 

RepU [Grouiller et al, 2007]. This saves are as consequence of mono-recycling of 

Pu. However the fully closure of Pu cycle (by means of multiple recycling), could 

reduce significantly the uranium consumption, but this option is still under 

investigation because at every recycling, the fraction of fissile plutonium isotopes 

decreases, requiring an ever increasing plutonium weight fraction in LWR 

technology [Kloosterman, 1998].  

 

                                                 
2
 The uranium enrichment process leads to the production of depleted uranium, where the 

concentration of 235U is significantly less than the natural 0.7% (typically 0.25%). Small 

quantities of this material, which is primarily 238U, are used in applications where high density 

material is required, including radiation shielding and some is used in the production of MOX 

fuel. While 238U is not fissile, it is a low specific activity radioactive material and some 

precautions must, therefore, be taken in its storage or disposal. 
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A secondary reason is to reduce the volume of material to be disposed of as 

high-level. In addition, the level of radioactivity in the waste from reprocessing is 

much smaller and after about few centuries it decreases much more rapidly than in 

used fuel itself. In fact, this strategy produces a significantly reduced amount of 

waste (compared with treating all used fuel as waste). The remaining 4% HLW 

(some 1 t per year from a 1000 MWe reactor) formed mainly by the fission 

products, activation of fuel impurities and minor actinides can be stored in liquid 

form and subsequently can be calcined to produce a dry powder which is 

incorporated into borosilicate (Pyrex) glass to immobilize it. The glass is then 

poured into stainless steel canisters, each holding commonly 400 kg of glass. In a 

year of operation of a 1000 MWe reactor 5 t of such glass can be produced, or in 

other terms about 12 canisters 1.3 m high and 0.4 m in diameter. These can readily 

be transported and stored as HLW, with appropriate shielding.  

 

 

1.1.3.3. Partitioning and Transmutation  

 

To obtain public acceptance of future nuclear fuel cycle technology, new and 

innovative concepts must overcome the present concerns with respect to both 

environmental compliance and proliferation of fissile materials. Both these 

concerns can be addressed through the multiple recycling of all transuranic 

elements (TRUs) in fast neutron reactors. This is only possible through a process 

known as Partitioning and Transmutation (P&T) as this scheme is expected to 

reduce the long term radiotoxicity as well as the heat production of the nuclear 

waste. Proliferation resistance of separated plutonium could further be enhanced 

by mixing with self-generated minor actinides. In addition, P&T scheme is expected 

to extend the nuclear fuel resources on earth about 100 times because of the recycle 

and reuse of fissile actinides [IAEA, 2010]. 

 

According to the previous reference, partitioning approaches can be grouped 

into aqueous- (hydrometallurgical) and pyro-processes. Several aqueous processes 

based on sequential separation of actinides from spent nuclear fuel have been 

developed and tested at pilot plant scale. In view of the proliferation resistance of 



 

19 

 

the intermediate and final products of a P&T scheme, a grouped separation of all 

actinides together is preferable.  

 

The P&T development is currently focused on investigating: 

 

 To minimize the environmental impact of actinides in the waste stream. 

 To develop element-specific, highly durable, materials for solidification and 

final disposal of residual actinides. 

 To develop advanced characterization methods for measurement of actinide 

hold-up in plants for the purpose of fissile material tracking as needed for 

nuclear material safeguards and criticality control. 

 To establish element specific partitioning criteria to achieve a radiotoxicity 

reduction of about a factor of 100. 

 To define proliferation resistance attributes for the processes and products. 

 To compare advantages and disadvantages of aqueous and pyro- 

partitioning processes. 

 To assess the benefits of partitioning processes by reducing public radiation 

exposure, decreasing final repository capacity needs, reducing necessity of 

uranium mining and, consequently, diminishing the impact of uranium mill 

tailings. 

 

 

1.2. THE NUCLEAR FUEL CYCLE CLASSIFICATIONS 

 

The stages presented in the previous section are commonly used in the 

current status of the nuclear fuel cycle, i.e.: Once-through or partial reprocessing 

strategies. However, the use of different reactors, fuel or reprocessing processes, 

using the current technology or advanced in the future, can lead to diverse fuel 

cycles that may be deployed. According to a study by the NEA [NEA-2006], nine 

main fuel cycle schemes and 4 variants, grouped in 3 families, were selected for 

analysis and comparison within the study. 

 

Considering the different potential regarding waste reduction, the required 

investment in advanced technology, and the different time scale for the 
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development and implementation of this technology, it is appropriate to distinguish 

between three families of fuel cycle schemes: first, based on current industrial 

technology and possible extensions; second, those ones with partially closed fuel 

cycles; and third, involving fully closed fuel cycles. The three families are composed 

by 10 reactor-fuel combinations in this reference, PWRs, HWR CANDUs, FRs and 

ADS. The fuel cycles are described in the next points. 

 

 

1.2.1.  Strategies based on current industrial technology.  

 

Family 1 includes the current once-through fuel cycle in PWRs and with a 

single recycle of the fuel. This fuel cycle is shown in Figure 1.5 and it usually serves 

as the reference fuel cycle for all comparisons in this kind of studies.  

 

 
Figure 1.5: Open cycle or once-through. 

 

Figure 1.6 shows the conventional reprocessing fuel cycle with a single 

recycling of the separated plutonium in the form of uranium-plutonium mixed-

oxide (MOX) fuel. A variant of this cycle can be more proliferation resistant where 

the neptunium goes with the plutonium, thereby avoiding the separation of pure 

plutonium. 

 

 
Figure 1.6: Conventional reprocessing cycle. 

 

Shown in Figure 1.7, the DUPIC (Direct Use of Spent PWR Fuel in CANDU 

Reactors) fuel cycle is a possible extension of the current technology. It is based 
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upon dry thermal and mechanical processes to directly fabricate CANDU fuel from 

spent PWR fuel material without separating the fissile material and fission 

products. This concept was proposed and termed the “DUPIC” fuel cycle in a joint 

development program involving KAERI (Korea Atomic Energy Research Institute), 

AECL (Atomic Energy Canada Limited) and the US Department of State in 1991 

[NEA, 2006]. 

 

The fissile material that typically remains in spent PWR fuel exceeds the 

natural uranium fissile content of 0.711 wt%. The neutron economy of a CANDU 

reactor is sufficient to allow DUPIC fuel to be used in a CANDU reactor which is 

originally designed for natural uranium fuel, even though the neutron-absorbing 

fission products remain as impurities in the DUPIC fuel. 

 

The DUPIC fuel cycle offers several benefits to countries operating both 

PWR and CANDU reactors. The benefits include the additional energy extracted 

from the fuel in a CANDU reactor, efficient natural uranium utilization, and a 

significant reduction in spent fuel amount through a proliferation resistant process 

of reusing spent PWR fuel. 

 

 
Figure 1.7: DUPIC fuel cycle. 

 

 

1.2.2. Strategies with partially closed fuel cycles 

 

Family 2 features fuel cycles which are fully closed for plutonium, while 

neptunium is always transferred to waste. The schemes differ, however, with regard 

to the treatment of americium and curium.  
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Figure 1.8 and Figure 1.10 represent two plutonium burning strategies based 

on either PWRs or FRs. The continuous plutonium recycling in Figure 1.8 demands 

a special MOX fuel with enriched uranium (MOX-EU) to compensate for the 

degradation of the plutonium isotopic composition in the thermal neutron 

spectrum of the PWR. Figure 1.10 shows a Pu burning strategy based on fast 

reactors. The fraction of fast reactors in Figure 1.10 could be reduced by 

incorporating one or two intermediate PWR-MOX stages between the PWR 

uranium oxide fuel (UOX) and the FR. 

 

Figure 1.9 and Figure 1.10 include americium burning in addition to the 

plutonium burning. The americium is recycled either homogeneously in PWRs 

using a special, americium-loaded MOX-EU fuel, or heterogeneously in FRs using 

moderated target assemblies which might be directly disposed after irradiation or 

reprocessed. The concept for recycling minor actinides in moderated target 

assemblies is described in [Grouiller, 2003]. An additional processing step is 

required to separate the americium from the curium, although these elements could 

also be managed together. 

 
Figure 1.8: Plutonium burning in LWR. 

 

 
Figure 1.9 Plutonium and Americium burning in LWR. 
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Figure 1.10: Heterogeneous Americium recycling. 

 

 

1.2.3. Strategies involving fully closed fuel cycles 

 

Figure 1.11 and Figure 1.12 are representative of two alternative P&T 

approaches, the Integral Fast Reactor (IFR) system [IFR, 1997], based on critical 

TRU burners, and the double strata system [Mukaiyama et al, 1998] which burns 

the minor actinides in a dedicated ADS. In the IFR system, the plutonium and the 

minor actinides are co-processed; in the double strata system, plutonium and 

minor actinides are handled separately. In the latter, all plutonium is managed in 

conventional, MOX-fuelled LWRs and fast reactors. By avoiding a pure plutonium 

stream, Figure 1.11 features high proliferation resistance, whereas Figure 1.12 is 

unique in that it maximizes electricity production in conventional reactors (LWRs 

and MOX-fuelled fast reactors). 

 

Figure 1.12 could also include a variant of the double strata system that 

circumvents the MOX-FR stage by transferring the plutonium from the MOX-PWR 

stage directly to the ADS fuel cycle. This may be attractive for countries without a 

FR program, but implies a three times higher investment in ADS technology. 
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Figure 1.11: TRU burning in FR. 

 

 
Figure 1.12: Double strata fuel cycle. 

 

Figure 1.13 is representative of an all-FR strategy based on either Gen-IV gas 

cooled fast reactors (GFRs) with carbide fuel or European fast reactor (EFR) -type 

sodium-cooled fast reactors with minor actinide loaded MOX fuel. This scheme 

minimizes the actinide losses to waste while simultaneously maximizing the 

uranium resource utilization. In the FR-MOX version of this scheme, the uranium 

is recovered from the irradiated fuel, but not recycled. This means that the fuel 

cycle of the FR is not fully closed for U as with GFR-carbide fuel. It should be noted 

that the closure of the fuel cycle also for uranium would influence the uranium 

mass balance, but would not affect significantly the other characteristics of the 

scheme. 

 
Figure 1.13: All-FR strategy. 
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1.3. RESOURCES 

 

Sustainable development was defined as “development that meets the needs 

of the present without compromising the ability of future generations to meet their 

own needs” [Brundtland, 1987]. In order to reach a sustainable nuclear energy, this 

definition could lead to work in three dimensions: the Environmental dimension, 

the Economic dimension (developed in the next chapter) and the Social dimension 

[NEA, 2000].  

 

The rational use of the resources is one of the main indicators of the 

environmental dimension along with the waste management and the radiological 

protection among others. In this section, as part of the resource analysis, the three 

nuclear material sources are presented: uranium, thorium, and finally the weapon-

grade uranium and plutonium. The last point has been briefly mentioned because it 

is part of the non-proliferation issue, one of the indicators of the Social dimension 

not developed in this thesis. 

 

 

1.3.1. Uranium Resources  

 

According to PRIS data [PRIS WP], shown in Figure 1.14, the evolution of 

the installed capacity and the nuclear electricity supplied along almost 20 years 

suffered a constant increase of the nuclear energy, which has been drastically 

stopped because of the Fukushima accident. Currently, as of February 2014, in 30 

countries 435 nuclear power plant units with an installed electric net capacity of 

about 372 GW are in operation and 71 plants with an installed capacity of 69 GW 

are in 15 countries under construction.  
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Figure 1.14: Nuclear energy evolution according to PRIS 

  

According to Red Book [Uranium, 2011] the uranium resources can be 

classified as shown in Figure 1.15. The contribution along the editions of this 

document depending on the price of the uranium oxide (U3O8) is shown in Figure 

1.16. In the edition of 2011, the Red Book assumed that the identified uranium 

resources (RAR plus IR) are close to 7 million of t (year 2011). Considering that the 

world nuclear electricity generating capacity is ~375 GWe net (at the end of 2010) 

and the uranium requirement for this energy (~2630 TWhe) is 63875 t of uranium 

(tU), the total identified resources are sufficient for over 100 years of supply based 

on current energy demand requirements. Note that the cost of U is not included in 

this rationale. It also excludes the amount of uranium in seawater, estimated in 4.5 

billion tons [Tamada, 2009], due to its current high cost of extraction, although it 

could be significantly reduced to 211 US$2009/kgU3O8 according to the reference, 

achieving prices as included in the Red Book. 

 

Following the Red Book assumptions, by the year 2035, world nuclear 

electricity generating capacity is projected to grow to between 540 GWe net in the 

low demand case and 746 GWe net in the high demand case, with increases of 44% 

and 99% respectively regarding the current demand. Accordingly, world annual 

reactor-related uranium requirements are projected to rise from 63875 t, predicted 

before, to between 98000 tU and 136000 tU by 2035.  
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Figure 1.15: Uranium resources classification. 

 

  

 
Figure 1.16: Total identified uranium resources (RedBook2011). 

 

The total undiscovered resources are estimated at 10.5 MtU (150% more 

than identified resources), and it has to be noted that some countries, including 

major producer with large prognosticated resources inventories, do not report 

estimates of undiscovered resources. Although the uranium from phosphates or 

seawater is not taken into account in this evaluation, the uranium resources do not 

seem limited by the amount of resources (at least for two generations more of 

LWR), but by the price to obtain it, which is not considered in this rationale. In fact, 

considering a linear increase in the uranium demand for low case and high case 

until the year 2035, the Identified resources or Identified plus Undiscovered 

Uranium resources availability can be represented in Figure 1.17. Solid lines 
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represent the evolution of the Identified Uranium (less than US$260/kgU) and 

dashed lines show the Identified plus Undiscovered Uranium resources. The figure 

shows that the Identified uranium exhaustion can be achieved in years 2090 or 

2070 for Low and High demand respectively and around 2150 or 2200 if the 

undiscovered resources are taken into account. 

 

 
Figure 1.17: Prognosticated natural uranium exhaustion. 

 

 

1.3.2. Thorium  

 

Thorium fuel cycles offer attractive features, including lower levels of waste 

generation, less transuranic elements in that waste, and providing a diversification 

option for nuclear fuel supply because of its abundance (three or four times more 

than uranium) [IAEA, 2005]. Also, the use of thorium in most reactor types leads to 

extra safety margins such as the higher melting point than uranium for oxide 

structures [THORIUM WP] or to easy the concerns for proliferation issues [Kazimi, 

2003]. Despite these merits, the commercialization of thorium fuels faces some 

significant difficulties in terms of building an economic case to undertake the 

necessary development work. 

 

Thorium (in particular 232Th) is not fissile and so is not directly usable in a 

thermal neutron reactor. However, it is „fertile‟ and upon absorbing a neutron will 

transmute to 233U, which is an excellent fissile fuel material. In this regard it is 

similar to 238U (which transmutes to 239Pu). All thorium fuel concepts therefore 
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require that 232Th is first irradiated in a reactor. The 233U that is produced can 

either be chemically separated from the parent thorium fuel and recycled into new 

fuel, or usable „in-situ‟ in the same fuel form, especially in molten salt reactors 

(MSR). 

 

Thorium fuels therefore need a fissile material as a „driver‟ so that a chain 

reaction (and thus the supply of surplus neutrons) can be maintained. The only 

fissile driver options are 233U, 235U or 239Pu. 

 

It is possible – but quite difficult – to design thorium fuels that produce 

more 233U in thermal reactors than the fissile material they consume (this is 

referred to as having a fissile conversion ratio of more than 1.0 and is also called 

breeding). Thermal breeding with thorium requires that the neutron economy in 

the reactor has to be very good (i.e., there must be low neutron loss through escape 

or parasitic absorption). The possibility to breed fissile material in slow neutron 

systems is a unique feature for thorium-based fuels and is not possible with 

uranium fuels. 

 

Another distinct option for using thorium is as a „fertile matrix‟ for fuels 

containing plutonium that serves as the fissile driver while being consumed (and 

even other transuranic elements like americium). Mixed thorium-plutonium oxide 

(Th-Pu MOX) fuel is an analog of current MOX fuel, but no new plutonium is 

produced from the thorium component, unlike for uranium fuels in U-Pu MOX 

fuel, and so the level of net consumption of plutonium is high. Production of all 

actinides is lower than with conventional fuel, and negative reactivity safety 

coefficient is enhanced compared with U-Pu MOX fuel. 

 

In fresh thorium fuel, all of the fissions (thus power and neutrons) derive 

from the driver component. As the fuel operates the 233U content gradually 

increases and it contributes more and more to the power output of the fuel. The 

ultimate energy output from 233U (and hence indirectly thorium) depends on 

numerous fuel design parameters, including: fuel burn-up attained, fuel 

arrangement, neutron energy spectrum and neutron flux (affecting the 



 

30 

 

intermediate product 233Pa, which is a neutron absorber). The fission of a 233U 

nucleus releases about the same amount of energy (200 MeV) as that of 235U. 

 

An important principle in the design of thorium fuel systems is that of 

heterogeneous fuel arrangement in which a high fissile (and therefore higher 

power) fuel zone called the seed region is physically separated from the fertile (low 

or zero power) thorium part of the fuel – often called the blanket. Such an 

arrangement is far better for supplying surplus neutrons to thorium nuclei so they 

can convert to fissile 233U, in fact all thermal breeding fuel designs are 

heterogeneous. This principle applies to all the thorium-capable reactor systems. 

 

232Th is fissionable with fast neutrons of over 1 MeV energy. It could 

therefore be used in fast molten salt and other Gen IV reactors with uranium or 

plutonium fuel to initiate fission. However, 232Th fast fissions is reduced just like 

238U, so there is no particular reason for using thorium in fast reactors, given the 

huge amount of depleted uranium awaiting use. 

 

 

1.3.3. Other Sources of Nuclear Fuel  

 

According to the WNA, another relevant source of fuel has been recently 

added to the nuclear fuel. In the 1990s uranium mines gained a competitor, in 

many ways very welcome, as military uranium came on to the civil market under a 

US-Russia agreement. Since then half of the uranium used for electricity in the USA 

has come from Russian military stockpiles, and worldwide the significant amount 

of one sixth of the market has been supplied this way. 

 

Weapons-grade uranium in stockpiles built up during 1950s and 1960s has 

been enriched to more than 90% 235U and must be diluted about 1:25 or 1:30 with 

depleted uranium (about 0.3% 235U). This means that progressively, Russian and 

other stockpiles of weapons material are used to produce electricity. 

 

Weapons-grade plutonium may also be used to make MOX fuel for use in 

ordinary reactors or in special reactors designed to 'burn' it for electricity. Another 
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US-Russia agreement covers disposition of military plutonium from both countries 

into MOX fuel. 

 

 

 

 

1.4.  ASSESSING NUCLEAR FUEL CYCLE SCENARIOS 

 

Several scenario codes have been developed to study the future of nuclear 

energy in different countries and institutes. These codes allow simulating scenarios 

for nuclear energy at national, regional or worldwide level. They simulate the whole 

fleet of nuclear reactors with associated fuel cycle facilities and storage for nuclear 

materials. The codes model the dynamic transition from an initial state to a final 

state for nuclear energy including advanced fuel cycles. The results are mainly the 

mass flow and the composition of heavy elements depending on time: natural 

uranium needs, enrichment needs, fresh fuel fabrication needs, fuel irradiation, 

inventory of spent fuel and nuclear materials and reprocessing needs. Some codes 

also allow the calculation of nuclear waste production, economic aspects and 

nonproliferation criteria. 

 

 

1.4.1. Main codes used with the available information  

 

In June of 2012, NEA released the “Benchmark Study on Nuclear Fuel Cycle 

Transition Scenarios Analysis Codes” [NEA, 2012]. This study offers an analysis of a 

selection of transition scenarios between open and closed fuel cycles by means of 

using 5 nuclear fuel cycle codes: COSI6 developed at CEA-France, DESAE2.2 

developed at ROSATOM-Russia, TR_EVOL developed at CIEMAT-Spain, 

FAMILY21 developed at JAEA-Japan and VISION2.2 developed at INL-USA. The 

main characteristics of these codes are summarized in Table 1.2. Additionally, it is 

relevant to mention that there exists other fuel cycle codes as COSAC [Carlier, 

2008] which has been developed by AREVA or the NFCSS (Nuclear Fuel Cycle 

Simulation System) developed by IAEA [INFCIS WP] and formerly known as 
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VISTA, which has been developed for the estimation of fuel cycle material, service 

requirements and actinide arisings for both open and closed fuel cycle strategies. 

 

 

1.4.2. TR_EVOL code former status 

 

The Nuclear Innovation Unit at CIEMAT, a national group interested in the 

study of the nuclear fuel cycle scenarios, has been historically strongly focused on 

the analysis of advanced nuclear systems and technologies. As part of its studies, 

the nuclear fuel cycle code TR_EVOL has been developed as a necessary tool to 

achieve the requirements of this kind of research. Although TR_EVOL was able to 

simulate diverse fuel cycle scenarios and provide useful indicators, its main features 

shown in Table 1.2 were not enough for more complex simulations, especially 

concerning the back-end (HLW as SFA or UC-V and its disposal in interim storage 

or final disposal) and economic analyses. This led to the need of upgrading the code 

with new capabilities as the economic module and models for the simulation of the 

interim and final disposals (among others) that are exposed in Chapter 3. 
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Table 1.2: Main characteristics of the fuel cycle scenario codes, according to [NEA, 2012].

                                                 
3 The abreviations LOFI and FOFI give the order of  the reprocessing process. LOFI means that the last spent fuel unloaded from the core is the first one 

to be reprocessed. On the contrary, for FOFI, the first spent fuel unloaded is the first one to be reprocessed. 

Code  COSI 6 DESAE 2.2 TR_EVOL(EVOLCODE2) FAMILY21 VISION 

Language/Software Java 
 

Fortran Visual Basic 
System 

dynamics/Power sim 

User interface Graphical user interface Graphical user interface Text interface 
Graphical user interface 

and Excel 
MS Excel/Graphic user 

interface 

Simultaneous advanced 
technologies scenarios  

Any combination + 
different fuel types 

Yes 
Any combination + 
different fuel types 

Any combination + 
different fuel types 

One-tier, two-tier 
scenarios 

Isotopic tracking U/Pu/200FP U/Pu/MA 3300 Isotopes U/Pu/MA/880FP 81 isotopes 

Circulation of transmutation 
performance in cores 

CESAR and coupling with 
ERANOS possible 

No coupling with 
transmutation code 

References libraries and 
those created by 

EVOLCODE2 

Depletion matrix Based in 
ORIGEN2 

Precalculated fuel 
recipes with 
interpolation 

Start-up and Shut-down fuel 
loads 

Yes Start-up only Yes (only loadings) Yes No 

Reprocessing capacity deployed Automatic/Manual Yes Yes Automatic/Manual Automatic/Manual 

Spent fuel to be reprocessed User choice LOFI /FOFI
3
 FOFI FOFI/Homogeneous LOFI/FOFI LOFI/FOFI 

Fissile material availability 
forecast 

No No No No Yes 

User parameters for reactors 
deployment 

No No Yes Yes Yes 

Waste Radioactivity/Radio-
toxicity/decay heat/Conditioning 

Yes /Yes/Yes/Yes No/Yes/Yes/No Yes/Yes/Yes/No Yes/No/Yes Yes/Yes/Yes 

Repository requirement 
assessment /LLW modeling 

Yes/Yes No/No No No/No Yes/Yes 

Economic module/ optimization Yes/No Yes/Yes No No/No 
Yes/Uncertainties 

analysis 

Transportation costs Yes Yes No No No 

Proliferation metrics Yes -Multiple No No No Yes -multiple 
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2  
COSTS IN THE NUCLEAR FUEL CYCLE  

 

This chapter is aimed to give a basic idea about the costs involved in the 

nuclear fuel cycle presenting the main classification of these costs and its 

estimations given by some representative references, which have been evaluated in 

this thesis. The methodology developed for the calculation of the cost of nuclear 

energy scenarios is based on the unit costs of each component of the nuclear fuel 

cycle. These unit costs are taken from the bibliography and properly updated 

according to the Chemical Engineering‟s Plant Cost Index (CEPCI) [CEPCI WP]. By 

means of these unit costs, the economic model can be implemented and its results 

assessed.  
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2.1.  INTRODUCTION 

 

Economic efficiency is one of the three dimensions of the sustainable 

development along with the Environmental and Social dimensions [NEA, 2000], 

while competitiveness is a relevant indicator insofar market prices reflect the full 

costs for society of a given product or activity. In this work, one of the economic 

indicators used has been the Levelized Cost of Electricity (LCOE), which is defined 

as the long-term breakeven price that investors should receive to cover all their 

costs, including an acceptable return on investment as expressed by the discount 

rate4 (DR) [D‟Haeseleer, 2013]. This cost is expressed as cost divided by a unit of 

generated energy, typically in cents/kWh, $(€)/MWh, etc. 

 

The notion of LCOE is a handy tool for comparing the costs of different 

technologies over their economic life. It would correspond to the cost of an investor 

assuming known production costs and the stability of electricity prices. In other 

words, the discount rate used in LCOE calculations reflects the return on capital for 

an investor in the absence of specific market or technology risks. Given that such 

specific market and technology risks frequently exist, a gap between the LCOE and 

true financial costs of an investor operating in real electricity markets with their 

specific uncertainties is usually found. For the same reason, LCOE is also closer to 

the real cost of investment in electricity production in regulated monopoly 

electricity markets with loan guarantees and regulated prices rather than to the real 

costs of investments in competitive markets with variable prices (NEA, 2010). 

 

In this thesis, the LCOE is calculated according to a group of costs involved 

in the electric generation that will be treated in the following pages.  

 

 

 

                                                 
4  In the context of this thesis, the discount rate is equal to the real cost of money, which is the 

percentage rate used in calculations involving the time value of money when the inflation 

component has been removed [EMWG, 2007]. 
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2.2.  SOURCES OF COST 

 

This section presents the description of the source costs which are strictly 

related to the generation cost for a nuclear power plant. These costs are divided into 

four main components: Investment cost, Fuel cost, Operation and Management 

cost (O&M) and Decommissioning, Dismantling and Disposal costs (DDD). All of 

them will be described in the next pages, including their specific values according to 

the state-of-the-art bibliography. 

 

 

2.2.1. Investment Cost 

 

The investment cost or construction cost of the power plant is a major factor 

in determining the cost of electricity from a nuclear power plant. It is estimated that 

around 70% or more of the nuclear electricity generation cost is explained by this 

cost. This cost includes different items: the overnight cost, and the capital cost, 

which represents the cost for financing. This last cost is divided into two main 

items: interest during construction cost (IDC) and the financial cost. The 

description of each item of this cost is presented in the next sections.  

 

 

2.2.1.1. Overnight Cost 

 

The overnight cost is the capital required to build the reactor plant without 

considering interest. This cost includes the base construction cost and also owner‟s 

cost, contingency. It is the cost to build the reactor as if it could be done in one 

night. This cost is usually measured in US$ or € per kWe installed. The overnight 

cost is one of the most important factors on the economic competitiveness of a 

nuclear plant [D‟Haeseleer, 2013]. High overnight costs adversely affect the 

economic viability of a new nuclear plant.  

 

As it can be seen in Figure 2.1, which represents the overnight cost (in 

kUS$2009 per kWe installed) of PWR in the USA, a significant uncertainty involves 
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this cost type. Its increasing trend along more than 20 years means that this cost 

varies also along the time.  

 

The estimation of the overnight cost varies per country or region, as shown 

in Table 2.1. Thus, for example, an average cost of ~4800 US$/kWe for Europe is 

quite higher than the 1850 US$/kWe for Korea and China representing the Asia 

region.  

 
Figure 2.1: Overnight Capital Cost for U.S PWR [RMI WP] 

 

To improve clarification, although some studies include the first core costs 

and decommissioning costs inside the overnight cost, in this work they are included 

as the fuel cost and DDD cost respectively. 
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Table 2.1: Overnight cost per country or region [NEA, 2010] 

Country Technology 
Net Capacity Overnight Cost 

Mwe US$/kWe 

Belgium EPR-1600 1600 5383 

Czech Rep PWR 1150 5858 

France EPR 1630 3860 

Germany PWR 1600 4102 

Hungary PWR 1120 5198 

Japan ABWR 1330 3009 

Korea OPR-1000 954 1876 

  APR-1400 1343 1556 

Netherlands PWR 1650 5105 

Slovak Rep 
VVER440 954 4261 

V213 954 4261 

Switzerland PWR 1600 5863 

  PWR 1530 4043 

United States Advanced GEN III+ 1350 3382 

NON-OECD MEMBERS 

Brazil PWR 1450 3798 

 
China 

 

CPR-1000 1000 1763 

CPR-1000 1000 1748 

AP-1000 1250 2302 

Russia VVER-1150 1070 2933 

INDUSTRY CONTRIBUTION 

EPRI APWR/ABWR 1400 2970 

Eurelectric EPR-1600 1600 4724 

 

 

 

2.2.1.2. Interest during construction 

 

Once money is collected and the construction begins, an additional interest 

to the construction loan must be accumulated until commercial operation begins 

and revenue is generated. This return is referred to as interest during construction 

(IDC). 
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Figure 2.2: IDC costs as function of the construction period, assuming an overnight 

cost of 3900 € per kWe installed and constant loans along the time. 

 

The IDC depends on the cost of capital or, in the context of this thesis, of the 

discount rate (DR) along the time required to design, build, start-up the reactor and 

the commercial loans distributions. Commonly this cost can reach around 15% of 

the total capital cost or even more (as it can be calculated in section 5.2). The 

impact on the IDC per kWe installed of both DR and the years of construction 

(YOC) can be seen by means of an example in Figure 2.2 assuming an overnight 

cost of 3900 € per kWe installed and constant loans along the construction period. 

As it can be noted, significant increases are produced with both magnitudes, DR 

and YOC. Although the assignment of the commercial loans along the construction 

time is also a significant parameter to be optimized in order to minimize this type 

cost [Ivankova, 2013], this process is not included in this thesis. 

 

 

2.2.1.3. Financial Cost 

 

 Financial cost or Interest cost represents the total expenses associated with 

securing financing for a project or business arrangement. Financial costs may 

include interest payments, financing fees charged by intermediary financial 

institutions, and fees or salaries of any personnel required to complete the 

financing process. In this thesis, the financial cost will be used only for financing 

the commercial loans (of the overnight cost) plus IDC cost generated along the 

construction period.  
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Figure 2.3: Annual payment vs payback period. 

 

The financial cost is strongly dependent on the payback period and the 

discount rate. For instance, considering a new project with an overnight cost of 

3900 € per kWe installed, the impact of these parameters are shown in Figure 2.3, 

where the annual payment incurred using different payback periods and discount 

rates is shown. The figure shows that there are no significant differences in the 

annual payment between long payback periods because of the DR behavior. This 

means that, depending on the conditions, could be not required to extend the 

payment period beyond 25 or 30 years because the annual payments from those 

years are almost the same.  

 

2.2.2. Fuel Cost  

 

This section includes a description of the costs related to nuclear fuel. Three 

fuel types are described here: UO2 and MOX, for the current LWR in operation 

(Generation II, III and III+), and advanced fuels for Generation IV reactors as a 

global concept. 

 

2.2.2.1. UO2 Cost 

 

As described in Chapter 1, different processes are associated to the 

fabrication of this fuel type: In fact, for the UO2 fuel, the costs are related to:  

 Mining: For the cost of the natural uranium (U3O8) 
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 First Conversion: For the conversion process cost of U3O8 to the UF6 (first 

conversion) and UF6 to UO2 (for second conversion),  

 Enrichment: The cost of enrichment is calculated in terms of separative 

work units (SWU). The number of SWU units needed to enrich to a certain 

level depends on the waste product that is permitted. (See Appendix 1-A) 

 Fuel Fabrication: A cost for the structural assembly fabrication. 

 

 
Figure 2.4: Commodities price evolution [UxC WP]. 

 

For the three first costs, Figure 2.4 shows their price market evolution along 

time. Despite having a constant value for the U price along the 20 first years on the 

figure, economic strategies as “buy and hold”, problems in large uranium mines 

[Cigar Lake WP], [Rabbit Lake WP], [Ranger WP], added to the visualization of a 

possible nuclear renaissance influenced the growth of the U price until a maximum 

price in year 2007. However, the financial crash of year 2008 started the decrease 

of the price. For the enrichment price (SWU), the behavior was similar to the 

uranium price. The increase of the electric prices and other factors caused its price 

rise until the financial crush. For the conversion cost, the increase could be 

explained by some problems in the conversion facilities [Converdyn WP], 

[CAMECO WP]. On the other hand, despite the first and the second conversion 

have different processes, the same value can be assumed for both types. Although 

the second conversion is commonly added to the fabrication cost [FCIS, 2009] its 

influence in the UO2 prices is nevertheless not significant in the final product.  
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For the fabrication of the structural assembly cost, Table 2.2 shows the 

estimation from different references. As it can be seen, there are consensus about 

the estimation of the lower and upper limits and the best estimate values. However, 

ARCAS reference [ARCAS, 2012] seems to give a conservative value instead of a 

best estimate value.  

  

Table 2.2: Cost of UO2 according to bibliography 

Reference Cost ($/kgHM) Best estimate ($2012) 

AFCCB, 2009 200-240-300 265 

NEA, 2006 200-250-300 290 

ARCAS, 2012 325 325 

 

An example for the estimation of the UO2 cost using particular unit costs 

can be found in Appendix 1-A. 

 

 

2.2.2.2. MOX fuel for LWR 

 

The MOX cost, which comes mainly from the reprocessing cost plus the 

structural assembly fabrication cost, has a large uncertainty, as it can be 

appreciated in Table 2.3. The table shows that there is no consensus about the 

reprocessing cost. According to the references the current reprocessing costs are in 

a range from 605 to 1430 US$2012/kgHM. 

 

Table 2.3: Reprocessing cost for UO2 SF. 

Reference 
Cost 

(US$/kgHM) 
Best estimate 

(US$2012/kgHM) 

BCG 2006 525 605 

AFCCB, 2009 500-1000-1500 1100 

NEA-2006 700-800-900 920 

EPRI 2010 1000 1050 

ARCAS 2012 1300 1300 

MIT, 2003 1000 1430 

 

Furthermore, for reprocessing of MOX spent fuel, “NEA-2006” gives a range 

between 700 and 1000 US$/kgHM, and a best estimation value of 800 US$/kgHM 

(920 US$/kgHM at 2012 price level). 
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An example for the estimation of the MOX cost using particular unit costs 

can be found in Appendix 1-B. 

 

 

2.2.2.3. Advanced Fuels  

 

Despite the reprocessing cost is almost always included in the back-end cost, 

this cost is quite significant for the estimation of the advanced fuel, because of main 

of them are fabricated using separated material obtained by reprocessing processes. 

So that, since here, the reprocessing cost will be included in the front-end for 

advanced fuel cycles, especially for those that use Pu and MA in the cycle as the FR 

and ADS. 

 

 Fast Reactor fuel: 

 

According to the PRIS database [PRIS WP], there are only two commercially 

operating fast reactor (FR) in service today – the BN-600 at Beloyarsk in Russia 

and CEFR in China. There are two FRs more under construction: a 800 MWe unit 

in Russia and a 500 MWe unit in India (which expects to build five more). Two BN-

800 units are planned in China. They use liquid metal coolants such as sodium or a 

lead-bismuth eutectic mixture and these allow for higher operating temperatures – 

about 550°C, and thus have higher energy conversion efficiency. They are capable 

of high fuel burn-up. 

 

The fuel cost for FRs strongly depends on the reprocessing cost and the 

fabrication of the assemblies. Table 2.4 shows the main sources of information for 

these related cost used in this thesis. According to these references, the 

reprocessing cost are more expensive that the cost for the LWR SF. However, the 

higher Pu content in this fuel can lead saves in this item, even applying highest cost 

that are presented in the table although the fabrication cost could have a significant 

impact on the total fuel cost. 
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Table 2.4: Related cost for the FR-MOX fuel (US$2012/kgHM) 

Reference Reprocessing Cost Fabrication Cost 

NEA 2006 5 2530 1725 

ARCAS 2012 6 1300 1950 

 

 ADS Fuel 

 

Nowadays, there is not real information about the cost for ADS fuel, even the 

reprocessing process costs required for its fabrication are under developed and not 

for commercial scale. However the estimation values of the same publications 

previously mentioned for the FR fuel cost, provide some values, shown in Table 2.5, 

that could explain and give some notion about the ADS fuel cost. The high costs 

reached for the reprocessing of the ADS SF and the fabrication of the fresh fuel, are 

explained because of the Pu and MA are the only two components in the fuel, two 

nuclear materials which require new methods of management (i.e PYRO-

Reprocessing process). 

 

Table 2.5: Related cost for ADS fuel (US$2012/kgHM) 

Reference Reprocessing Cost Fabrication Cost 

NEA, 2006 8050 12650 

ARCAS, 2012 26000 26000 

 

 

2.2.3. Operation and Maintenance Cost (O&M) 

 

The specific annual O&M costs per energy produced are summarized in 

Table 2.6 (2010 price level) and have been taken from the world statistics [NEA, 

2010]. This information shows the dispersion between countries, reflecting large 

differences in wages and equipment prices in different parts of the world. The 

lowest projected specific annual O&M cost in Europe is reported by Belgium 

                                                 
5 Reprocessing cost using advanced PUREX. For  FR-metal fuel the reprocessing cost is equal to 

2300 US$/kgHM using PYRO-Reprocessing and 2990 US$/kgHM for the fabrication cost. 

6 For FR-MOX and MA (4%), the reprocessing cost is ten times more expensive and the 

fabrication cost 13000 US$/kgHM. 
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followed by Germany, and the highest is Hungary. An average cost of 15.1 

US$/MWhe can be obtained for Europe and 13.5 US$/MWhe for a world level. 

Table 2.6: Cost of O&M [NEA, 2010] 

Country 
Technology/Net Capacity  

(MWe) 
O&M Cost 

(US$/MWhe) 

Belgium EPR-1600/1600 7.2 

Czech Rep PWR/1150 14.7 

France EPR/1630 16,0 

Germany PWR/1600 8.8 

Hungary PWR/1120 29.8 

Japan ABWR/1330 16.5 

Korea OPR-1000/954 10.4 

  APR-1400/1343 8.9 

Netherlands PWR/1650 13.7 

Slovak Rep 
VVER440/954 19.4 

V213/954 16.9 

Switzerland PWR/1600 19.8 

  PWR/1530 15.4 

United States Advanced GEN III+/1350 12.9 

 

Brazil PWR/1405 15.5 

 
China 

 

CPR-1000/1000 7.1 

CPR-1000/1000 7.0 

AP-1000/1250 9.3 

Russia VVER-1150/1070 16.8 

 

EPRI APWR-ABWR/1400 15.8 

Eurelectric EPR-1600/1600 11.8 

Average Europe  15.1 

Average World  13.5 

 

Table 2.6 seems to show that there is no relationship between the O&M cost 

and the power plant capacity. However, a recent publication [ARCAS, 2012] 

estimates the O&M cost per GWe installed at 98 MUS$ for PWR in a European 

context. This implies, for a reactor plant of any capacity with an 85% of load factor 

has an O&M cost of around 11.5 US$/MWhe, this means around 25% lower than 

data from the reference. 
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For advanced reactors and systems, ARCAS project also provides O&M 

estimations. For fast reactors the cost is assumed to be 1.3 times the O&M cost for 

PWR and, for ADS as EFIT design (Artioli et al, 2007]), 3 times this O&M cost.  

 

 

2.2.4. Decommissioning, Dismantling and Disposal Costs 

 

The back-end cost is divided into Decommissioning and Dismantling as first 

cost item and Disposal cost as second cost item. Both particular costs are described 

in the next points. 

 

 

2.2.4.1.  Decommissioning & Dismantling Cost 

 

The term decommissioning and dismantling, as used in the nuclear industry, 

means the action taken at the end of a facility‟s useful life to retire it from service. 

These actions can range from merely closing down the facility and minimal removal 

of radioactive material coupled with continuing maintenance surveillance, to 

removal of all unacceptable radioactive material from the facility soon after 

shutdown. 

 

The ultimate goal of all decommissioning work is to clean up any radioactive 

material from the site so that it can be reused without any radiological restriction.  

 

Table 2.7: Cost of decommissioning European PWR. [De, 1990] 

Country Decommissioning Cost (MUS$) Net-Power (GWe) MUS$/GWe 

Belgium 207 1,39 149 

Finland 189 1,00 189 

France 208 1,39 150 

Germany 280 1,26 223 

Netherlands 320 1,30 246 

Spain 268 0,95 282 

United Kingdom 380 1,18 323 

Average 265 1,21 223 
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Decommissioning cost differ from country to country, as well as from plant 

to plant, because of variables such inflation, discount rates, waste disposal 

practices, type of nuclear facility, the decommissioning option, etc. For example, 

Table 2.7 shows an estimation for the European countries7 taken from world 

statistics [De, 1990] (data cost from 1988), where an average cost of 223 MUS$ 

(388 US$ at 2012 price level) is obtained. According to this reference, this cost is 

high in small plants and should not be extrapolated linearly to large plants; instead, 

economies of scale should be taken into account. Moreover, the uncertainties in 

PABITRA L.DE estimating the decommissioning costs, have been considered in a 

range from 10% - 20% of the capital or overnight cost. Therefore, a 15% may be 

considered as a representative value. 

 

 

2.2.4.2. Disposal Costs 

 

The disposal cost can be divided into three types: At-site storage, Central 

Interim Disposal (ID) and Final Disposal (FD) that includes the Deep Repository 

(DpR) and the Encapsulation Plant (EP). The first one will be neglected in this 

thesis because at-site storages are considered as temporary solutions for the SF 

storage when there is no ID and the reactor pools are overloaded. Additionally, this 

kind of temporary solutions are usually not included in the fuel cycle scenario 

definitions. Thus, this section will be focused on the ID and FD cost estimations.  

 

The ID (in wet pools or dry storage) is aimed for the cooling decay of the SF 

and nuclear waste for some decades, until they are ready for its final conditioning in 

the FD.  

 

A couple of references, showed in Table 2.8, provide the estimation of the ID 

cost. For the Swedish ID, the reference [Pettersson & Forsström, 1992] gives a value 

of 2088 MUS$ (2012 price level). Additionally, 6PGRR [ENRESA, 2006A] gives an 

                                                 
7
 A value of 477 MUS$ (1988 price level) for the Italian reference has been arbitrarily omitted 

since it was assumed as an isolated non-representative value.  
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estimation of 2074 MUS$ for the Spanish ID (2012 price level). However this value 

is shared into 4 points, where the first two of them, with an amount of 246 MUS$, 

correspond to at-site storages and other costs not directly linked to the ID. These 

costs are not considered as part of the ID in this thesis. The other two points 

correspond to the overnight or construction cost (654 MUS$) and to the O&M cost 

and decommissioning (1175 MUS$), giving a total cost of 1829 MUS$. 

 

Table 2.8: Cost assignment for the Swedish and Spanish IDs. 

ID  Reference Capacity (tHM) Cost (MUS$ 2012) 

Swedish Pettersson & Forsström, 1992 ~5000 2088 

Spain ENRESA, 2006A ~7000 1829 

 

Furthermore, a complementary and newer information is shown in Table 

2.9, providing the cost of expansion of the Swedish facility from 5734 t to 9470 t 

and it is divided by component. These data and the above mentioned one will be 

used for the implementation of the model for the ID cost estimation developed in 

Section 4.4.  

 

Table 2.9: Cost assignment for the Swedish ID [SKB, 2003]. 

ID  Cost (MUS$ 2012) 

Investment 213 

O&M 694 

Decommissioning 86 

Total 995 

 

For the FD cost estimation, some available references (coming from the 

responsible institutions of the FD design or construction) provide cost estimations, 

as it can be seen in Table 2.10 for open cycle strategies and Table 2.11 for fuel cycle 

strategies with reprocessing. These cost estimations are assumed to include every 

main component of the FD cost: overnight (or fixed cost), O&M (or variable cost) 

and decommissioning cost. Only the Finnish reference includes these components 

specifically. 

 

For the case of scenarios with reprocessing, it has been assumed total 

reprocessing in France and the reprocessing of a third of the SF in the case of 

Switzerland. Although the implementation of reprocessing strategies in the fuel 
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cycle leads to the reduction of the nuclear waste to store (mainly by means of the Pu 

and U extraction), the separation of other radioactive products from reprocessing 

(losses plus fission products) leads to the appearance of HLW and ILW to manage, 

that are included in the estimation provided by bibliography. 

 

A recent publication [NEA 2013] provides relevant information about the FD 

cost by means of questionnaire data for a number of countries. This information is 

also included in Table 2.10. The estimations of the costs related to the FD have 

taken into account the lower value curves8 from the reference because most of the 

questionnaire data are close to that curves and no additional explanation can be 

found in the text. 

 

This reference estimates the total cost for the FD from a series of 

contributions: The overnight and O&M for both EP and the DpR, and the 

decommissioning of the DpR. The Swedish FD is the most developed concept so its 

estimations are considered as a reference in this publication. However, it can be 

seen that the NEA 2013 model does not work well in case of larger FD, such as the 

Canadian FD. Furthermore, the estimation for the FD in reprocessing strategies are 

not included directly in this document, therefore, no estimation are included for 

France and Switzerland, referenced in Table 2.11. 

 

                                                 
8 In addition to the information about the cost of the back-end facilities, the appendix 3 of NEA 

2013 shows the FD cost values in this reference. However, these costs disagree significantly with 

the data presented by the responsible institutions for the FD cost estimation. For instance, the 

Finnish FD estimated cost is around 3000 M€ according to the responsible institution (cost 

estimate at 2006 price level) instead of the 1536 M€ by the appendix of NEA 2013. For the 

Spanish FD, the 3440 M€ (3000 M€ 2006 price level) estimated by ENRESA disagrees with the 

1681 M€ by the NEA 2013. All these values seem to omit the encapsulation processes costs and 

the year of the estimation, among other possibilities. These reasons have led us to not consider 

in this thesis the information included in the appendix. 
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Table 2.10: FD cost estimations for countries with once-through nuclear fuel cycle. 

Country Reference Mass (tU) 
Reference Cost 

(MUS$) 
Reference Cost 

(MUS$2012) 

NEA, 2013 

(MUS$2012) 9 

Finland POSIVA, 2011 5500 4329 432910 4074 

Spain ENRESA, 2006A 6674 3900 4485 3893 

Sweden SKB, 2003 9471 282411 4038 4356 

Canada CTech, 2003 192000 797212 16478 32650 

  

Table 2.11: FD cost estimation for countries with reprocessing strategies. 

Country Reference 
UO2 
(t) 

MOX 
(t) 

HLW 
(t) 

Reference 
Cost (MUS$) 

Reference Cost 
(MUS$2012)  

France IPFM, 2008 17600 4800 1550 15500-17400 17825-20010 
Switzerland AFCCB, 2009 2000 0 50 3601 3974 

 

In the particular case of the Swedish FD, a more detailed estimation is 

available in [SKB, 2003]. This reference provides information about the cost of the 

EP, which has the purpose of placing the waste in canisters as part of the 

engineering barriers to preserve the integrity of the SF or vitrified HLW along 

thousands of years. Values provided by the reference are summarized in Table 2.12 

for the FD fixed costs and in Table 2.13 for the FD variable costs. It can be seen that 

the fixed cost for the Swedish FD is ~25% higher than the variable cost. The fixed 

cost includes also the decommissioning for the EP and the FD, the surface facilities 

and the shaft (considered as the FD investment component), among others.  

 

In case of the variable cost, considered mainly as O&M, the encapsulation 

process has a significant cost, a 55% of the total O&M cost for the Swedish case. 

However this process varies according to the FD design and the encapsulation 

specification such the canister material, numbers of SFA per canister, etc. 

Additionally, this cost is complemented with the variable cost for the final 

repository, interpreted as all the cost related to placing and managing the packages 

in the FD. 

                                                 
9 Considering an operational period of 60 years for both EP and FD. 

10 Years 2008 and 2012 have the same convertion ratio.  

11 This value corresponds to 22780 MSEK2003, taken into account that 1 US$ 2003 = 8.066 

SEK2003. 

12 This value corresponds to 1275 MCAD, taking into account that 1 US$ = 1.59 CAD 2002 = 1 

CAD 2012. 
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Table 2.12: Fixed costs for Swedish FD [SKB, 2003]. 

Item Cost (MSEK 2003) Cost (MUS$ 2012) 

Encapsulation Plant   

Overnight cost 2150 456 

Decommissioning 170 36 

Final Repository   

Off-site Facilities (investment + operation) 250 53 

Siting and site investigation 1040 221 

Operation areas (above-ground facilities) 1870 397 

Decommissioning (Operation areas) 110 23 

Spent fuel Investment 4580 972 

Decommissioning and backfilling 2400 510 

Total 12570 2668 

 

The different components of the fixed and variable costs will be used for the 

implementation of the model for the FD cost estimation developed in Section 4.4. 

 

Table 2.13: Variable costs for Swedish FD [SKB, 2003]. 

Item Cost (MSEK 2003) Cost (MUS$ 2012) 

Encapsulation Plant   

O&M 5600 1188 

Final Repository   

O&M (Above-Underground) 4610 978 

Total 10210 2166 

 

The total cost estimation coming from this reference agrees rather well (~6% 

difference) with the previously mentioned data for the Swedish FD. 
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3  
TRANSITION EVOLUTION CODE 

TR_EVOL 

 

This chapter is focused in the description of the simulation tool TR_EVOL 

[Álvarez-Velarde, 2010] developed to the study of the nuclear fuel cycle. The 

TR_EVOL module has been designed to evaluate different options for the fuel cycle 

scenario. In particular, diverse nuclear power plants, having possibly different types 

of fuels and the associated fuel cycle facilities can be assessed. The TR_EVOL 

module for economic assessments provides the Levelized Cost of Electricity making 

use of the TR_EVOL mass balance output and four main sources of economic 

information. Furthermore, the possibility of uncertainties assessment in the 

economic estimations can be also carried out by the code. 
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3.1. INTRODUCTION 

 

CIEMAT has been studying and analyzing different options for the nuclear 

fuel cycle, highlighting the advanced fuel cycles with reprocessing and 

transmutation processes. However, the complexity of modeling these types of 

scenarios, especially for those ones that change along the time, called transition 

scenarios, requires the use of computer tools to facilitate the task of simulating and 

analyzing these strategies. 

 

Up to now, computer codes have been focused in equilibrium calculations, 

giving valuable information about the potential of the current or advanced nuclear 

reactors. However, more versatile computer codes are needed for the simulation of 

general or particular details of transition scenarios with different reactor fleets and 

technologies, taking into account all kinds of fuel cycle facilities, but eventually with 

simplified models. For these reasons, CIEMAT has upgraded the EVOLCODE2 

simulation system [Álvarez-Velarde, 2007] with the TR_EVOL module to make 

transition fuel cycle calculations. 

 

The next sections describe the two main parts of TR_EVOL, the fuel cycle 

module and the economic module. Both of them are aimed to evaluate a nuclear 

fuel cycle in the two main issues of analysis, the nuclear material required and 

generated by the cycle, and its economic implications.  

 

 

3.2. FUEL CYCLE MODULE 

 

The objective of the TR_EVOL fuel cycle module is to provide answers to 

different aspects of transition scenarios related to the nuclear material mass 

balance and isotopic composition evolution, such as the number and date of 

introduction of facilities in the fuel cycle, the amount of fuel mass, the stored 

nuclear material, the nuclear waste, the period of time needed to reach equilibrium 

for transmutation scenarios, etc.  
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3.2.1. Fuel cycle model 

 

The TR_EVOL module simulates diverse nuclear power plants (PWR, SFR, 

ADS, etc.), having possibly different types of fuels (UO2, MOX, etc.), and the 

associated fuel cycle facilities (enrichment, fuel fabrication, processing, interim 

storage, waste storage, geological disposal). The module is intended to simulate 

each reactor fleet as a single averaged macro-reactor, although it can also simulate 

individually each reactor of the fleet if required (demanding however larger 

computer resources). Due to this purpose and assuming that the nuclear fleet is 

large enough (usually tens of reactors), every magnitude is provided per year. 

Hence, large fluctuations of operational parameters on individual cycle facilities are 

averaged over the year. 

 

The evolution of fuel composition of nuclear materials during the lifetime of 

the nuclear fleet is performed in TR_EVOL by means of ORIGEN 2.2 (Isotope 

Generation and Depletion Code) [Croff, 1980] specifically in the decay and 

irradiation processes. In case of irradiation, ORIGEN 2.2 could use its own 

reference cross section libraries or others specifically calculated with EVOLCODE 

2.0 averaging the cross sections dependence on geometry and irradiation time to 

obtain a representative library. ORIGEN and EVOLCODE libraries have been 

respectively used in this work for thermal and fast neutron systems.  

 

Each fuel cycle storage facility is represented by one or several different 

buffers. For instance, a nuclear fleet might consist of a series of PWR with N 

different 235U enrichments fuels. Hence, data concerning fresh fuels with different 

enrichments can be stored in N different buffers containing the isotopic vector and 

the total amount of material present in that storage. Storage facilities taken into 

account in a general fuel cycle (other could be included when necessary for 

particular cycles) are fresh fuel for nuclear reactors, spent fuel in cooling storage, 

separated material from reprocessing and nuclear waste. 

 

Connections between buffers represent mass flows. They can link one buffer 

to another, but can also join more than two buffers or divide different buffers.  
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Figure 3.1: CP-ESFR model simulated in section 4.2. 

 

A model of a simulated scenario by TR_EVOL can be seen in Figure 3.1 (this 

model represents the cycle simulated in section 4.2), where buffers and instructions 

are specified. Each box represents a buffer or material stream. Each overlapped box 

represents a rule of one year decay over the selected buffer. It can be seen that the 

fabrication rule includes two years of interim decay (it is considered that 

reprocessing is included in this period) and there are five years of cooling decay 

after irradiation.  

 

The parameters of the cycle facilities and the time-dependent 

interconnections are described in TR_EVOL using a series of basic operational 

instructions or rules. Each rule specifies a particular action that is applicable to a 

particular buffer (decay of stored material) or to a particular interconnection (fuel 

irradiation, fuel fabrication, reprocessing, etc.). The period of time for which that 

particular action is active is also specified (for instance, advanced reprocessing may 

be only applicable from a certain year on).  
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3.2.2. Main instructions for simulation 

 

TR_EVOL simulation bases the modeling of the scenarios on the application 

of nine possible rules to the streams that have been defined. These rules are aimed 

to describe any fuel cycle model and they are:  

 

1. Fabrication: Fabrication of nuclear fuel per year (refueling) depending on 

the electric generated that year. Material for fabrication is taken from 

different buffers depending on the fuel-type, such as recovered material 

buffers (possibly separated Pu and MA) and external material (possibly U). 

A different rule is needed for each different fabricated fuel with different U 

enrichment or Pu content. 

 

2. Addition: This rule has the function of adding nuclear material from one 

stream to another.  

 

3. Extraction: A certain amount of material is extracted from one buffer and 

added to another buffer to be treated in a different process, such as 

reprocessing or movements of material. 

 

4. Appearance: This rule allows the introduction (at any time of the fuel cycle) 

of external material (mass and its isotopic composition) such as an initial 

spent fuel legacy from past generations or special material for fuel 

fabrication (possibly material for target matrices or natural uranium). 

 

5. Copy the stream to another buffer. The mass information and its isotopic 

composition are copied from one buffer to another. It is also possible to copy 

specific isotopes (or elements) from one stream to see the evolution of this 

isotope along the cycle. 

 

6. Reprocessing of spent fuel. Mass flow coming from one buffer (spent fuel to 

be reprocessed) is divided into more than one buffer (recovered material 

separated by element if desired by the user and reprocessing losses, which 

can also be stored in separated buffers). The reprocessing can be carried out 
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according to three different strategies: reprocess homogeneously from the 

buffer without information about the irradiation process, or considering the 

irradiation period, where the material to reprocess is chosen following the 

rule of being the newest spent fuel or the oldest spent fuel.  

 

7. Waste: Material not specifically separated in the reprocessing rule is 

considered as nuclear waste. This rule makes the code to store the 

information of total mass and its isotopic composition of this material in a 

separated buffer. 

 

8. Decay: The decay process is a fundamental rule in TR_EVOL. All nuclear 

resources and separated material buffers are decayed in order to ensure 

their proper isotopic evolution. 

 

9. Irradiation in the reactor. The irradiation rule connects two general buffers, 

fabricated fuel and cooling storage buffers. 

Some other details have to be included for completing the information of the 

rules, for instance: the strategy of reprocessing and the amount of material to be 

reprocessed (and previously extracted from the cooling storage buffer) in case of 

the reprocessing rule, the fuel type to fabricate in the fabrication rule, etc. 

 

All information concerning buffers and rules is provided in a TR_EVOL 

input file. Besides, other general information of the fuel cycle scenario has to be 

provided, including the commissioning and decommissioning date of reactors, 

burn-up along the time of the reactors and the energy generated by each reactor 

fleet during time. 

 

 

3.2.3. TR_EVOL characteristics 

 

The main capabilities and methods used by TR_EVOL module include: 

 

 The mass and the isotopic composition balances of each stream defined in 

the fuel cycle are calculated as a function of time. 
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 Buffers and rules can be active for the whole duration of the fuel cycle or 

only for a limited duration. The user specifies the time validity of each buffer 

or rule in the input files. 

 

 Any kind of nuclear facility can be simulated in this module, since its 

operation can be described as a set of buffers plus a sequence of rules. 

 

 The irradiation and decay of the nuclear materials is simulated through 

ORIGEN executions (although it could be easily replaced by other depletion 

code if required). Hence, the Bateman equations are used for depletion 

calculations, taking into account the reaction and decay chains available in 

ORIGEN. The isomer production data for reactions (n,α)* and (n,2n)* are 

also managed by this module, allowing the same nuclear reactions for 

ground and isomer states of an isotope. Fission products yields can also be 

taken into account in the irradiation simulations. 

 

 The number of isotopes that TR_EVOL can handle is only limited by the 

existence of database information for each particular isotope. Although for 

results presentation purposes the material amounts can be grouped by 

elements, the isotopic information is always preserved. 

 

 Any kind of nuclear reactor (with any fuel) can be considered, although 

TR_EVOL implements different approximations for the calculation of the 

mass balances depending on the available information of the reactor. On one 

hand, streams coming from an advanced nuclear reactor (such as ADS or 

FR) require the fully detailed study of the system using EVOLCODE2 in 

order to provide an adequate set of cross sections (for ORIGEN) 

representative of the advanced nuclear reactor park. The simulation is 

implemented using the isotopic composition of a representative situation in 

time. Besides, neutron fluence and spectrum are averaged over the whole 

reactor for better representativeness. On the other hand, for more standard 

nuclear reactors (this is usually the case of the LWR), the ORIGEN reference 
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reactor libraries can be also used, avoiding the necessity of a whole 3D 

reactor design. 

 

 In addition, a nuclear reactor can also be represented by more than one set 

of cross sections for both temporal (large changes in the isotopic 

composition with time may lead to better representativeness if more than 

one cross sections set is used) and geometrical reasons (for instance, 

blankets in a fast reactors may have a different neutron spectrum than the 

driver and hence different sets of cross sections are needed). 

 

 The fuel fabrication process can get advantage of the concept of equivalent 

239Pu [Baker & Ross, 1963] if required (see appendix 4). This concept is used 

in the simulation of fuel fabrication where different isotopes of uranium and 

plutonium (and minor actinides) come from different buffers. It gives a 

reactivity worth to each isotope present in the mix. Then the ratio of 

material coming from each buffer is calculated for the total reactivity of the 

fuel to match the reactivity of equivalent 239Pu, which is fixed beforehand. If 

this concept is not necessary, a fixed ratio between uranium, plutonium and 

minor actinides can also be used instead. 

 

 Reprocessing is simulated as a set of coefficients of element recovery. The 

rule is applied to a certain amount of material extracted from a buffer. 

Recovered material is sent to one or more separated material buffers and the 

reprocessing losses can be sent to a nuclear waste buffer. Different types of 

reprocessing technologies can be then simulated by this procedure, with the 

same or different recovery coefficients. 

 

 Spent fuel in a cooling storage buffer can be saved in two different ways. 

First, it can be homogenized but the information about the introduction date 

in the buffer is lost. Second, material can be stored with the date 

information for the simulation of a reprocessing strategy of first-out-first-in 

or last-out-first-in (FOFI and LOFI respectively). 
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 Nuclear waste can appear as a by-product of different rules such as 

reprocessing or fuel fabrication. In addition to actinides, these buffers can 

contain fission products (and hence Intermediate Level Waste) since the 

information of more than 3000 isotopes is taken into account in the 

simulations. 

 

 Nuclear waste can decay or not, depending on the user‟s choice. 

 

 Results are provided per year. Hence, large fluctuations of operational 

parameters on individual cycle facilities are averaged over the year assuming 

that the nuclear park is large enough. 

 

 For results presentation, buffers can be managed in elements or groups 

(such as minor actinides). 

 

 

3.2.4.  Main improvements to the fuel module implemented 

 

As part of this work, a series of improvements has been implemented in the 

code: 

 

 Variable burn-up: The constant burn-up used in the previous version of 

TR_EVOL did not allow the simulation of real and complex scenarios. Then, 

the input of an average annual burn-up was required. Now, the impact of 

using variable burn-up instead a constant burn-up can be seen in the section 

4.1 

 

 First and Last cores treatments: As it is known, TR_EVOL works by annual 

loadings. However, one of the main problems for the proper estimation of 

the total fuel mass in the previous version of TR_EVOL, consisting in the 

omission of the fresh core mass at the beginning of cycle and the irradiated 

cores mass at the end of cycle. This problem was solved applying the 

capacity of first and last core creation by means of additional information 

given with the reactor commissioning or decommissioning dates. The first 
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core is defined as the mass (once the mass amount for the next refueling has 

been estimated) remaining to complete the whole fresh core with the same 

isotopic composition of the first loading. The last core is the mass remaining 

to complete the total unloading of the core after the annual unloading has 

been estimated. The burn-up of the last core is a fraction of the total reactor 

burn-up. 

 

 Management of the fission products and activation products: The first 

version of TR_EVOL worked with only actinides in any stage of the fuel 

cycle. In the new version the treatment of FP and AP allows obtaining 

complementary information about waste and its management options.  

 

 Input data: In order to clarify the instructions and decisions given to the 

model, the option of writing comments in the inputs was implemented and 

the possibility of showing or not some buffer in the output file. Other reactor 

parameters were also included in the input to improve the simulation, such 

as the core mass and the load factor, the installed capacity of the fleet at the 

beginning of cycle, etc. 

 

 Rules Improvements: Several changes were implemented in all the rules and 

some new orders were specified in some of them to give robustness and 

flexibility to the scenario modeling.  

 

 Reprograming of the code: A complete restructuration of the programming 

was made in order to provide the code with more robustness, better 

debugability and an efficient connection with the economic module.  

 

 

3.3. ECONOMIC MODULE 

 

The choice of a nuclear fuel cycle strategy carries a high burden for 

Investment, Front-end, Reactor Operation and Back-end cost, where the sum of 

each item involved might lead to the election or rejection of the strategy to follow. 

These costs are usually divided into four components (investment, fuel, O&M and 
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waste management cost) and thereby they are included in the TR_EVOL economic 

model.  

   

 

3.3.1. Fuel Cycle Economic Model 

 

The treatment of the economic information applied to the nuclear fuel cycle 

has been implemented in the TR_EVOL fuel cycle module as an additional module. 

The economic module treats the information located in the main cost input file 

(other ones are needed in case that the disposal cost estimation is required) and 

applies the models and unit costs to the mass balance output previously obtained. 

 

The cost simulation is based in the definitions and subdivisions of the costs 

presented in Chapter 2 and mainly based in the economic models given by The 

Economic Modeling Working Group Of the Generation IV International Forum 

[EMWG, 2007]. The description of the model for the four components of the fuel 

cycle cost and its derived costs are detailed in the following sections. 

 

 

3.3.1.1. Investment Cost 

 

This cost represents those costs related to the construction of the new 

reactor plant. It includes the overnight cost and financial costs (interest during 

construction and interest for the loan). 

 

 Overnight Cost (OC): TR_EVOL uses a specific cost for each reactor. As a 

difference between this model and others, the reactor core is not included as 

overnight cost in TR_EVOL. It is considered as fuel cost instead. 

  

 Interest during construction (IDC): The cost model is based on the 

construction time (YOC), the discount rate (DR) and the loans distribution 

along the construction time as follows:  
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1) When one loan for financing the OC is charged at the beginning of 

construction: 

 

       (    ) (   )     
 

2) When one loan for financing the OC cost is charged at the middle of 

construction:  

 

       (    ) (     )     
 

3) When the OC is uniformly distributed by loans along the construction 

period:  

 

    ∑
  

   
 (    ) (        )

   

      

 
  

   
 

 

 

 Financial Interest: This cost strongly depends on the interest rate or 

discount rate and the payback time (Pt). The model expression for this cost 

is: 

 

   (      )  [
(     )

(  (    ) (   ))
  ] 

 

3.3.1.2. Fuel Cost 

 

It represents the front-end cost. However, the reprocessing cost, usually 

included into the back-end cost, is implicitly included here for fuels that require 

this process. Several fuel types are allowed in the economic module:  

 

 UOX: The model for this fuel type is explained as the sum of five different 

costs as follows: 

 

1. Mining: Cost per kg/U3O8 

2. Conversion: Cost per kg/U 
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3. Enrichment: Cost per SWU 

4. Conversion: Cost per kg/U 

5. Fabrication: Cost per kg/U 

 

 MOX-LWR and MOX-SFR: The cost for this fuel type is described as the cost 

of the MOX (nuclear material) and the fabrication of the assembly 

(structural material). The first cost is highly depending on the reprocessing 

process cost.  

 

1. MOX: Cost per kg/MOX 

2. Fabrication: Cost per kg/MOX 

 

 ADS Fuel: The model of this fuel type is based on the nuclear material cost 

(Pu+MA) and the structural material fabrication. 

 

1. Inert Matrix: Cost per kg/nuclear material 

2. Fabrication: Cost per kg/nuclear material 

 

The calculation of the nuclear material cost for MOX and ADS fuels 

considers its origin as spent fuel and its particular reprocessing cost. 

 

3.3.1.3. Operation and Maintenance Cost (O&M) 

 

This cost represents an annual cost for the plant, as function of the installed 

capacity. Thus, the value used is a cost per GWe. 
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3.3.1.4. Decommissioning & Dismantling and Disposal Cost 

 

This item represents two different costs in TR_EVOL model: 

decommissioning & dismantling and the disposal cost that includes the interim and 

the final disposal both separately calculated. 

 

A) Decommissioning & Dismantling 

 

Economics studies, as presented in section 2.2.4, consider this cost as a 

specific percentage (P) of the Overnight Cost (OC) per reactor. This cost can be 

taken into account in the model for reactors that are commissioned (reactors in) to 

assure its contribution costs in case of finishing the cycle before their expected 

lifetime (1), or also for those already decommissioned (reactors out) showed in 

equation 2. Thus, the model per reactor type is a simple rule expressed as: 

 

1)              (           )   P 

 

2)              (            )     
 

 

B) Disposal costs 

 

The models projected for ID and FD cost are depending on the irradiated 

fuel mass and HLW to store as a variable cost that includes transport, storage and 

management plus a fixed cost for the facility. The developments of these models are 

different for both types of disposal, but they make use of the same condition for 

storing, i.e., maximum number of SFA or vitrified HLW per package, thermal limit, 

limit mass per facility, etc. The model is flexible enough allowing the user to 

implement different facilities design or to deal with a lack of information. 

 

For ID and FD, the model is explained as the sum of a fixed cost (FC) and a 

variable cost (VC). The first one includes overnight cost and decommissioning of 

the facility for ID. For FD, the previous cost also applies together with the cost 

related to the Encapsulation Plan (EP). The second one depends on the mass to 
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store by year and type. This mass can be divided into the mass of the fuel assembly 

type placed in the canisters (or the limit mass per glass in case of HLW) to obtain 

the number of canisters to manage (NOC). The number of assemblies or vitrified 

glasses per canister (if they are encapsulated) depends on the user information (if 

available) and the thermal limit of the disposal design. Moreover, the introduction 

of the gallery length (GL) concept is also required for the development of the FD 

model. Both models are explained as follows, while its validity range is verified in 

the section (see point 4.4).  

 

             , where 

 

for Central Interim Storage Facility (ID): 

 

FC =                                              

VC =                         

 

and for Final Disposal Storage (FD): 

 

             , where 

 

                  (       )                   (       ) 
 

                                                
 

 

3.3.2. Levelized Cost of Electricity 

 

The estimation of the LCOE per reactor type is calculated by means of its 

four cost items and divided into the total energy generated by this reactor or fleet 

along the cycle.  

 

TR_EVOL also allows the estimation of the global LCOE for the total cycle; 

this estimation is made by means of each LCOE per reactor type weighted by its 

contribution to the energy power. 

. 
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3.3.3. Uncertainties model 

 

Although the TR_EVOL economic module usually provides the LCOE as a 

best estimate value, the LCOE uncertainties can be additionally assessed via 

probabilistic distributions for the unit costs. The simulation can be executed many 

times; for each run or history, a simultaneous random sampling of the probability 

density functions of the unit costs (described as uniform or triangular distributions) 

has to be carried out to obtain the results. Finally, a statistical analysis of the 

outputs provides the assessments of the LCOE uncertainties. 

 

To improve the methodology, the possibility of setting correlations between 

unit costs has been implemented in the code for those costs that are strongly 

dependent between them. For instance, the overnight cost for LWR_UO2 and 

LWR_MOX, or the cost of natural uranium for different LWR, can be considered 

correlated, meaning that the same random number is used for each of them in the 

same history. 
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4  
CODE CAPABILITIES CROSS CHECKING 

 

This chapter is intended to compare the TR_EVOL capabilities by means of 

the cross checking of its outcomes with those results obtained in two projects and 

data published in bibliography. Although the previous version of TR_EVOL has 

already been validated by means of benchmarking in the field of the OECD/NEA 

[NEA, 2012], the continuous updates and upgrades in order to improve the fuel 

cycle model and the implementation of its economic module make necessary a new 

verification. This process has been divided in two stages as follow. 

 

The first stage is dedicated to check the improvements in the material 

management part of the fuel cycle code. Two parameters are used in this case, the 

nuclear fuel mass balance (Section 4.1) and the isotopic composition along the cycle 

(Section 4.2). The Spanish nuclear fuel cycle has been chosen as the model for the 

mass balance comparison given that the fuel mass per reactor is available in 

bibliography. The isotopic composition prediction capability has been checked by 
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means of a comparison with the results obtained in the frame of the CP-ESFR EU 

project [Bianchi et al, 2009], where a simulation involving the CP-ESFR fuel cycle 

scenario [Garzenne et al, 2011] was performed. 

 

The second stage has been focused to verify the validity of the TR_EVOL 

economic module13. The economic model verification has been carried out by 

making use of the ARCAS EU project [ARCAS, 2012] and its economic assessments 

for advanced reactors. Since ARCAS used the same definition that TR_EVOL for 

the LCOE, the investment costs, the fuel cost and the O&M cost were assessed and 

compared (Section 4.3). However, a specific analysis was required to evaluate the 

DDD cost (Section 4.4). Due to its high sensitivity to the fuel cycle options the 

methodology for the assessment of this cost needs to be compared to real data 

published in the bibliography. 

 

                                                 
13 All the unit costs will be expressed in €. Bibliography data and references presented previouly 

in Chapter 2 will be changed assuming 1.3 US$ = 1 € (2012 price level). 
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4.1. THE MASS BALANCE: THE SPANISH NUCLEAR FUEL CYCLE 

 

The analysis of the Spanish nuclear fuel cycle has been performed to validate 

the prediction power of the TR_EVOL module in two of the most relevant 

parameters of a fuel cycle: the fuel mass necessities and the inventory of irradiated 

fuel along the cycle. This fuel cycle has been chosen due to its simple scheme and its 

current open cycle strategy. The Spanish nuclear fuel cycle starts in year 1969 with 

the connection to the grid of the first nuclear power plant and it is assumed to finish 

at year 2028 with the disconnection from the grid of the last one.  

 

4.1.1. Objectives 

 

The main objective of this section is to validate the TR_EVOL methodologies 

for the mass balance estimation, comparing its results with real data obtained from 

the bibliography and the reactors operation experience. 

 

4.1.2. Hypotheses  

 

The following hypotheses have been taken into account: 

 

 The information of the Spanish nuclear fleet until year 2012 was taken from 

the Power Reactor Information System (PRIS) [PRIS WP]. PRIS is a 

comprehensive database focusing on nuclear power plants worldwide 

developed and maintained by the IAEA for over four decades. PRIS contains 

information on power reactors in operation, under construction or 

decommissioned. The database covers reactor specification data (status, 

location, operator, owner, suppliers, milestone dates) and technical design 

characteristics and performance data including energy production and 

energy loss data, outage and operational event information. 

 From year 2013, the electricity generation of each reactor was projected 

following the tendencies for that reactor obtained from PRIS until the year 

of its decommissioning.  

 The experimental data has been taken from “ENRESA Radioactive Waste 

General Plan” (Sexto Plan General de Residuos Radiactivos de ENRESA) 
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[ENRESA, 2006A], from here “6PGRR”, specifically according to the SF in 

the reactor pools or interim storages at the year 2005 and the total SF at the 

end of cycle. 

 “Vandellós reactor I” was not simulated because all its SF was reprocessed 

and does not provide significant information of the mass to store in interim 

or final disposals according to the 6PGRR.  

 According to 6PGRR the spent fuel from José Cabrera and Sta Mª Garoña 

was reprocessed until year 1983.  

 An average burn-up of 40 GWd/tU has been assumed for all reactors 

excluding Cofrentes. For this nuclear power plant a more detailed 

irradiation history is available in bibliography [NEM, 2003]. This irradiation 

history, shown in Figure 4.1, has been used in this simulation. 

 A lifetime of 40 years has been considered for the current nuclear fleet in 

operation.  

 

 
Figure 4.1: Constant burn-up (C-B) and Variable burn-up (V-B). 

 

 

4.1.3. Fuel cycle description 

 

The Spanish fuel cycle scenario includes 2 BWR and 7 PWR and its period of 

electric generation covers from the year 1969 to 2028. The characteristics of the 

reactors used in the simulation are shown in Table 4.1. As specified in the previous 
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hypotheses, all reactors, excluding Cofrentes, consider an average burn-up of 40 

GWdt/tU along their cycles. 

 

The electric generation evolution (per year) can be seen in Figure 4.2. Until 

year 2012 the energy production data was obtained from PRIS. This data has been 

projected to the end of cycle. According to this estimation, the total electric energy 

produced is around 2178 TWhe. 

 

Table 4.1: General parameters for each unit. 

Unit 
Unit power 

(GWe) 
Load 

Factor 
Reactor 

type 
Comission. 

date 
Decomm. 
date (14). 

Burn-up 
(GWd/tU) 

José Cabrera 0.160 0.70 P.W.R. 1969 2006 40 

Sta. María Garoña 0.466 0.78 B.W.R. 1970 2013 40 

Almaraz I 0.977 0.85 P.W.R. 1981 2021 40 

Ascó I  1.032 0.83 P.W.R. 1983 2023 40 

Almaraz II  0.980 0.87 P.W.R. 1983 2023 40 

Cofrentes  1.092 0.86 B.W.R. 1984 2024 Variable 

Ascó II  1.027 0.86 P.W.R. 1985 2025 40 

Vandellós II  1.087 0.81 P.W.R. 1987 2027 40 

Trillo 1.066 0.86 P.W.R. 1988 2028 40 

 

 
Figure 4.2: Annual energy production of the Spanish nuclear fleet. 

 

                                                 

14 The decommissioning date is estimated to be immediately one year after the last year of 

energy production.  
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4.1.4. Results  

 

As first parameter chosen to validate the code, 6PGRR gives the mass to be 

stored at the end of cycle. Figure 4.3 shows the evolution of the SF as the sum of the 

contributions of each reactor along the cycle (see Appendix 2 for the contribution 

per reactor). The red line represents the spent fuel mass generated until year 1978 

from the José Cabrera and Sta Mª Garoña reactors and reprocessed until year 1983, 

for a total of around 68 t. The blue line represents the evolution of the non-

reprocessed spent fuel along the cycle. The total mass produced by the simulation at 

the end of cycle is ~6820 t (~6890 t considering the SF reprocessed and excluding 

the mass from Vandellós I), while the estimation in “6PGRR” by ENRESA is 6674 t. 

This difference represents a relative deviation of around 2% between both 

TR_EVOL and ENRESA values, meaning that the model represents correctly the 

Spanish nuclear fleet. It has to be mentioned that certain compensation of 

underestimated and overestimated values takes place. 

 

 
Figure 4.3: Spent fuel to store. 

 

The SF stored in the reactor pools can be taken into account for a second 

comparison. Table 4.2 shows the SF in the reactor pools at the year 2005 (for José 

Cabrera this year is 2006, its decommissioning date) obtained by TR_EVOL 

simulation and the referenced value by each reactor provided by 6PGRR. As 

specified in the hypotheses, the SF from José Cabrera and Sta. Mª Garoña was 

reprocessed until year 1983, so the total mass stored in the reactor pools does not 
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have to include the SF up to that date (the total mass produced until 2005 has been 

however included in the table in brackets). 

 

Table 4.2: SF mass accumulated until year 2005 per reactor unit.  

Comparison between predicted and published data [ENRESA, 2006A]. 

Reactor Pool Simulation 6PGRR (2006) Relative difference (%) 

José Cabrera (2006) 107 (130) 100 -7.0 

Sta. Mª Garoña  270 (315) 311 13.2 

Almaraz I 451 465 3.0 

Ascó I 448 417 -7.4 

Almaraz II 438 432 -1.4 

Cofrentes  553 551 0.4 

Ascó II 428 408 -4.9 

Vandellós II 380 360 -5.6 

Trillo 384 344 -11.6 

Total 3459 3388 2.1 

 

Table 4.2 shows that the total SF mass predicted until year 2005 gives a 

value very closed to the result published in “6PGRR”. However, again certain 

compensations between PWR and BWR masses take place but deviations are 

usually smaller than 8%. As it can be noted in the case of Sta. Mª Garoña unit, BWR 

type, a significant deviation can be found between the simulation and published 

data. However, for the other BWR reactor, Cofrentes, applying a variable burn-up, 

negligible difference is found. In fact, if the constant burn-up of 40 GWd/tU is also 

used for this reactor, a relative difference of 21% can be found at year 2005.  

 

 

4.1.5. Conclusions  

 

The Spanish Nuclear Fuel Cycle has been simulated in detail according to 

the available data obtained from bibliography and official sources.  

 

The SF mass per reactor pool and the SF at the end of the cycle were 

assessed and compared to the real data provided by ENRESA. TR_EVOL 

simulation showed a satisfactory outcome of the total mass. For the specific mass of 

each power plant, deviations between simulation and published data are generally 

smaller than 8%. 
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Another relevant finding from this study is that TR_EVOL mass values have 

been quite accurate when the proper parameters are available for the description of 

the nuclear power plant. In fact, it has been shown that the use of information so 

close to real data, as used in the Cofrentes simulation, makes TR_EVOL obtain 

results with a very high accuracy. 

  

4.2. ISOTOPIC COMPOSITION: CP-ESFR FUEL CYCLE SCENARIO 

 

 

The CP-ESFR project [Bianchi et al, 2009] has studied a possible transition 

stage for the nuclear fuel cycle in Europe [Garzenne et al, 2011]. The main goal of its 

cycle is the replacement of the existing 2nd generation reactors (LWR) by sodium-

cooled reactors (FR) through an intermediate period of 3rd generation reactors 

(LWR-GENIII).  

 

This particular scenario has been proposed as a possible cycle in Europe due 

to growing interest (especially from France) in the development of fast reactors and 

the possibilities offered by this technology, such as the breeding ratio tuning for 

generating Pu, and transmutation options for the elimination of MA (more details 

of the performance of this reactor can be seen in Chapter 5). 

 

This cycle has been also modeled using COSI tool by the project 

collaborators. The published results will be useful for testing the TR_EVOL 

capabilities. Indeed, this analysis is the basis for the simulation of advanced fuel 

cycle scenarios with FR presented in Chapter 5. 

 

The purpose of this section is the comparison of the main results obtained by 

COSI and TR_EVOL. Other main findings of the scenario study are widely 

described in [Merino et al, 2012]. 
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4.2.1. Objectives 

 

The main goal of this analysis is to compare the main results of the fuel cycle 

simulation given by TR_EVOL and by the CP-ESFR project results, with special 

focus on the isotopic composition, which is represented by the “Pu availability”.  

 

 

4.2.2. Hypotheses  

 

This scenario is formed by four reactor types, whose characteristic are 

detailed in Table 4.3 and taken from the scenario description [Garzenne et al, 2011]. 

  

Table 4.3: Main Reactor characteristics  

Item PWR UOX PWR MOX EPR ESFR 

Thermal power (MW) 2965 2965 4590 3600 

Electrical power (MWe)  1008.1 1008.1 1652.4 1440 

Energy yearly produced (TWhe) 7.143 7.143 13.036 10.20 

235U enrichment (wt%) 4.2 0.25 4.5 0.25 

Fuel type UO2 MOX UO2 MOX 

Pu content (wt%)  -- 8.65 -- ~15.5  

Equivalent amount in Pu239 -- -- -- 10.815 

Burn-up (GWd/tHM) 50 45 55 99 

Fuel Residence Time (EFPD) 1340 1200 1480 2050 

Cycle Length (EFPD) 335 300 370 410 

Average Plant Lifetime (yr) 48 40 60 60 

Load factor (%) 80.84 80.84 90 80.84 

Net thermodynamic yield (%) 34 34 36 42 

 

Each reactor type is named depending on the technology and the fuel type 

used: 

 

 PWR UOX: For LWR (PWR or BWR) with UO2 fuel. 

 PWR MOX: For LWR (PWR or BWR) with MOX fuel. 

 EPR: For the EPR reactor with 100% of UO2. 

 ESFR: For European Sodium Fast Reactor with MOX fuel. 

 

                                                 
15 The estimation of this value is described in Appendix 4. 
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Other hypotheses have been also considered:  

 

 The time required for fuel fabrication is 2 years for any type of fuel. No 

restriction in fabrication capacity has been considered in this work. 

 No maximum limit in the capacity of the enrichment plants has been 

considered here. The tails assay for U235 enrichment is 0.25 until 2020 and 

0.20 after this year. 

 The minimum cooling time for the irradiated fuels before reprocessing is 5 

years and the time for this process is assumed to be included in the 

fabrication time. A reprocessing loss rate for Pu and U of 0.1 (wt%) has been 

considered. 

 The composition of the initial legacy of spent fuel in the park comes from EU 

nuclear countries accumulated until year 2010 (with an additional 

contribution in year 2022) and it has been provided by the CP-ESFR fuel 

cycle description [Garzenne et al, 2011]. The sum of the plutonium isotopes 

is 386.6 t in year 2010 with an additional amount of 126.7 t in year 2022. 

 The fast reactor core library used corresponds to the Working Horse design 

[Blanchet et al, 2009] of the CP-ESFR reactor concept and has been 

provided by EVOLCODE [Álvarez-Velarde, 2007]. 

 

 

4.2.3. Scenario description 

 

The scenario length proposed covers almost one century, from the year 2010 

to 2100. The shared power by technology is shown in Figure 4.4 where it can be 

observed a constant total power requirement by year of 91.26 GWe.  
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Figure 4.4: Power demand by technology in the CP-ESFR fuel cycle. 

 

At the beginning of the scenario, there are two LWR-types operating (LWR 

with UO2 and MOX fuels, respectively). At medium term, LWR are substituted by 

LWR_GENIII (until two thirds of the total energy demand is provided by this fleet) 

and FR (one third of the total energy demand), and at the end of the scenario, 100% 

of the energy is generated by FR. Despite the fact that the scenario starts in 2010, 

for this analysis it is necessary to launch the simulation before, in year 2006, in 

order to properly initialize the fuel inventories in the nuclear fleet and in all the 

associated fuel cycle facilities.  

 

 

4.2.4. Results 

 

Due to the significant plutonium consumption when the FR reactors are 

deployed the main goal of this scenario is to avoid running out of it. Thus, the most 

important data to be obtained for the comparison is the margin of plutonium along 

the cycle. The Pu availability includes the Pu mass in the initial spent fuel 

inventories and the irradiated fuel from the power plants after the cooling time of 5 

years. It must be noted that the amount of Pu comes from the isotopic composition 

of the irradiated fuel and the isotopic evolution of separated material for the FR fuel 

(special care has to be taken when considering the decay of 241Pu).  

 

The information about the available mass of Pu has been used in this work 

as a way to verify the isotopic composition prediction capability of TR_EVOL code, 
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by means of cross checking the results against the CP-ESFR simulation. This 

comparison is quite important to prove that TR_EVOL is able to obtain similar 

results to another advanced fuel cycle code. 

 

To support the analysis of the Pu availability, Figure 4.5 shows the 

estimation of the Pu mass required along the scenario. At the beginning of the cycle, 

a small amount of Pu is needed to fabricate the MOX fuel for LWR_MOX 

(represented with the blue line). However, a significant amount of this material is 

necessary to complete the first stage of the FR commissioning (including the Pu for 

loadings and the introduction of the complete new cores). After this period beyond 

year 2050 an equilibrium stage starts with a mass consumption of ~40 t/yr 

followed by the second stage of the FR fleet deployment with a big amount of Pu 

consumption, made of refuelling of existing reactors and fabrication of complete 

cores for the rest of new FR plants to achieve the ~78 reactors required at the end of 

the cycle providing the 91.26 GWe per year through this technology alone. 

 

 
Figure 4.5: Plutonium requirements for the cycle. 

 

The CP-ESFR project provided some useful information for the TR_EVOL 

simulation outcome to compare with. The first one, shown as the red line in Figure 

4.6, is the Pu availability along the cycle, taken as the reference against the 

TR_EVOL result, represented with the blue line in the same figure. The second one, 
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plotted as the red line in Figure 4.7, represents the breeding ratio (BR16) for ESFR 

in CP-ESFR; and it is drawn together with the BR obtained by TR_EVOL as the 

blue line. Thus, the BR Figure could explain the behavior in some regions of the 

curves in Pu availability figure, as will be discussed later. 

 

 
Figure 4.6: Pu Availability for both CP-ESFR reference vs TR_EVOL code. 

 

According to the Figure 4.6, the Pu availability presents similar tendencies 

and total amounts for both simulations until the ESFR fuel is fabricated. This 

implies that the isotopic outputs for LWR reactors (GENII and GENIII) are quite 

similar in both simulation codes. 

 

As it was explained before, in the description of the Pu requirements, the FR 

fleet is deployed in two stages. The first one, from year 2041 to 2050, is carried out 

until a third of the electricity is generated by the FR fleet in operation. Due to the 

specifications, the FR fuel (for loadings and new cores) has to be fabricated 2 years 

before, since year 2039, forming the first peak in the year 2038. Here the first 

discrepancy between the models appears. Although the mass amount is almost the 

same for both simulations at this point (slightly higher in COSI simulation), 

TR_EVOL results shows the maximum Pu value in year 2038 vs year 2041 in CP-

ESFR curve. This makes that the Pu availability drops in TR_EVOL before than in 

COSI results. This fact might mean that the introduction of ESFR in COSI 

                                                 
16 The breeding ratio definition for the FR is developed in Appendix 5. 
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simulation is delayed by two years. This can also be suggested by the smaller 

reduction rate in COSI curve in the following years: a larger amount of LWR in the 

park produces an extra Pu amount from LWR regarding ESFR, making the Pu 

availability curve to decrease slower and to reach a minimum value higher than in 

TR_EVOL. It was expected that the minimum takes place two-three years later in 

COSI results; however, the figure shows a displacement of some more years 

possibly because in COSI the Pu in the spent fuel is not considered available until 

after it is discharged (5 years of irradiation) and cooled in the reactor pools 

(another five years), although this is not specified in the CP-ESFR scenario 

description. 

 

After the decreasing stage, during the equilibrium period between ESFR and 

LWR_GENIII (from 2050 to 2078), the Pu mass increases until a second peak is 

achieved at year 2077 (~2079 in CP-ESFR). The higher BR obtained in TR_EVOL 

simulation (see Figure 4.7) might be the cause of the difference in the Pu mass 

value regarding the CP-ESFR simulation. Consequently, the peak reaches a value of 

~1150 t vs. ~1020 t in the CP-ESFR simulation. Two possible reasons can cause the 

difference in the BR. First, different libraries (not specified in the bibliography) 

have been used for the irradiation of the ESFR, leading possibly to different spent 

fuel isotopic compositions at EOL. And second, different reactivity weights (neither 

specified) have been used for the application of the equivalent 239Pu hypothesis, 

leading possibly to different Pu amounts in the ESFR fresh fuel between both 

simulations. After this year, the second stage of the ESFR deployment starts in year 

2079 and finishes in 2098 to attain the 100% ESFR fleet. 
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Figure 4.7: Breeding Ratios along the scenario. 

 

The comparison between both simulations is made up to year ~2080 

because different hypotheses concerning the replacement of the ESFR 

commissioned in the first stage were made. COSI simulation assumed that the old 

ESFR fuel can be loaded directly as fresh fuel for the new generation of ESFR, while 

TR_EVOL considers that a new design should be developed so that the fuel is not 

useful and new cores have to be fabricated. 

 

 

4.2.5. Conclusions  

 

The simulation of the fuel cycle scenario included in the CP-ESFR EU 

project was performed to evaluate the TR_EVOL module, in particular, the isotopic 

composition along the cycle for the nuclear material flows. This was achieved by 

means of cross checking the TR_EVOL results against those provided by CP-ESFR, 

which used a code called COSI to simulate this cycle.  

 

The information to compare obtained from CP-ESFR was the curve of “Pu 

availability”, which provides information about the Pu amount ready to be obtained 

by reprocessing. 

 

The comparison was rather satisfactory showing similar tendencies with 

equivalent results in particular at beginning and end of cycle. Both codes perform 

the same simulation of the LWR operation. After this period, during the FR 
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operation, some differences were found. Some possible causes have been suggested 

to explain these differences: the different libraries used to model the ESFR 

(reflected in the different BR obtained in both simulations) and the equivalent Pu 

model (reactivity weights) used for the FR fuel fabrication in each simulation. 

However, given that the code has already been successfully validated in the 

previous section and in the NEA Benchmark Study [NEA, 2012], and that some 

discrepancies may exist in the scenario interpretation, it has been decided not to go 

deeper in this analysis. 

 

   

4.3. ECONOMIC MODEL CROSS CHECK: ARCAS PROJECT  

 

 

The EU-funded project 'ADS and fast reactor comparison study in support of 

Strategic Research Agenda of SNETP' (ARCAS) [ARCAS WP] embarked on the 

mission of helping policymakers and governments to decide on the best options to 

streamline their nuclear facilities for more efficient energy production considering 

the maturity of the technology and how this could be incorporated into economic 

analyses. 

 

 Assessments involved fuel cycle cost and transmutation with maximal 

minor actinide content involved in core loading, in addition to checking a number 

of safety parameters. The project successfully analyzed existing studies, outlining a 

legal framework of partitioning and transmutation operations. 

 

 The ARCAS economic document [ARCAS, 2012] (taken as reference for this 

evaluation) analyzes economically different strategies for a nuclear fuel cycle 

scenario in order to give zero net production of MA for the whole reactor park. 

Applying two different economic models and hypotheses (by CNRS and NRG) for 

the ADS system (as EFIT configuration [Artioli et al, 2007]) and two different types 

of FR (Homogeneous and Heterogeneous configurations), ARCAS provided the 

LCOE per reactor type. 
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 In this section, two fuel cycle options (one scenario with ADS and other with 

FR homogeneous configuration) from this document have been chosen to be 

studied. Their comparison will serve on the one hand for the demonstration of the 

capabilities of the TR_EVOL economic module and, on the other hand, for the 

study of two representative transmutation strategies in the terms of resources 

analysis (see Chapter 5 for a more complete investigation). The economic model 

and hypotheses provided by NRG will be used here. 

 

 

4.3.1. Objectives 

 

The purpose of this section is to compare the LCOE presented by the ARCAS 

project document for those fuel cycle scenarios involving FR and ADS with the 

results of the simulation by TR_EVOL code. 

 

 

4.3.2. Hypotheses  

 

The comparison has been carried out using the characteristics and 

parameters for FR and ADS proposed by ARCAS, detailed in section 5.2 (European 

Fuel Cycle, where the whole fuel cycle scenario is described including the LWR) and 

the economic hypotheses used by NRG.  

 

Costs related to the investment, fuel and O&M have been evaluated. On the 

contrary, the DDD costs have not been considered for these simulations, because a 

more detailed analysis of these costs is needed to validate the code capability. This 

will be shown in section 4.4. 
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4.3.3. Fuel Cycle descriptions 

 

The scenarios used in this study are: 

 

 FR simulation: The scenario chosen for the assessment of the FR cost has 

been the Homogeneous configuration with 70% of the energy provided by 

FR and 30% by LWR with 100% UO2. In this scenario, the fast reactors burn 

both the MA contained in their used fuels and the MA of the LWR strata. 

 ADS simulation: For the ADS, the model considers 97.4% of the energy 

production by LWR with 100% UO2 and the other 2.6% is provided by ADS. 

The ADS is designed to be dedicated to MA burning. As a consequence, it 

has a large MA burning capacity (estimation about 112.5 kg/TWhe). 

Although the share of electricity produced in ADS is small, the amount of 

ADS systems in the park is still quite significant, due to the small power per 

unit, of 400 MWth. 

 

 

4.3.4.  Results  

 

The results for FR, summarized in Table 4.4, include the estimations for all 

the items that explain the LCOE (excluding the DDD cost). It can be seen that 

outcomes from TR_EVOL code are rather similar to those obtained by the NRG 

model simulation, with differences lower than 3%. Analogous results are obtained 

with the ADS cycle simulation, shown in Table 4.5. 

 

Table 4.4: FR estimation costs. 

Cost NRG Model (cents/kWhe) TR_EVOL Model (cents/kWhe) Relative Error 

Capital 7.35 7.38 -0.5% 

O&M 1.18 1.17 1.1% 

Fuel  2.14 2.08 2.6% 

LCOE  10.67 10.63 0.3% 
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Table 4.5: ADS estimation costs. 

Cost NRG Model (cents/kWhe) TR_EVOL Model (cents/kWhe) Relative Error 

Capital 28.90 29.11 -0.7% 

O&M 6.78 6.74 0.6% 

Fuel  4.40 4.34 1.4% 

LCOE  40.08 40.19 -0.3% 

 

 

4.3.5.  Conclusions 

 

The comparison between the results obtained by TR_EVOL and ARCAS 

project (by means the NRG Model) shows that the economic model works correctly 

for the three components of the LCOE analyzed: investment costs, fuel cost and 

O&M cost. The DDD cost will be analyzed in the next section. 

 

 

4.4. ECONOMIC MODULE VALIDATION: 

THE BACK END COST 

 

This section aims to find the key parameters to create an accurate model 

(and its corresponding unit costs, given that very limited information is available in 

bibliography) for the Decommissioning, Dismantling and Disposal cost. The 

objective is to provide the user with generic values for each unit cost required for 

the construction of the economic model. Additionally, applying those unit costs 

calculated here, the TR_EVOL model has been validated in each item of the DDD 

cost by means of the comparison of its results with the published cost data. 

 

 

4.4.1.  Decommissioning & Dismantling 

 

As was shown in section 2.2.4, there is consensus in bibliography about the 

cost of decommissioning and dismantling, expressed as a percentage depending on 

the overnight cost of the power plan. Based on the information obtained in Table 

2.7, the percentages used for the TR_EVOL model, for a generic simulation, can be 

seen in Table 4.6. The best estimate, as an average of the published data, is a 15% of 
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the overnight cost. The lower and upper limits have been defined as one standard 

deviation (1 sigma is enough to contain most data presented in the reference) and 

are also required for performing uncertainty analysis as will be shown in Chapter 5.  

 

Table 4.6: Generic percentages of decommissioning costs. 

 
Decommissioning cost 

(MUS$) 
Cost (%) 

Lower Limit 157 11 

B-E 223 15 

Upper Limit 289 19 

 

 

4.4.2.  Disposal Costs 

  

It is widely known that costs related to the intermediate and final repository 

for a nuclear storage have large uncertainties due to the limited data available in 

case of the ID in operation and the almost inexistent information about FDs. 

However, TR_EVOL includes a methodology for the estimation of a cost for both ID 

and FD separately.  

 

In order to find reasonably unit costs that work correctly in cases where the 

information is not available and the disposal parameters are unknown, the model 

can used standardized cost treated from the available information.  

 

Although TR_EVOL is able to perform uncertainty analysis also in the costs 

of FD and ID, this analysis has been omitted in this thesis because there is not 

enough information available to make an estimation of the lower and upper values 

of the unit costs to be applied to the model. Because of this, they are not presented 

in this thesis and only the best estimate costs are used.  

 

 

4.4.2.1. Interim Disposal Cost Model 

 

As described in sections 3.3.1.4 and 2.2.4.2, the model for the ID is explained 

by a Fixed cost, which (a priori) does not varies according to the mass to store, and 
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a Variable cost, depending on the mass to store. The main difficulty to obtain a 

representative value for both the Fixed Cost and Variable Cost is solved using data 

from Swedish storage for 9470 t [SKB, 2003] and the Spanish ID for 6676 t 

[ENRESA, 2006A]. In the following, several values of the O&M unit cost will be 

obtained from references for these IDs. In practice, an average will be used for the 

cost estimations. 

 

The published data about the Swedish CLAB (Centralt Lager för Använt 

Bränsle, interim storage), in operation since 1985, is enough to give an adequate 

way to find the unit costs required. The investment and O&M costs of this facility 

are explicitly included on the available information [Bjurstrom, 1988] and 

[Pettersson & Forsström, 1992]. For the CLAB with 7920 t capacity (2012 level 

price) a total cost of 1606 M€ has been estimated, whereas for the fixed cost a value 

of 345 M€ is assumed. The references assume these costs along the two stages that 

are required to store the total SF. Although the given fixed cost is not specified as 

the total for the two stages, this is implicitly assumed for the total project, not only 

for the first stage. The decommissioning cost in this document, considered as part 

of the fixed cost, is not explicitly included. However, this cost and the O&M cost can 

be obtained from another reference [SKB, 2003]. These costs are shown in Table 

4.7, although they refer to a different ID capacity. Being precise, this reference 

analyses the cost of increasing the capacity of the ID from the period going from 

2002 to the EOC. In this period, the mass to store goes from 5734 t, stored in year 

2002, to 9470 t at EOC for a total of 40 years of operation per reactor. 

 

It is possible to obtain the unit cost for the O&M required for the model 

dividing the O&M cost by the mass managed (~3736 t). As a result, the O&M unit 

cost is 0.14 M€/t. However, the investment cost shown in the table represents the 

cost for the expansion of the ID capacity by means of the introduction of new 

storage canisters. It is clear that a fixed cost definition should not be dependent on 

the mass to store; thus, this investment should be considered as a variable cost in 

our model. Therefore, it is necessary to add this cost to the O&M unit cost, giving a 

unit cost of 0.184 M€/tHM. On the other hand, since the older reference for the ID 

with 7920 t capacity was estimated in 1606 M€, and considering the 

abovementioned fixed cost plus the decommissioning cost, the O&M unit cost, in 



 

94 

 

this case, is ~0.151 M€/tHM, around 20% lesser, although this estimation is based 

on 10 years older data. 

 

Applying the unit cost calculated above on the expression of TR_EVOL 

model (investment cost plus decommissioning cost plus O&M cost), the total cost 

for the 9470 t capacity ID is assumed to be between the results of both estimations 

(the newest, A, using the reference of 2003 vs the older, B, using the reference of 

1992) as follows. 

 

Table 4.7: Swedish ID Cost from [SKB, 2003]. 

ID (2003) M€ (2012) 

Investment 162 

O&M 526 

Decommissioning 65 

Total 753 

 

A) ID Cost = 345 M€ + 65 M€ + 0.184 (M€/tHM) x Mass (tHM) = 2152 M€ 

B) ID Cost = 345 M€ + 65 M€ + 0.151 (M€/tHM) x Mass (tHM) = 1840 M€ 

 

Despite of having two different unit costs for the O&M of the Swedish ID 

with a 15% of difference between both results, the newest value used in “A” has 

been considered as the most representative for the estimation, so that in this case, 

the total ID cost considered as more reasonable is 2152 M€.  

 

A detailed cost analysis can be also carried out for the Spanish ID thanks to 

the published information by ENRESA in 6PGRR. Unfortunately this reference 

does not provide the cost for construction and O&M explicitly. This reference gives 

a value of 1596 M€ (1388 M€ at 2006 price level) in the total budged for the ID, 

which is shared into four periods. The first one until year 2005 can be considered 

for the construction of At-Reactor storages, located in some nuclear power plants, 

which are not be taken into account in this work and that they are out of the ID cost 

facility. The second and third ones, for year 2006 and from 2007 to 2010, are 

hypothetically for the ID R&D and construction respectively. Assuming the year 

2010 the commissioning deadline (according to the Spanish law), the cost for these 

periods is ~503 M€ (438 M€ at 2006 price level). Finally, the fourth period, from 
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2011 to 2070 and 904 M€ (785 M€ at 2006 level price) is probably for O&M and 

decommissioning of the ID. Thus, the total cost for the ID presented by the 

reference may be close to 1407 M€, from which 503 M€ could be considered as a 

fixed cost.  

 

Additionally, the reference estimates that Spanish ID has been designed for 

6674 tHM generated along the cycle. If the decommissioning cost for the Swedish 

ID (65 M€) is considered also here and added to the 503 M€, the total O&M cost 

for the Spanish ID is 838 M€ and its unit cost becomes 0.126 M€/tHM.  

 

About the detailed specifications for the SF storage, another publication by 

ENRESA [ENRESA, 2006B] gives information about a model to store the fuel 

assemblies in canisters with around 1.86 t of capacity. Using this model, the 

variable cost (VC) of the ID can be described in detail as a function of the number of 

canister instead of the mass to store. This model was implemented in TR_EVOL to 

give a more accurate estimation due to some special constrains as, for example, the 

thermal limitation per canister. Thus, the variable cost model for the Spanish ID 

can be explained as follow.  

 

VC = Canister Cost (PWR) x NOCP + Canister Cost (PWR) x NOCB 

 

where the number of canisters with PWR assemblies (NOCP) and the number of 

canisters with BWR assemblies (NOCB) is: 

 

NOCP = PWR SF Mass (t) / 0.465 (t) / 4 assemblies 

NOCB = BWR SF Mass (t) / 0.180 (t) / 12 assemblies 

 

Applying the O&M unit cost for the Spanish ID previously calculated, the 

canister cost per SF type is: 

 

Canister cost (PWR) = 0.465 (tHM/Assembly) * 0.126 (M€) * 4 Assemblies 

 = 0.234 M€/Canister 

 

Canister cost (BWR) = 0.180 (tHM/Assembly) * 0.126 M€ * 12 Assemblies 
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 = 0.272 M€/Canister 

 

Finally, the cost calculated following the ENRESA specifications, excluding 

the fixed cost, is summarized in Table 4.8. Note that the HLW are also included in 

the calculations, although the canister costs are taken into account as a PWR 

canister. As it can be seen in the table, a value of 868 M€ is assumed for O&M cost. 

This value seems different to the value presented before (838 M€), due mainly to 

rounding issues. If the number of assemblies in the table is multiplied by its 

corresponding mass, the total mass is overestimated by 72 t (that is 39 canisters 

and a cost of 9 M€). Additionally, 19 M€ more have to be added from the HLW, 

which was omitted in the first estimation for simplification. As product, the total 

cost for the ID, including FC, is around 1436 M€. 

 

Table 4.8: Variable cost for the Spanish ID 

Assembly 
Nº Assemblies 

[ENRESA, 2006A] 
Assemblies 
per Canister 

Number of 
Canisters 

O&M 
Cost (M€) 

PWR 11311 4 2828 662 

BWR 8260 12 688 187 

HLW 243 3 81 19 

Total   3597 868 

 

This model has been developed for a fuel cycle for which the type of 

assemblies is known, as the case of Spain. Let us explore the case when the type of 

assemblies is unknown to check if the use of one of them indifferently for all the 

mass is valid. As an example, the cost of storing 10000 tHM in PWR assemblies is 

1258 M€ and a very similar value of 1259 M€ can be found using BWR assemblies. 

Therefore, the cost of Spanish ID using only PWR assemblies, including the FC 

(503 M€) and the HLW cost from the table, is:  

 

NOCP =6674 tHM/0.465 tHM/4 assemblies = 3588 canisters 

 

ID Cost = 503 M€ + 65 M€ + 3588 *0.234 M€ + 19 M€= 1426 M€ 

 

This cost (1426 M€) obtained assigning all the SF mass to PWR assemblies is 

considerably close to 1436 M€ (less than 1% difference). 
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The performed analyses are summarized in Table 4.9, where the main 

findings are shown in order to give the parameters and unit costs to be used for a 

TR_EVOL ID cost approximation. In case that no specifications are given for the 

ID, a set of averaged costs and unit costs are also provided as general values for cost 

estimations. 

 

Table 4.9: ID cost summarizing in M€. 

Item Swedish ID Spanish ID Average 

Investment Cost 345 503 424 

Decommissioning Cost 65 65 65 

Total Fixed cost 410 568 489 

O&M unit cost (M€/t) 0.184 0.126 0.155 

O&M unit cost (M€/canister PWR) 0.342 0.234 0.290 

O&M unit cost (M€/canister BWR) 0.397 0.272 0.335 

 

 

4.4.2.2. Final Disposal Cost Approximation 

 

As described in section 3.3, TR_EVOL approximation for FD costs is 

explained by a fixed cost plus a variable cost. The fixed cost represents the sum of 

the overnight cost for the FD, the overnight cost for the encapsulation plant (EP), 

and the decommissioning cost. Additionally, the variable cost is explained by the 

cost of storing and managing a certain SF mass. It was also mentioned that it is 

possible to obtain these costs by a fine-tuned rule depending on the mass to store. 

Thus, this section intends to prove that this estimation can be carried out using and 

adjusting the correct parameters for each unit cost.  

 

The next analysis gives the outcomes for FD cost and provides the unit costs 

necessary to estimate any generic FD cost through TR_EVOL economic module. 

Although a representative fixed cost for a general FD concept is difficult to obtain 

due to the lack of information, these values might serve as a gross estimation. To do 

this analysis, the information for some countries previously presented in Table 2.10 

and Table 2.11 is followed. This information, about the SF mass generated by cycle 

and its estimated FD cost, is reinforced by the companies engaged in the 
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development and construction of these facilities. As a first approximation, the 

estimation of the unit costs for the TR_EVOL fixed costs of the FD has been taken 

from NEA-2013 [NEA, 2013] and is shown in  

Table 4.10. These unit costs are obtained considering averages values for 

small sized FD (smaller than 40000 tHM). 

 

Table 4.10: Fixed costs for FD and EP from NEA-2013 [NEA, 2013]. 

Item Cost (M€) 

Encapsulation Plan Overnight Cost 300 

FD Overnight Cost 1600 

Decommissioning 230 

Total Fixed Cost 2130 

 

The fixed cost of 2130 M€ agrees fairly well with the one for the Swedish 

case (chosen here for being the most advanced project), where the total fixed cost is 

2052 M€, as shown in Table 2.12. In order to reproduce this fixed cost for any other 

FD (overnight and decommissioning costs of the EP and FD at least), the 

questionnaire data in the NEA-2013 reference has been taken into account. This 

questionnaire states that this cost can be considered independent on the mass to 

store or manage (for disposals smaller than 40000 tHM). Averaging the different 

cost values appearing in this reference for overnight and decommissioning of the 

EP and FD, a value of 1600 M€ has been assumed as the overnight cost for the FD 

and 230 M€ for the decommissioning cost. However, the data presented for the 

fixed cost of the encapsulation plant, which is considered into the total fixed cost for 

the FD in this document, seems to give a clear linear dependence on the mass 

managed per year, but this dependence is based on only two points. It has been 

assumed here a conservative constant value for the EP overnight cost of 300 M€ for 

reasonably small FD (smaller than 40000 tHM), as shown in the table. The impact 

of this assumption in the final cost of the FD is reasonably small. 

  

The variable cost, as it was previously described, depends on the mass to 

store. NEA-2013 reference also gives the information about the O&M cost of both 

EP and FD. However, despite showing some tendencies in the data presented about 

the annual cost vs the mass to store, they are not really clear, since sometimes the 
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curves are based on only two points, especially for the O&M cost of the EP. Thus, 

for simplification, this unit cost has been considered here as constant, at least for a 

FD capacity smaller than 40000 tHM (most referenced FD).  

  

Table 4.11: Comparison for the approximation cost (Swedish FD data). 

Country 
HM Capacity 

(t) 

NEA-2013 

(M€) 

Approx. Cost 

(M€) 

Relative 

 difference 

Canada 108000 25115 17050 32% 

Finland 5500 3133 2816 10% 

Spain 7000 2994 3024 -1% 

Sweden 12000 3350 3718 -11% 

  

Again, the data costs for the Swedish FD have been compared to the NEA-

2013 data. Table 4.11 shows a comparison of the FD cost between some countries as 

published by NEA-2013 and using the fixed and variable cost from the Swedish 

case. Results show that the methodology using an extrapolation of the Swedish 

variable cost agrees considerably well with the cost estimations provided by the 

responsible institutions for their small sized FDs designs. On the contrary, the 

agreement is not so good for the Canadian large FD, with a relative difference 

between the models of ~32%. 

 

It has to be mentioned that the Swedish, Finnish and Spanish FD designs are 

considered for an Open Cycle strategy, so that the methodology using an 

extrapolation of the Swedish variable cost could only work properly for this strategy 

and not for fuel cycles with reprocessing strategies. Concerning this issue, it has 

been observed that the material to be stored in the FD, with different fuel types and 

strategies for encapsulation and management, could need to be treated specifically 

for each nuclear fuel cycle or, otherwise, to find a common parameter among them 

that could explain the variable cost. The first option is quite difficult to implement 

in a TR_EVOL simulation, which is designed for the study and comparison of fuel 

cycle scenarios and not for a thorough FD cost estimate. Even if the user knows the 

parameters for each item of this cost, this is just one estimation for that model 

among others existing. The second option, finally chosen for TR_EVOL model, 
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makes use of two main parameters such as the encapsulation and management cost 

for the SF and the introduction of the gallery length (GL) cost definition.  

 

As was developed in the TR_EVOL FD model (section 3.3), the variable cost 

is explained by the following expression: 

 

Variable cost = VC (FD) + VC (EP) + GC (FD), where 

 

 VC (FD): O&M cost in the FD, which includes the storing and 

conditioning of the canister to be stored. 

 VC (EP): O&M cost in the EP, including the canisters cost and the 

encapsulation process.  

 GC (FD): As the gallery cost for the FD, expressed as a fixed cost per 

km of gallery. 

 

The main problem of this model is to find a representative value for the 

gallery cost. This value has to involve the tunneling cost and others related to 

canisters conditioning. 

 

For the VC (EP) the cost is the same that it was calculated for the Swedish 

encapsulation plant. In this case, the cost for the 4500 canisters (9500 tHM) is 

around 915 M€, this means 0.203 M€ per canister. On the other hand, the O&M for 

the SF in the FD or VC (FD) is ~191 M€, which divided by the number of canisters 

give a value of 0.042 M€ per canister.  

  

The estimation of the gallery length cost depends obviously on the mass to 

store, which can be worked out considering the number of canister to store and its 

dimension. At first, the canister (or packages) number depends on the fuel type and 

the number of the SFA that can be deposited. For the Spanish case, the number of 

canister (NOC) and the gallery length calculated by TR_EVOL model is as follows: 

 

 Mass estimated at EOC: ~6674 tHM 

 Mass per SFA: 0.465 t (PWR assembly); 0.180 t (BWR assembly) 
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 Numbers of SFA per canisters17: 4 PWR or 12 BWR  

 Canister length: 4.6 m 

 Separation between canister: 2 m [RED-IMPACT, 2008] 

 

Number of canisters18 = 6674/(0.465 x 4) = 3588 

 

Total Gallery length = 3602 canisters * (4.6 m+2 m) = 23.8 km 

 

Thus, the gallery length required for storing the 3588 canisters in the 

Spanish FD is around 24 km and, applying the same reasoning, the gallery length of 

the Swedish and Finnish FD is 30 and 18 km, respectively.  

 

Assuming that these estimations can be applied for all FD in an Open Cycle 

strategy, the gallery length cost for FD, as a cost per km of gallery can be obtained 

solving the following expression for the parameter “gallery cost per km” (GC). For 

this process, the fixed costs and the others units costs previously calculated are 

used as follows: 

 

FD cost = FC + VC = FC + NOC x (VC (EP) + VC (FD)) + GC x GL 

 

Applying this model to the Swedish, Finnish and the Spanish ID and using 

their reference cost, the unit cost “GC” obtained as an averaged value is around 19.7 

M€. Table 4.12 shows a comparison of the referenced FD costs used for the 

estimation and the results obtained by TR_EVOL model. The relative errors 

between both sets of results are quite satisfactory, meaning that the model 

developed here can describe correctly the cost of the FD. 

  

                                                 
17  All the SF mass is considered PWR as the SF mass generated in Spain is close to 80% PWR 

type [ENRESA, 2006A] . 

18 The estimated total value is 3517 canisters [ENRESA, 2006A]. 
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Table 4.12: FD for Once-through nuclear fuel cycle. 

Country Reference Mass (tU) 
Reference 
Cost M€ 

Reference 
Cost (2012) 

Model 
(2012) 

Relative 
error 

Finland POSIVA, 2008 5500 3330 3330 3239 2.7% 

Spain ENRESA, 2006A 6765 3000 3450 3475 1.1% 

Sweden SKB, 2003 9471 250019 3575 3814 6.6% 

Canada CTech, 2003 192000 9749 14167 13826 2.4% 

 

To explore the model representativeness, a different case has been studied. 

Canada FD design, which has the biggest capacity of the world with almost 200000 

t of HM, is a good reference to contrast the unit costs estimated above. In this case, 

the mass per canister is equivalent to 6.2 t as described in [ENRESA, 2006B], with 

324 SF assemblies of capacity. The result also agrees reasonably well with the 

reference, with an underestimation of only 2.4%. This result is fairly accurate 

despite the dimension of the canister was unknown, so a canister length of 4.6 m 

plus a separation between canisters of 2 m has been used in the GL estimation (as 

for PWR). 

 

Considering that the cost comparison above performed for FD in Open 

cycles validates this model (provided that the correct parameters are used), the 

main question now is if this model can be also applied for FD in fuel cycles with 

reprocessing strategies. For that, two fuel cycle scenarios with partial reprocessing 

strategies (Switzerland and France) are assessed. Table 4.13 shows the mass for 

storing and the cost estimation given by bibliography and the estimation made by 

TR_EVOL model. 

 

For Switzerland, which is planning to reprocess one third of its 3400 t of SF 

generated, the projected cost is 3020 M€. Applying the model to the 2200 t of UO2 

SF stored as in the Open cycle case and the 52 t of HLW generated from the 1200 t 

of UO2 reprocessed stored in universal canisters vitrified (UC-V), the result is close 

to the referenced value with a 7.9% difference. 

 

On the other hand, for French FD case the full reprocessing assumption 

taken from the International Panel of Fissile Materials [IPFM, 2008] was assessed. 

                                                 
19 It has been considered that 1 € 2003 = 1.13 US$ 2003. 
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This reference argues that at EOC 17600 t of UO2 and 4800 t of MOX are placed 

along with 1550 t of HLW from the reprocessing of 36100 t of UO2 (instead of 

storing 58300 t of UO2 for a hypothetical Open cycle strategy). The result shows 

that the value calculated by TR_EVOL model underestimates the reference value by 

an 11%. 

 

Table 4.13: FD for reprocessing strategy (masses in t). 

Country Reference 
UO2  

SF 
MOX 

SF 
HLW 

Reference 
Cost 

(M€20) 

Reference  
Cost 

(M€2012) 

Model 
(M€2012) 

Relative 
error 

Switzerland 
AFCCB- 

2009 
2200 0 52 2770 3020 2780 7.9 % 

France 
IPFM,  
200821 

17600 4800 1320 12200 13981 12409 11.2% 

 

Despite the significant relative error in both reprocessing cases, the values 

calculated are rather close to the presented by the reference. However it is clear that 

those inaccuracies are part of the uncertainty produced by the lack of useful 

information about the cost of the HLW storage, and also by the ILW generated by 

reprocessing and not considered in the model. It has to be taken into account that 

for the French case the cost of UC-V encapsulation is negligible in comparison with 

the assemblies encapsulation [Private Conversation]. Considering this, no 

encapsulation cost has been considered for the UC-V, and only an O&M cost 

(conditioning) of 0.042 M€ was applied. Moreover, the assumptions of 56 kg of 

HLW (FP & reprocessing loses) per glass put in a canister [AREVA WP] with length 

of 1.4 m, and a separation of 0.4 m between canisters were also used. On the 

contrary, in the Swiss case, the UC-V is encapsulated individually in a specific 

container (ENRESA, 2006B), for which the same cost of encapsulation that for a 

PWR was assumed due to the lack of additional details. A total of 56 kg of HLW per 

glass, 2 m of length, 0.4 m of separation between canisters were also assumed. 

 

According to the results previously obtained and considering that the 

TR_EVOL FD model is sufficiently satisfactory for fuel cycle cost estimations, the 

                                                 
20 For France, an average value between 11500 M€ and 12900 M€ was taken from the reference. 

21 The full reprocessing strategy has been taken into account. 
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generic data to use in the FD model, when the user does not know the economic 

parameters and its associated unit costs, are summarized in Table 4.14. 

 

Table 4.14: Summarized generic costs and parameters for FD model. 

Item Cost 

Fixed cost (including EP and decommissioning) 2130 M€ 

Gallery length cost per km 19.7 M€ 

Encapsulation cost per canister 0.203 M€ 

Management and conditioning cost (HM and HLW) 0.042 M€ 

Mass per assembly 465 kg 

HLW mass per UC-V 56 kg 

Canister length and separation 6.6 m 

UC-V length and separation (without encapsulation) 1.8 m 

 

 

4.4.3.  Model improvements  

 

Even though estimates carried out by ID and FD models can be considered 

suitable for fuel cycle analyses and studies, TR_EVOL code includes some features 

that may improve significantly the performance of its simulations. The main 

improvement is the Thermal Limit for the FD and ID management. Most studies 

consider the mass for storing as a material with some years of decay, i.e. 5 years of 

cooling decay before ID storing or 50 years for FD. However, those cases are 

strongly dependent on fuel cycle parameters as the fuel cycle strategy, reactor and 

fuel type, burn-up, etc. Modifications of these parameters between fuel cycle 

scenarios could change the years of cooling time required for the SF to cope with 

the thermal limitations of the ID and FD designs, deeply impacting the mass to 

store per canister. The main goal of the Thermal Limit parameter included in 

TR_EVOL model is to handle possible differences in the scenario, in such a way 

that the model is independent of the SF or HLW characteristics. 

 

The thermal limit for FD design in granite and clay to ensure that the 

maximum temperature (100ºC) in the clay to preserve its integrity is of 1.2 kW per 

canister in Spain [ENRESA, 1995] or 1.7 kW in Finland [ENRESA, 2006B]. For 

instance, for the particular FD designs of Spain, Sweden, Finland and Switzerland, 

about 4 UO2 SFA can be stored per canister. However, if the thermal heat of the 
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SFA exceeds the thermal limit, the number of assemblies per canister must be 

reduced. 

A different process is carried out for the HLW. According to the reference 

[AREVA WP] the HLW mass per glass is limited to 56 kg for FP and reprocessing 

losses. However this mass depends on the fuel type, irradiation condition, etc. 

Consequently, the mass per glass varies along the fuel cycle scenario and by source. 

Thus, the thermal limit is required as a condition for the HLW loading process. For 

example, Table 4.15 shows a hypothetical case where the HLW mass is loaded with 

no restriction in the glass. The importance lies in that HLW from cooler SF allows 

loading more material into the glass, reducing the associated cost of storing and 

encapsulation processes. In this case, no more restrictions have been taken into 

account. 

 

Table 4.15: HLW in glass to reach 1.2 kW. 

Year Mass (t) Heat (MWt) 
Heat density 

(kWt/kg) 
Mass per canister 

(kg) 

1 40 0.4513 0.0113 106 

2 40 0.442 0.0111 109 

3 40 0.4329 0.0108 111 

4 40 0.424 0.0106 113 

5 40 0.4154 0.0104 116 

 

 

4.4.4. Conclusions  

 

The estimation of the key parameters and unit costs for the implementation 

of the ID and FD economic models was carried out making use of the current 

information available about those disposal costs.  

 

For the ID model, the Swedish and Spanish concepts were evaluated 

considering that they may provide useful information to the model for a generic ID 

when the user does not have enough data.  

 

For the verification of the FD model a two-step approach was necessary. In a 

first stage the FD available information from the NEA-2013 publication and a 

number of FD concepts (Spanish, Finish, Swedish and Canadian) was used to assess 
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the values of specific parameters and unit costs. In a second stage these data were 

used in the model to predict the FD cost for once-through and reprocessing 

strategies. Results revealed that the parameters and unit costs calculated and used 

in the model leaded to satisfactory approximations for these scenarios.  
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5  
ANALYSIS OF RELEVANT FUEL CYCLE 

SCENARIOS  

 

This chapter analyzes in economic and resources terms two groups of 

nuclear fuel cycles options with relevant importance for Spain and Europe. For the 

Spanish case, two groups of fuel cycles have been simulated including life-extension 

of the reactor fleet and reprocessing strategies. For the European group, four 

scenarios have been evaluated considering open cycle, Pu burning in fast reactors 

and transmutation strategies. 
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5.1. SPANISH FUEL CYCLE AND ALTERNATIVE OPTIONS  

 

In this section, two main fuel cycle options are analyzed as alternative to the 

current status of the Spanish nuclear fleet. The alternatives proposed are: lifetime 

extension and reprocessing strategies. Reprocessing scenarios are considered to 

burn the maximum amount possible of the Pu mass generated in the cycle. 

 

These analyses are divided in two stages. In a first stage the fuel cycle 

parameters are calculated for both the Once-through cycle and the reprocessing 

strategies separately for both lifetime options. In a second stage the economics 

parameters of all scenarios proposed are calculated and compared for both lifetime 

options in order to show the impact in the economic field. 

 

 

5.1.1. The Spanish nuclear fuel cycle 

 

The Spanish nuclear fuel cycle started on 1964, with the construction of the 

first of three nuclear power reactors, Jose Cabrera, commonly named Zorita, a 

small pressurized water reactor. Two years later construction of Santa Maria de 

Garoña, a medium-sized boiling water reactor was started, followed two years later 

by Vandellós I, a medium-sized gas-cooled reactor. This first generation of Spanish 

units, all turnkey projects, gave practical experience with three different designs, 

and led to a focus largely on PWR types in the 1970s. 

 

Furthermore, in 1972 ENUSA (Empresa Nacional del Uranio, SA, now now 

ENUSA Industrias Avanzadas SA), a state-owned company, was set up to take over 

all of the nuclear front-end activities. On contrast, the back-end activities are 

responsibility of ENRESA (Empresa Nacional de Residuos Radiactivos), created in 

1984 and responsible for the management of all radioactive waste generated in 

Spain public entity. 

 

In the early 1970s, the construction of a second generation of seven reactors 

was started; five of them were completed (Almaraz I & II, Ascó I & II and 
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Cofrentes). These involved local engineering companies Empresarios Agrupados 

and INITEC and the state-owned manufacturer ENSA (Equipos Nucleares SA). 

 

Finally, in the early 1980s, the construction of a third generation of five 

plants was started, but following a 1983 moratorium, only two were completed – 

Trillo I and Vandellós II. In 1994 the moratorium was confirmed and five units 

under construction were abandoned. 

 

Therefore, ten reactors have been providing electricity to Spain and 

currently seven of them are still working. 

 

 

5.1.2. Objectives 

 

The main objectives of these simulations are estimating the impact in 

economic and resource terms for the lifetime extension and reprocessing strategies 

options in the Spanish nuclear fuel cycle.  

 

 

5.1.3. Hypotheses 

 

The main hypotheses used for this fuel cycle (for mass balance and isotopic 

composition evolution) can be found in section 4.1. Additional hypotheses are: 

 

a) Energy production: The information of the Spanish nuclear fleet 

performance was taken from the Power Reactor Information System 

(PRIS), where the data up to year 2012 is included. Beyond that date, 

the energy production has been projected in the same way as in section 

4.2, up to the decommissioning deadline, as shown in Figure 5.1. In this 

figure, the blue line represents the reference scenario without life 

extension (Scenario A) and the red line, with life extension (Scenario B). 

The total energy estimations for 40 and 60 years for the whole cycle are 

2178 TWhe and 3277 TWhe respectively.  
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Figure 5.1: Power generation (scenarios A and B). 

 

b) The fuel burn-up was averaged to 40 GWd/tU for reactors with 40 years 

of operation and 43.3 GWd/tU for reactors with life extension (40 

GWd/tU the first 40 years and 50 GWd/tU the additional 20 years). 

c) Each reactor is simulated separately in each scenario excluding 

Vandellós I reactor. This reactor is not considered in the simulations. 

d) The nuclear fuel has to be ready 2 years before loading. 

e) A period of five years of cooling time before reprocessing has been 

considered for the spent fuel and efficiency values of 99.9% for 

reprocessing and 100% for fabrication have been estimated. 

f) In scenarios with reprocessing, all reactors use MOX in 1/3 of the core 

since year 2016 until decommissioning according to current technology 

status [IAEA, 2003].  

g) Hence, the fabrication of MOX fuel starts in year 2014 to be ready for 

loading in year 2016.  

h) In reprocessing strategies, the RepU is reenriched to fabricate UO2-R.  

i) The fuel specifications are shown in Table 5.1. 
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Table 5.1: Fuel specifications. 

Type  40 GWd/tU / 50 GWd/tU 

UO2 

Enrichment from NatU (UO2) 4.0% / 4.5% 

Enrichment from RepU (UO2-R) 4.5% / 4.9% 

Tails 0.2% / 0.2% 

MOX 

Fissile enrichment (Pu+U235) 8.85% 

Pu content 8.65% 

Depleted uranium 91.35% 

 

The hypotheses used for the economic assessments are: 

 

a) This analysis is carried out from 2014 until EOC for all scenarios in 

order to show the impact beyond the current status of the nuclear cycle.  

b) All reactors are considered paid off at the beginning of this analysis and 

the life extension does not involve making significant reinvestment in 

reactors. This assumption does not allow comparing among scenarios 

with life extension and without life extension. 

c) In reprocessing strategies, no reinvestments in reactors design have 

been taken into account for changing the UO2 fuel to MOX fuel use. 

d) The decommissioning deadline of reactors is respected until year 2012. 

After this year reactors are expected to work for a total of 40 or 60 years, 

depending on the scenario definition. 

e) Table 5.2 shows the unit costs considering best-estimations taken from 

bibliography data presented in section 2.2.2 for uranium, and a lower 

and upper limit for the reprocessing cost. Uncertainties are treated here 

by means of parametric analyses mainly for the reprocessing cost. The 

MOX fabrication cost is assumed as a constant value because its 

variability does not entail significant changes at the total fuel cost. 
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Table 5.2: Generic Unit costs for the Spanish fuel cycle scenario  

Fuel Costs Cost  

Natural U €/kgU3O8 100 

Conversion 1 (€/kgU) 8 

Enrichment (€/SWU) 100 

Conversion 2 (€/kgU) 8 

Fabrication of UO2 (€/kg) 250 

Fabrication of MOX (€/kg) 22 1100 

UO2 & UO2-R reprocessing (€/kg)23 300 - 1300 

 

The cost of the MOX fuel can be obtained from the unit costs shown in 

this table, mainly from the UO2 SF reprocessing that range from 300 to 

1300 €/kg and the enrichment (in Pu) of the SF. For a constant 

enrichment of the SF given by a burn-up of 40 GWd/tU, the MOX cost is 

shown in Figure 5.2. Fabrication costs included in Table 5.2 refer to the 

structural material cost. 

 

 
Figure 5.2: MOX cost as a function of the reprocessing  

cost for a SF with a given burn-up of 40 GWd/tU. 

 

                                                 
22 According to [NEA-2006] .  

23 According to the bibliography data, the reprocessing cost range for the UO2 SF varies from 

€465 to €1100 per kgMH (2012 price level). However, the range has been extended in order to 

show the results properly.  
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f) An extra charge of 25% in the cost of MOX SF reprocessing (regarding 

UO2 SF reprocessing) was supposed for scenarios with reprocessing of 

this material24. 

g) The specifications for the ID, Encapsulation Plant and FD are displayed 

in Table 5.3. As the ID project has been already approved in Spain, it has 

been considered here that this disposal is the same for all scenarios. This 

facility has been designed to have a lifetime of 60 years, although an 

extension to 100 years is feasible. Then, a lifetime of 100 years has been 

considered here as an optimistic assumption. 

 

Table 5.3: Disposal facilities operation. 

Disposal Start End Description 

ID 2018 2118 7000 tHM to store 

FD25 2104 2118 Mass stored depending on the scenario 

EP 2104 2118 Encapsulation capacity depending on the scenario 

 

 

5.1.4. Descriptions of the scenarios 

 

This section describes the different fuel cycle strategies analyzed: 

 

A) Scenarios A (without life extension) 

 

 Scenario A1: This scenario is the Reference Scenario because the once-

through strategy represents the current status of the Spanish cycle. 

 Scenario A-P: This scenario includes the assumption of reprocessing only 

the amount of SF necessary for the fabrication of the MOX fuel required 

for the fleet (partial reprocessing). It is considered that the non-

reprocessed UO2 and MOX SF are stored in the FD. 

 Scenario A-F (Full reprocessing): In this scenario, all the UO2 SF, MOX 

SF and UO2-R SF generated by the cycle are reprocessed in order to avoid 

storing the SFA in the FD. Thereby, the FD will contain only HLW. In the 

                                                 
24 Taken as the maximum value for MOX reprocessing from NEA 2006. 
25 14 years of operation have been considered according to [NEA 2013]. 
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economic analysis, this strategy will be divided in two scenarios: A-F1 

considering that Spain assumes the cost of reprocessing the SF not used 

in the fuel cycle and another country makes use of the Pu and RepU 

separated giving to Spain the HLW; and A-F2, which considers the 

economic value of the separated materials surplus, Pu and RepU, 

assuming that they can be sold as fabricated fuel replacing the UO2 fuel. 

 

B) Scenarios B (with life extension) 

 

 These scenarios consider a lifetime extension up to 60 years and follow 

the same subdivision for scenarios described as scenarios A. Thus, in 

these cases, the scenarios simulated will be: B1 (reference with life 

extension), B-P (partial reprocessing), and B-F (all SF is reprocessed). 

 

To have a general view of the scenarios simulated, Figure 5.3 shows their 

main subdivision. 

 

 
Figure 5.3: Scheme of the simulated scenarios (A and B). 

 

 

5.1.5. Results  

 

This section is divided into two groups of results. The first group shows the 

main findings for the resources mass balances (fuels fabrication, waste to be 

managed, etc.) for scenarios A and B separately. The second group shows the 

economic implications of each scenario. 

Lifetime: Years 

 A=40 ; B=60  

Once-through 
A1 

B1 

Reprocessing 
Strategy 

Full Reprocessing 
A-F 

B-F 

Partial 
Reprocessing 

A-P 

B-P 
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5.1.5.1. Fuel cycle 

 

A) Results for scenarios A 

 

Table 5.4 shows the fuel requirements for scenarios without life extension 

(scenarios A). The reference scenario needs around 6810 t of UO2 for the whole 

cycle meaning around 51 kt of NatU consumption. In scenarios with reprocessing, 

the SF is a resource able to provide more “fresh fuel” (MOX and re-enriched RepU). 

This is demonstrated in scenarios AF and AP, where the reprocessing of 3780 t of 

UO2-SF provides savings larger than 8000 t of natural uranium (3320 t from using 

the 447 t of MOX required for the cycle and the rest from using the 664 t from re-

enriching the RepU instead of using NatU to fabricate some UO2 fuel). Moreover, 

around 4000 t of DepU from the RepU re-enrichment is also generated in both 

scenarios.  

 

Table 5.4: Fuel requirements for scenarios A. 

Scenario 
 

A1 A-P / A-F 

UO2 Fuel (tU) 

Total fuel mass 6810 6363 

From NatU 6810 5699 

From RepU 0 664 

NatU required 50900 42600 

MOX Fuel (tHM) 

Fuel mass 0 447 

Pu required 0 38.7 

DepU required 0 408 

 

Concerning the back-end material balance, Table 5.5 shows the Pu and RepU 

amounts separated in scenarios with reprocessing at the EOC (year 2033). In 

scenario A1, the Pu mass generated along the cycle is around 68 t and regarding the 

reprocessed material, small quantities are present from the reprocessing of some 

nuclear fuel from José Cabrera and Sta Mª Garoña until year 1983, as mentioned in 

section 4.1. In scenario A-P separated Pu and RepU amounts are zero, and Pu in SF 

is 51.2 t (19 t, 25.4 t and 6.8 t in UO2-SF, MOX-SF and UO2-R-SF, respectively). In 

scenario A-F these 51.2 t of Pu are separated at EOC. 2800 t of RepU are 
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additionally separated. Table 5.5 also shows that the strategy of scenario A-P allows 

reducing the amount of Pu in the fuel cycle scenario in a 25% at EOC. 

 

Table 5.5: Nuclear material separated at EOC in scenarios A  

(excluding DepU) 

Mass (t) 
Scenario 

A1 A-P A-F 

Pu Separated  0.7 0 51.2 

RepU Separated  65 0 2800 

Pu in SF 68.1 51.2 0 

 

Additionally, Table 5.6 shows the irradiated fuel and HLW mass to store in 

the FD. In the open cycle, the fuel after irradiation is considered waste and is stored 

in a final disposal; hence, in scenario A1, around 6740 t have to be placed into the 

FD, the 6810 t fabricated minus the mass reprocessed until year 1983 (~68 t) 

considered as 2.5 t of HLW.  

 

Table 5.6: Material mass in the FD for scenarios A. 

Mass (t) 
Scenario 

A1 A-P A-F 

UO2-SF 6742 1919 0 

UO2-R-SF 0 664 0 

MOX-SF 0 447 0 

HLW 2.5 141 254 

 

On the other hand, in scenarios with reprocessing (A-P and A-F), the 

material stored in the FD depends on the strategy to follow with these material. The 

main difference between scenarios A-F and A-P is that in the first one all (UO2) SF 

is reprocessed and the second one reprocesses just the necessary (3780 t) for the 

fabrication of 447 t of MOX fuel required to load 1/3 of all reactors from 2014. For 

scenario A-F with full reprocessing, ~6363 t of UO2-SF and 447 t of MOX-SF are 

reprocessed generating about 254 t of HLW. In scenario A-P, 1919 t of UO2-SF 

from NatU are not reprocessed and stored in the FD in addition to the 447 t of 

irradiated MOX, 664 t of UO2 from RepU and the reprocessing waste.  
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B) Results for scenarios B 

 

For these scenarios, the hypothesis of 1/3 of MOX fuel in every reactor 

cannot be fulfilled if only the Pu existing in the cycle is used, because despite having 

enough material at EOC, it is not available when required. The availability of Pu is 

limited to four units in this way. It is then necessary to apply the hypothesis of 

“borrowing” from an external supplier some Pu as MOX fuel when needed in the 

scenario and returning it at the end of the scenario.  

 

Table 5.7 shows the fuel requirements for scenarios with life extension 

(scenarios B). The once-through scenario (B1) needs around 9390 t of UO2 until 

EOC, which means around 75 kt of NatU consumption. In scenarios with 

reprocessing B-F and B-P, 1296 t of MOX fuel are required (112 tPu) allowing 

savings of around 20 kt of natural uranium. Unfortunately, the Pu available by 

reprocessing all the UO2-SF is not enough to fabricate this amount of fuel. In fact, 

reprocessing just the UO2 only 845 t of MOX may be obtained. To solve this issue, 

as explained before, the possibility of borrowing Pu from an external supplier has 

been considered. 

 

Table 5.7: Fuel requirements for scenarios B. 

Scenario 
 

B1 B-P / B-F 

UO2 Fuel (tU) 

Fuel mass 9390 8094 

From NatU 9390 6939 

From RepU 0 1155 

NatU required 74800 55300 

MOX Fuel (tHM) 

Fuel Mass 0 1296 

Pu required 0 112 

DepU required 0 1184 

 

 

Assuming that 845 t of MOX fuel can be obtained from the UO2-SF, a total 

of 451 t of MOX (39 tPu) are needed to complete the 1296 t of MOX fuel required 

for the cycle. At above mentioned, this amount of material must be restored at EOC 

to the external supplier. The way of restoring the Pu mass is not relevant in 

scenarios with full reprocessing (B-F), because all the Pu mass is separated, so no 
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special effort has to be done to separate the Pu to be given back. On the contrary, 

for the partial reprocessing (B-P) this issue may have significant impact. In this 

case, the Pu amount to be restored might be provided by two possible options 

(renamed scenarios B-P1 and B-P2): 

 

 Scenario B-P1: all the UO2-SF and UO2-R-SF is reprocessed, plus some of 

the MOX-SF. 

 Scenario B-P2: all the UO2-SF is reprocessed, plus the MOX-SF required 

to complete the Pu mass borrowed (considering that the Pu content in 

MOX-SF is almost 5 times the one contained in the UO2-SF). 

 

Additionally, around 5700 t of DepU from the RepU re-enrichment are also 

generated in both cases.  

 

Concerning the nuclear material at the EOC, Table 5.8 shows the Pu and 

RepU estimations for scenarios B. A reduction of 53% of the Pu existing in the fuel 

cycle can be achieved using MOX fuel with the strategy of scenario B-P.  

 

Table 5.8: Nuclear material separated in scenarios B 

(excluding DepU). 

Mass (t) 
 

Scenario 

B1 B-P B-F 

Pu Separated  0.7 0 44 

RepU Separated  65 0 2376 

Pu in SF 93.2 44 0 

 

In addition to the back-end information, Table 5.9 shows the irradiated fuel 

and HLW mass to store in the FD according to the strategies described previously. 

Thus, in this section and in the economic assessments, this analysis considers four 

scenarios, B1 for open cycle, B-P1 and B-P2 for partial reprocessing and B-F for full 

reprocessing. In B1, around 9322 t of SF are stored in the FD. Similarly to scenario 

A1, 2.5 t of HLW from the mass reprocessed until year 1983 have also been 

considered.  
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Table 5.9: Material mass in the FD for scenarios B. 

Mass (t) 
Scenario 

B1 B-P1 B-P2 B-F 

UO2-SF  9322 0 0 0 

UO2-R-SF 0 0 1155 0 

MOX-SF  0 820 566 0 

HLW  2.5 329 295 369 

 

For scenarios with reprocessing, Table 5.9 shows the significant reduction 

on the irradiated fuel to store. In partial reprocessing scenarios, the Pu mass 

required to be returned to the external supplier is around 39 t. As previously 

mentioned, this mass can be obtained from reprocessing the 1155 t of UO2-R-SF 

(Pu content 13.58 t) plus 476 t of MOX-SF (Pu content 25.5 t) in case of scenario B-

P1 or reprocessing just 730 t of MOX-SF (Pu content 39 t) in the case of scenario B-

P2. Thus, the SF remaining in the FD is 820 t of MOX for B-P1 (from the initial 

total of 1296 t) and 329 t of HLW. For B-P2 the SF remaining to be stored is 566 t of 

MOX-SF and 1155 t of UO2-R-SF plus 295 t of HLW. Finally, for B-F scenario the 

waste to store only comes in form of HLW (369 t).  

  

 

5.1.5.2. Economics Analysis  

 

As mentioned in the economic hypotheses, the economic assessment has 

evaluated only the period 2014 to the EOC in order to explore the differences in 

economic terms between the selected scenarios. Since no reinvestment for life 

extension or costs for changes in the O&M (for using or not the MOX fuel in the 

reactors) has been considered, it is assumed that the main economic differences 

come only from the fuel type and its mass amount required from the year 2014 to 

the EOC and the final disposal. According to the fuel type, Table 5.10 shows the 

mass of the three fuel types used in the cycle per each scenario (UO2 enriched at 4% 

and 4.5%, UO2-R enriched at 4.5% and 4.9%, and MOX fuel). On the other hand, 

the FD and the SF and HLW conditioning costs depend on the total mass generated 

along the cycle (as SF and HLW) and they have been taken into account as a cost 

that depends on the strategy to follow.  

 



 

121 

 

Table 5.10: Mass (t) of fuel required since 2014 to EOC. 

 
UO2 enrichment UO2-R enrichment MOX 

Scenario 4% 4.5% 4.5% 4.9% 
 A1 1341 0 0 0 0 

A-P&F 230 0 664 0 447 

B1 1341 2546 0 0 0 

B-P&F 503 935 392 763 1296 

 

According to the fuel mass calculated, Figure 5.4 and Table 5.11 show the 

total fuel cost per scenario for the fuel fabricated since the year 2014 to EOC. Blue 

columns show Once-Through scenarios A1 and B1. On the other hand, in green 

columns, the scenarios with reprocessing are shown considering the UO2 

reprocessing cost at 300 €/kgHM (in solid) and 1300 €/kgHM (in texture). For 

scenarios A in partial and full reprocessing strategies (A-P&F) the total fuel cost is 

respectively ~2701 M€ and ~6503 M€ and includes the fabrication of 447 t of MOX 

fuel and the UO2 fuel. In scenarios B-P&F, the fuel cost includes the cost of 

fabrication of 1296 t of MOX (845 t of MOX obtained from the available UO2 SF in 

the cycle plus the 451 borrowed) and the cost of the separation of Pu for the 845 t of 

MOX. It is important to mention that the cost of reprocessing the irradiated fuel to 

obtain the Pu to give back to the borrower will be assumed at EOC (by reprocessing 

process), and it has to be excluded from the total fuel cost shown in the figure. 

Thus, in scenarios B with reprocessing strategies, the total fuel cost varies from 

7643 M€ to 14831 M€ considering the hypotheses followed. 

 

  
Figure 5.4: Total fuel cost in M€ by scenario. 
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Table 5.11: Total fuel cost in M€ by scenario. 

Scenario Reprocessing 300 €/kgHM Reprocessing 1300 €/kgHM 

A1 2482 2482 

A-P&F 2701 6503 

B1 7802 7802 

B-P&F 7643 14831 

 

Concerning the additional cost for those scenarios with extra-reprocessing at 

EOC (A-F and B-F, and partial reprocessing in case of scenarios B to restore the Pu 

borrowed), Table 5.12 shows the SF mass and the reprocessing cost using the same 

reprocessing range costs of 300 €/kgHM and 1300 €/kgHM for UO2-SF and with 

an overcharged value of 25% for MOX-SF. Results show that scenarios with full 

reprocessing are more expensive than scenarios with only partial reprocessing. The 

particular cost of scenario A-F can be highlighted, because of its big amount of 

UO2-SF reprocessed. On the other hand, for scenarios with partial reprocessing, 

the cheapest value is obtained for the B-P2 scenario, due to the lower mass to 

reprocess needed for restoring the Pu to the supplier, since the Pu content in the 

MOX-SF is five times higher than in UO2-SF. 

 

Table 5.12: Cost of reprocessing at the EOC. 

Scenario 

Fuel type mass reprocessed (t) Total reprocessing cost (M€) 

UO2 UO2-R MOX 300 €/kgHM 1300 €/kgHM 

A-F 1919 664 447 943 4084 

B-P1 0 1155 476 525 2275 

B-P2 0 0 730 274 1186 

B-F 0 1155 1296 833 3608 

 

The calculation of the number of packages to store in the FD is required to 

assess its cost. This number depends on the mass and thermal limits of the canister 

itself in the FD specification. Regarding the mass limit, the maximum number of 

assemblies allowed per package is summarized in Table 5.13. To simplify the FD 

model, all the UO2 fuel is considered as a PWR assemblies. 

 

According to [ENRESA, 1995] the maximum thermal power by canister in 

Spanish FD is 1.2 kW in order to avoid temperatures above 100 ºC between the 
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packages and the bentonite (engineering barrier located between the waste and the 

host rock).  

 

Table 5.13: Maximum number of assemblies allowed per canister. 

Assembly Type Units/package Package length (m) Gap between packages (m) 

UO2 PWR 4 4.6 2 

UO2 BWR 12 4.6 2 

MOX 1 4.6 6.5 

Vitrified HLW 3 UC 4.6 0.4 

 

In case of scenarios A, the thermal power generated by the assemblies 

packaged in canisters (considering the maximum capacity) as a function of time is 

shown in Figure 5.5. Since the thermal power emitted by the packages is below the 

limit of 1.2 kW in year 2104 (when the loading of waste into the FD begins), results 

show that all these packages can be stored into the FD. It is assumed that the ID 

and the EP operation last until the final year of waste disposal into the FD (between 

red dashed lines in the figure). 

 

 
Figure 5.5: Thermal power by package in scenarios A. Red dashed lines bound the 

period of waste loading into the FD. 

 

For the vitrified HLW storage, the thermal limit depends on the mass of FP 

and reprocessing losses vitrified by source (UO2, MOX and UO2-R). Figure 5.6 

shows the mass required by year to match the limit of 1.2 kW, assuming an amount 

of three HLW glasses per package. In this work, it has been assumed that the 

glasses are charged with the maximum amount of FP and losses so that the 
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maximum power limit is not exceeded. Thus, considering the encapsulation process 

period for the FD (between the dashed red lines), the average mass (per source) 

calculated is around 85 kg for both UO2 and UO2-R vitrified HLW glass (252 kg per 

package) and 28 kg for the case of MOX HLW glass (84 kg per package). According 

to [AREVA WP] the mass per glass is limited today up to 14% of FP, meaning 56 kg 

(for 400 kg of solid glass per canister). However, the mass previously calculated will 

be used as an optimistic assumption for the future. 

 

 
Figure 5.6: HLW mass chargeable per package to accomplish the thermal limit in A 

scenarios 

 

On the other hand, for scenarios B, the thermal power generated by the 

assemblies packaged in canisters per SF type is shown in Figure 5.7. The UO2 

package reaches the thermal limit (in red line) close to the year 2065 (for 4 SFA), 

and for MOX case (for 1 SFA), the limit is reached in year 2105. This means that the 

maximum number of assemblies of these types can be loaded in the canisters. For 

UO2-R type, using 4 SFA (green dashed line) the thermal limit is always exceeded 

in the encapsulation period (between red dashed lines), hence the average number 

of SFA to be included in the package has to be 3 (green solid line).  

 



 

125 

 

 
Figure 5.7: Thermal power by package in scenarios B. 

  

For the vitrified HLW storage, Figure 5.8 shows the mass required by year to 

match the limit of 1.2 kW. Thus, considering the encapsulation process period for 

the FD (between the dashed red lines), the average mass per source calculated is 

around 78 kg, 26 kg and 64 kg for UO2, MOX and UO2-R vitrified HLW glass 

respectively or 234 kg, 78 kg and 192 kg per package respectively. Likewise in 

scenarios A, the UO2 (and UO2-R) vitrified HLW mass allowed in the glass is larger 

than the estimation of 56 kg [AREVA WP], but as abovementioned, this optimistic 

assumption is fulfilled.  

 

 
Figure 5.8: HLW mass to charge in glass to reach the thermal limit in scenarios B. 

 

Considering the SFA and the HLW mass vitrified per package as above 

calculated, the total number of canisters to store in the FD per scenario can be seen 
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in Table 5.14. It can be observed, in scenarios A, a reduction close to 70% in the 

number of packages between the open cycle (A1) and the scenario with full 

reprocessing (A-F). On the other hand, for partial reprocessing (A-P) the reduction 

is closed to 20%. For scenarios B, the reduction is around 60% between the open 

cycle and full reprocessing scenario B-F; this reduction is smaller than in scenarios 

A1 vs A-F because of the increase in the MOX and UO2-R fuel in scenarios B (~3 

times more than in scenarios A). This leads to an increase of the MOX HLW, that 

require much more packages because of the lower HLW mass generated from this 

fuel that can be loaded in the vitrification process. On the contrary, the reduction in 

the partial reprocessing (B-P1 and B-P2) respect to open cycle is close to 30% 

(higher than in scenarios A).  

 

Table 5.14: Total number of packages to store in the FD per scenario. 

Scenario UO2 UO2-R MOX HLW Total 

A1 3620 0 0 11 3631 

A-P 1032 357 961 553 2903 

A-F 0 0 0 1118 1143 

B1 5012 0 0 11 5023 

B-P1 0 0 1763 1612 3375 

B-P2 0 828 1217 1511 3556 

B-F 0 0 0 2074 2074 

 

The impact on the gallery length of the FD can be seen in Figure 5.9 for the 

different scenarios. Considering the geometrical assumptions for the packages 

shown in Table 5.13, the results for scenarios A show that the partial reprocessing 

imply a small reduction on the gallery length compared to A1. This is caused 

because of the MOX storing assumptions and its significant gap between canisters. 

This also happens in B-P1 and B-P2 scenarios. For full reprocessing, in scenarios A 

and B, the required gallery length is significantly reduced (in a factor 4 and 3 

respectively).  
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Figure 5.9: Gallery length per scenario. 

 

Despite the complexity in assessing the economic details of the FD because 

of the lack of experience worldwide about its construction and operation and the 

high uncertainties in the different parameters, this cost is highly appreciated in this 

kind of analyses. The estimation of the FD costs has been made by means of the 

economic information included in the last document of NEA [NEA, 2013], which 

provides the last information available about the back-end costs.  

 

It has to be mentioned that the NEA-2013 approximation of the FD cost 

requires the knowledge of the mass of HM per scenario. However, in these 

scenarios, several HLW types that cannot be considered as HM are generated. Due 

to this reason, this unit has been renormalized to the number of packages to store: 

One package is equivalent to 1.86 tHM (result of storing 4 UO2 SFA in the package) 

if no thermal limit is considered. The same rationale has been considered for the 

storage of 1 MOX-SFA or 3 vitrified UC of HLW in the package.  

 

The cost of the EP depends on the encapsulation capacity, fuel type and the 

operation time. According to the economic hypotheses the encapsulation process 

lasts 14 years. As previously explained, the plant capacity (shown in the reference as 

function of tHM per year) has been estimated assuming that all packages to be 

stored in the FD are UO2-SF packages. Table 5.15 shows the encapsulation plant 

capacity per scenario depending on the number of canisters and the 14 years of the 

EP operation (assumed as the same period of the FD operation).  
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Table 5.15: Encapsulation plant capacity. 

Scenario Number of packages 
Plant Capacity  

(packages/year) 
Overnight 

(M€) 
O&M 
(M€) 

Total 
(M€) 

A1 3631 259 389 408 798 

A-P 2903 207 321 346 667 

A-F 1143 82 155 195 350 

B1 5023 359 521 528 1049 

B-P1 3375 241 366 387 752 

B-P2 3556 254 383 402 785 

B-F 2074 148 243 275 518 

 

Table 5.16 also shows the assessment of the encapsulation plant cost per 

scenario. The total cost is divided (according to the NEA-2013) into an overnight 

cost and an O&M cost, both of them depending on the plant capacity. Results show 

that there are not significant differences in the encapsulation plant cost between the 

open cycle and scenarios with partial reprocessing. On the contrary, this cost is 

reduced in almost a 50% in scenarios with full reprocessing. However, these 

differences represent just a small value when compared to the costs of other 

parameters of the fuel cycle.  

 

Besides, the cost of the FD, summarized in Table 5.17, has also been 

estimated applying the model and data from NEA-2013. Thus, the total cost can be 

explained by an overnight cost, O&M cost and a closure cost. In this case, according 

to this document, both overnight and O&M costs depend on the amount of 

packages (mass) to store (any size of final disposals are considered here, not only 

small ones).  

 

Table 5.17: FD Cost (using NEA-2013 costs data). 

Scenario 
Number of 
packages 

Overnight (M€) O&M (M€) Closure (M€) Total (M€) 

A1 3626 862 1115 231 2208 

A-P 2903 844 1046 231 2121 

A-F 1143 799 878 231 1908 

B1 5023 898 1248 231 2377 

B-P1 3375 856 1091 231 2178 

B-P2 3556 860 1109 231 2200 

B-F 2074 822 967 231 2020 
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Finally, the total cost for the FD can be seen in Figure 5.10 (including the 

EP). Significant differences can be seen between scenarios, specifically in scenarios 

with full reprocessing because of the reduction in the number of packages. It has to 

be mentioned as well that the significant reduction in the gallery length (in factors 

four and three respectively for scenarios A-F and B-F), shown in Figure 5.9, does 

not lead to similar reductions in costs, because of the contributions of the fixed 

costs and the encapsulation process cost according to the NEA-2013 reference. 

 

 
Figure 5.10: Total cost of the FD. 

 

On the contrary, the use of the TR_EVOL FD model described in section 4.4 

gives different results. In fact, the total cost for the FD in M€ is 2843, 2554 and 

1577 for scenarios A1, A-P and A-F respectively. For scenarios B, the total cost in 

M€ is 3533, 2827, 2871 and 2009 for scenarios B1, B-P1, B-P2 and B-F respectively. 

These results show higher impact on the FD cost using reprocessing strategies when 

considering the TR_EVOL FD model. However, as it was explained previously, the 

NEA-2013 method has been preferred in this study over the TR_EVOL model in 

order to use the last information available for waste management. These differences 

can be understood as uncertainties in the calculation of the FD cost due to different 

basic data. 

 

According to the results obtained using the economic hypotheses and 

available data costs, the reprocessing cost is the main issue to take into account in 

this analysis due to the high impact of its uncertainties. In order to the impact in 

these scenarios of the current market prices, the estimation of the price of 
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reprocessing for that scenario to match the total cost of the once-through scenarios 

(A1 and B1) has been obtained. It has to be considered that in these comparisons all 

unit costs are the same excluding the fuel cost (which depends on the MOX price) 

and the final disposal (which depends on the final mass to be stored generated per 

scenario). 

 

Additionally, for full reprocessing strategies, the Pu and RepU separated 

(shown in Table 5.5 and Table 5.8 for scenarios A and B respectively), and with no 

use for the scenario itself, can be valued as assets for its use as fuel in other fuel 

cycle scenarios or countries. The maximum fresh fuel mass that can be fabricated is 

shown in Table 5.18 and Table 5.19 for both scenarios A-F2 and B-F2 respectively. 

Assuming that the maximum value as asset of both fuel types matches the UO2 fuel 

cost from natural uranium26, the maximum value for both MOX and UO2-R fuels 

(that can be considered as savings in the current fuel cycle scenario) is 929 M€ for 

A-F2 and 942 M€ for B-F2. 

 

Table 5.18: Pu and RepU as assets for scenario A-F2. 

Scenario A-F Pu(t) UO2-R (t)  

Fuel mass (t) 592 521 

As asset (M€) 1107 974 

Fuel fabrication cost (M€) 651 502 

Total asset value (M€) 456 473 

 

Table 5.19: Pu and RepU as assets for scenario B-F2. 

Scenario B-F Pu(t) UO2-R (t)  

Fuel mass (t) 508 404 

As asset (M€) 1072 852 

Fuel fabrication cost (M€) 559 243 

Total asset value (M€) 513 429 

 

Up to now, the different contributors to the cost of the fuel cycle have been 

estimated for scenarios A and B: Fuel cost, reprocessing cost and FD cost. In the 

                                                 
26 A sale cost of 1.87 M€/tUO2 has been assumed for scenario A-F and 2.11 M€/tUO2 for 

scenario B-F, both of them using the same cost for UO2 from NatU but enriched to 4.0% U235 

and 4.5% U235 for scenarios A-F and B-F respectively. 
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following, the total cost of the scenarios is analyzed. All of them include the total 

cost depending on the reprocessing cost for the UO2-SF from the low value 300 

€/kgHM to the high value of 1300 €/kgHM. Note that the cost of scenarios A1 and 

B1 are constant in the next figures because their costs do not depend on the 

reprocessing processes. 

 

Summarizing the results for scenarios A, Figure 5.11 shows the total scenario 

cost calculated versus the UO2-SF reprocessing cost. As it can be seen, the cost of 

the scenario A-F1 (full reprocessing without valuing the Pu and RepU surplus) does 

not equal the cost of the once-through cycle in the selected range of reprocessing 

costs. The match between both lines is 240 €/kgHM. For scenario A-P1 a 

reprocessing cost of 300 €/kgHM is needed to match the cost of scenario A1. On the 

other hand, the costs of scenarios A1 and A-F2 match for a reprocessing cost of 374 

€/kgHM. Nevertheless, it has to be mentioned that this cost is small for the current 

market price range. 

  

 
Figure 5.11: Total scenario cost versus reprocessing cost for scenarios A. 

 

The result obtained for scenario A-F2 assumes that the 592 t of MOX fuel 

fabricated with the Pu surplus is valued, optimistically, as UO2 fresh fuel at its 

maximum price. However, according to the sale negotiations this value could vary 

from 1.1 M€/tMOX (considering only the cost of fabrication with the aim of getting 

rid of the Pu from the cycle) to 1.87 M€/tMOX which is the cost of the UO2 fresh 

fuel enriched to 4.5%. The reprocessing cost that makes the scenario cost to match 

the open cycle cost also varies depending on the sell price of this MOX. The impact 
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of the Pu valued as MOX fuel in these premises can be seen in Figure 5.12. In this 

figure, the plane in red color represents the cost of scenario A1 and the plane in blue 

represents the total cost depending on both variables. The MOX value goes from 1.1 

M€ to 1.87 M€. At 1.1 M€, the reprocessing cost required is obviously the same 

value of the cost of scenario A-F1 (300 €/kgHM) and at 1.87 M€, the same value of 

scenario A-F2 cost (374 €/kgHM). Note that the intersection line between both 

planes is the solution for all possible combinations of these costs. It has been 

assumed in these cases that the 521 t of UO2-R obtained from the RepU surplus is 

sold at the same price that the UO2 from NatU. 

 

 
Figure 5.12: Total cost as function of reprocessing cost and Pu valued in scenarios 

A. 

 

For scenarios B, results are shown in Figure 5.13. It can be seen that 

scenarios with partial reprocessing B-P1 and B-P2 match the cost of scenario B1 at 

reprocessing costs of 315 €/kgHM and 340 €/kgHM respectively (taking into 
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account that for scenario B-P2, the Pu obtained has a lower quality27 than for the 

first one). A similar result has been obtained for scenario B-F1 (full reprocessing 

without valuing the Pu and RepU surplus) with a reprocessing cost of 322 €/kgHM, 

because the large amount of SF needed to be reprocessed at the EOC compensates 

the savings in the FD cost. Additionally, the scenario B-F2, which values the Pu as 

MOX fuel, requires a reprocessing cost of 416 €/kgHM to match the cost of scenario 

B1. However, as in scenario A-F2, this cost seems small for the current market price 

range. 

 

 
Figure 5.13: Total scenario cost versus reprocessing cost for scenarios B. 

 

Similarly to scenario A-F2, scenario B-F2 assumes that the MOX fuel 

fabricated, estimated in 508 t with the Pu surplus, is optimistically valued as UO2 

fresh fuel. However, negotiations could make this value range from 1.1 M€/tMOX 

(considering only the cost of fabrication) to 2.11 M€/tMOX which is the cost of the 

UO2 fresh fuel enriched to 4.5% from NatU. The total cost of the scenario as 

function of both the value of the Pu as MOX fuel and the reprocessing cost can be 

seen in Figure 5.14 as the blue plane. In this figure, the MOX valued goes from 1.1 

M€ to 2.11 M€. Again, the plane in red shows the cost of scenario B1. At 1.1 M€, the 

reprocessing cost required represents scenario B-F1 with a value of 322 €/kgHM. 

Valuing the Pu at 2.11 M€, the same reprocessing cost of B-F2 to match the cost of 

                                                 
27 In this analysis the percentage of fissile Pu calculated is around 68%, 61% and 50% for UO2-

SF, UO2-R-SF and MOX-SF respectively. 
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scenario B1 is obtained (416 €/kgHM). As it was mentioned for scenarios A, the 

intersection line represents the solution for all the possible combinations of the 

reprocessing cost and the Pu valuing matching the cost of scenario B1. It is 

assumed, also in this case, that the 404 t of UO2-R obtained from the RepU surplus 

is sold at the same price that the UO2 from NatU because no major economic 

implications for its management as fuel or SF are considered. 

 
Figure 5.14: Total cost as function of reprocessing cost and Pu valued in scenarios 

B. 

 

Results show that scenarios B present larger values (than scenarios A) of 

reprocessing cost that makes the cost of the scenario to match the cost of the once-

through scenario, although these reprocessing costs seem to be smaller than the 

current market price values. The once-through scenario cost, on the other hand, 

depends mainly on the uranium price. The impact of this uranium price changes for 

scenario B has been also explored in this thesis. Results are shown in Figure 5.15, 

where the dashed lines for both scenarios B1* and B-F2* represent the total cost if 

the uranium average cost between 2014 and the EOC reach the historical cost of 

230 €/kgU3O8 (reached at the end of 2007 according to Figure 2.4). This increase 

in the uranium cost leads to a different cost of reprocessing (620 €/kgHM) that 

makes the scenario cost to match the cost of the open cycle to a value that is closer 
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to the current market price. Although doubling the uranium price could be 

excessive, a linear dependency has been detected so the result of the reprocessing 

cost making the scenario to match the cost of the open cycle can be interpolated for 

any uranium price. For instance, to reach the lower an upper reprocessing market 

cost of 465 €/kgHM and 1100 €/kgHM to match the open cycle total cost, the 

condition of a uranium cost increase of 12% and 264% is required. 

  
Figure 5.15: Scenarios B: Total cost as function of reprocessing cost. 

 

To finish this study, and with the aim of clarifying the main outcomes, 

Figure 5.16 shows a summary of the reprocessing costs per scenario (in €/kgHM) 

that make the scenario to match the total cost of the once-through cycle (A1 and 

B1). As it can be seen, in economic terms, the main options feasible according to the 

current market prices are the scenario B-F2 followed by scenario A-F2, where the 

surplus of separated Pu and RepU is considered as asset and given a value.  
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Figure 5.16: Summary of the reprocessing costs (in €/kgHM) per scenario to match 

the cost of once-through cycle (for scenarios with and without life extension). 

 

Applying the TR_EVOL FD model, the reprocessing costs in €/kgHM to 

match the cost of the once-through cycle are: A-P=318, A-F1=315, A-F2=449, B-P1 

338, B-P2=368, B-F1=385 and B-F2=480. All of them are higher than using the 

NEA-2013 FD model. 

 

Finally, Table 5.20 summarizes the fresh fuel and SF fuel managed at the 

EOC for every scenario to clarify the analysis carried out in this section. 

 

Table 5.20: Summary of resources included in the economic analyses. 

  Fabricated Fuel (t) SF to be reprocessed at EOC (t) 

Scenario UO2 UO2-R MOX UO2 UO2-R MOX 

A1 1342 0 0 0 0 0 

A-P 230 664 447 0 0 0 

A-F1 230 664 447 1919 664 447 

A-F2 230 664 447 1919 664 447 

B1 3887 0 0 0 0 0 

B-P1 1438 1155 1296 0 1155 476 

B-P2 1438 1155 1296 0 0 730 

B-F1 1438 1155 1296 0 1155 1296 

B-F2 1438 1155 1296 0 1155 1296 

 

 

Reprocessing 
Strategy 

Partial 

A A-P= 300 

B 

B-P1=314 

B-P2 =340 

Full 

A 

A-F1=240 

A-F2=374 

B 

B-F1=322 

B-F2=416 
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5.1.6. Conclusions  

 

The once-through cycle and some scenarios with reprocessing have been 

assessed and analyzed for the Spanish Nuclear Fuel cycle considering the current 

cycle length and its life extension by means of a deep analysis carried out in 

resource and economic terms for each evaluated scenario. 

 

The study was limited to the current status of the Spanish fleet (energy 

produced, number of units and expected decommissioning dates) and the impact 

on the cycle cost was evaluated since year 2014 to the decommissioning date per 

reactor in order to include in the results only the impact of the different strategies 

followed beyond that year. 

 

Results have shown that scenarios with reprocessing can reduce significantly 

the gallery length of the final disposal in the case of applying a full reprocessing 

strategy. In fact, a reduction in a factor 4 and 3 respectively for scenarios A and B is 

achieved. However, for partial reprocessing strategies this reduction is not 

significant because the gallery length reduction is compensated with the additional 

MOX-SF disposal. 

 

It has to be taken into account that the gallery length reduction does not 

mean the same reduction in the total cost for the final disposal since fixed cost for 

the FD have to be applied. Actually, the reduction in scenarios with full 

reprocessing leads only to a reduction of 25% of the total cost for both scenarios A 

and B. 

 

Additionally, the comparison between open and closed fuel cycles showed 

that strategies with full reprocessing valuing the Pu and RepU for scenarios A and B 

are those providing the largest value of the reprocessing cost for the scenario to 

match the cost of the open cycle. However, it has to be noted that these 

reprocessing costs seem to be smaller than the current market values. 

 

It has also been shown that the increase of the natural uranium cost (more 

probable for scenarios B) leads to larger values of the reprocessing cost to match 
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the costs of both scenarios. In effect, if the uranium reaches an average of the 

maximum historical value for the twenty last years of the cycle in scenario B for full 

reprocessing scenario, the reprocessing cost can be increased up to 50% to match 

the open cycle. On the other hand, the increase cost of the natural uranium up to 

12% allows matching the minimum reprocessing cost referenced. 

 

Finally, the comparison between open cycle scenarios A1 and B1 has not 

been taken into account because the impact on the total cost depends mainly on the 

reactors investments and the re-investment costs to operate the life extension, 

which were not included in this study. 

 

5.2. EUROPEAN FUEL CYCLE OPTIONS 

 

 

In this section the transition from the existing LWR fleet to strategies with 

advanced reactors is analyzed, including Generation III+ reactors in a European 

framework, involving a number of European Union countries according to the 

choice performed in PATEROS [González-Romero et al, 2007]. The analysis of 

these fuel cycle scenarios has been performed following the recommendations 

specified in reference documents provided by the CP-ESFR [Garzenne et al, 2011] 

and ARCAS EU project [ARCAS 2012] as used in section 4.2. It has to be mentioned 

that this analysis has been recently published in a peer reviewed journal [Merino et 

al, 2014]. 

  

5.2.1. The European Nuclear Fuel Cycle  

 

This study is related to the nuclear fuel cycle at European level, including 

seven countries (Belgium, Czech Republic, Germany, Spain, Sweden, Switzerland 

and France [ARCAS WP]) with an annual nuclear power production equal to about 

800 TWhe (corresponding to the value in 2008). This production corresponds to a 

fleet of 112 plants and a total installed capacity of 112,9 GWe. This above-mentioned 

capacity is to be considered as reference value for the assessment which considers 

the status previous to Fukushima.  
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5.2.2. Objectives 

 

The main goal of this work is to analyze - in economic and resources terms - 

the impact of the implementation of different representative scenarios for a 

European nuclear fleet with a constant demand of energy. This objective requires 

the estimation of: 

 

 Natural uranium and plutonium needs. 

 Quantity of fast reactors (FR) and accelerator-driven subcritical systems 

(ADS). 

 Facilities to reach the equilibrium of minor actinides (MA) content in the 

fleet. 

 The MA evolution for transmutation scenarios. 

 The Levelized Cost of Electricity (LCOE) for each scenario and by reactor 

technology. 

 Impact on the LCOE of its main components. 

 

5.2.3. Hypotheses 

 

Hypotheses for the fuel cycle  

 

The scenarios assessed here are formed by five reactor types that are named 

depending on the technology and the fuel type used: 

 

 LWR_UOX: For LWR (Gen II, –PWR or BWR- type) with UO2 fuel. 

 LWR_MOX: For LWR (Gen II, PWR or BWR) with MOX fuel. 

 LWR_GENIII: For LWR (Gen III+) with 100% of UO2. 

 SFR (T-SFR): For sodium-cooled FR with MOX fuel (with transmutation 

capability for 2.5% of MA homogeneously distributed in the fuel). The 

average amount of Pu in the MOX fuel is close to 15%, but depends on the 

isotopic composition of the fabrication streams. 

 ADS: For ADS with inert matrix fuel (45% Pu & 55% MA). 
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For transmutation scenarios, the MA elimination considers a period to reach 

the equilibrium equivalent to the fuel cycle study; this means year 2210 

approximately. Thus, the number of transmuters is strongly depending on the MA 

mass availability and the fuel cycle length. Due to this, transmutation efficiency is 

not pursued. 

 

The simulation characteristics of the reactors are summarized in Table 5.21 

and have been obtained from references [Garzenne et al, 2011] and [ARCAS, 2012]. 

 

Table 5.21. General parameters for each reactor type. 

 LWR_UOX LWR_MOX LWR_GENIII SFR ADS 

Plant Thermal Power (MWth) 2965 2965 4400 3600 400 

Plant Thermal Efficiency (%) 34 34 34 40 32 

Plant Electrical Power (MWe) 1008 1008 1496 1440 128 

Plan Capacity Factor (%) 80 80 85 80 75 

Fuel Burn-Up (GWd/tHM) 50 45 55 99 150 

Lifetime (yr) 40 40 60 60 60 

Conversion Ratio (Pu) 0.42 0.66 0.48 1.08 1.00 

 

The composition of the initial legacy of spent fuel in the fleet comes from EU 

nuclear countries accumulated until year 2010 and it has been obtained from 

PATEROS reference [González-Romero et al, 2007]. In that document it is 

estimated that the total amount of plutonium in year 2010 was 386.6 t. In addition 

126.7 t are released from one country in year 2022 and added in this year to the 

total legacy. 

 

Regarding the UO2 fuel enrichment, no maximum limit in the SWUs plants 

capacity has been considered here. The tails assay for 235U enrichment is 0.25% 

until 2020 and 0.20% after this year. Moreover, the time required for fuel 

fabrication is 1 year for any type of fuel. No restriction in fabrication capacity has 

been considered in this analysis. No fabrication losses have been considered. 

 

Three reprocessing plants are considered in these scenarios depending on 

the fuel types (LWR fuel, SFR fuel and ADS fuel). The minimum cooling time for 

the irradiated fuels before reprocessing is 5 years. Reprocessing period lasts 1 year. 

A reprocessing loss rate for Pu, U and MA of 0.1 (weight) has been considered. 
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Hypotheses for the fuel cycle costs 

 

All costs are summarized in Table 5.22 where the Best Estimate (B-E) unit 

costs for each item, taken from the ARCAS project, are shown (note that 

technologies have different readiness levels). This table also shows the uncertainties 

taken as lower limits (L-B) and upper limits (U-L) from bibliography [NEA, 2006], 

properly adjusted regarding inflation and currency conversion. These unit costs 

have been taken as they are, even taking into account that there is large discussion 

for some of them, especially for those related to fast reactors. This discussion has 

been represented here by the uncertainties in the unit costs. 

 

For MOX and advanced fuels - fabrication and reprocessing – it is assumed a 

fixed price by kg of fuel. These costs are supposed to implicitly include the 

investment, O&M and decommissioning costs of fabrication and reprocessing 

facilities. 

 

The Interim Disposal and Final Disposal costs are included in DDD, and 

they were estimated following a model consisting in dividing their cost into a fixed 

cost plus and a variable cost. For the ID, the variable cost depends mainly on the 

mass to store. For the FD, the variable cost represents the galleries length cost. 

Both variable costs include canisters fabrication and operation given in section 

4.4.2.2. 

 

Current LWR_UOX and LWR_MOX plants are in operation since the 70‟s 

and 80‟s, while our analysis starts in year 2010. Hence, we assumed them to be paid 

off at the beginning of the scenarios and therefore it should be considered that 

generation costs for this type of plants will only include fuel, O&M and DDD costs. 
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Table 5.22. Cost information per reactor type. 

Reactor Technology LWR-UOX LWR-MOX LWR-GENIII 

 L-B B-E U-B L-B B-E U-B L-B B-E U-B 

Investment Costs          

Facility (€/kWe) 1875 2500 2970 1875 2500 2970 2251 3002 3565 

DR (Financial) 8% 8% 8% 8% 8% 8% 8% 8% 8% 

Constr. Time (yr) 4 6 8 4 6 8 4 6 8 

IDC (Construction) 8% 8% 8% 8% 8% 8% 8% 8% 8% 

O&M Costs          

M€/GWe/yr 56 75 94 56 75 94 56 75 94 

Fuel Costs          

Natural U €/kgU3O8 40 100 160 - - - 40 100 160 

Conversion 1 (€/kgU) 5 8 13 - - - 5 8 13 

Enrichment (€/SWU) 80 100 120 - - - 80 100 120 

Conversion 2 (€/kgU) 5 8 13 - - - 5 8 13 

Fabrication (€/kg) 200 250 300 800 1000 1200 200 250 300 

Reprocessing (€/kg) 875 1000 1125 875 1000 1250 875 1000 1125 

MOX&ADS fuel (€/kg) - - - 5400 6100 6900 - - - 

Reactor Technology SFR T-SFR ADS 

 L-B B-E U-B L-B B-E U-B L-B B-E U-B 

Investment Costs          

Facility (€/kWe) 2465 3902 4724 2465 3902 4724 11500 14760 18000 

DR (Financial) 8% 8% 8% 8% 8% 8% 8% 8% 8% 

Constr. Time (yr) 4 6 8 4 6 8 4 6 8 

IDC (Construction) 8% 8% 8% 8% 8% 8% 8% 8% 8% 

O&M Costs          

M€/GWe/yr 65 86 108 65 86 108 168 223 279 

Fuel Costs          

Fabrication (€/kg) 1000 1500 2000 5000 10000 15000 9100 20000 27300 

Reprocessing (€/kg) 455 1000 1364 4550 10000 13640 14300 20000 34300 

MOX&ADS fuel (€/kg)28 1400 2000 2400 4000 8300 11200 10800 15700 28100 

 

                                                 
28 This line in the table accounts for the cost contribution of different reprocessed materials, available from different 

technologies as scenarios develop. Values are obtained after application of reprocessing unitary input costs per 

technology and they are dependent of strategies assumed for combination of available masses. For instance, some 3 kg 

of LWR-MOX of spent fuel (SF) are necessary to reprocess at beginning of Scenario 2 to obtain 1 kg of SFR fabricated 

fuel (FF), which means (3 kg-SF/1 kg-FF)*1000 €/kg-SF = 3000 €/kg-FF. As the scenario proceeds a new source 

appears from SFR spent fuel. Therefore, as SFR BR~1, at advanced scenario stages we have (1 kg-SF/1 kg-FF)*1000 

€/kg-SF = 1000 €/kg-FF. Note that value shown in the table 2 is an average over the whole scenario period (2000 €/kg-

FF, in this case), which in addition it has been rounded off to be used as input for the economic module. 
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5.2.4. Fuel Cycle description  

 

Scenarios start at year 2010 with 91.2 GWe generated (112.9 GWe installed) 

by the seven EU associated countries, with LWR_UOX and LWR_MOX reactors, 

both of them Gen II technology, and they finish in year 2210 with the same value of 

total generated power. Four fuel cycle scenarios are analyzed. All of them consider 

an initial period of LWR Gen II decommissioning from year 2020 to 2025 for 

LWR_MOX and from 2020 to 2050 for LWR_UOX. The scenarios strategies 

considered are as follow: 

A) LWR cycle (SCN-1), shown in Figure 5.17: At the assumed end of life of the 

LWR plants, both fleets are replaced by LWR_GENIII plants that last until 

the end of the analyzed period.  

 

 
Figure 5.17: Scenario 1 (SCN-1) power generation. 

 

B) SFR cycle (SCN-2), shown in Figure 5.18: The electricity generation of the 

LWR plants is replaced by 2/3 LWR_GENIII and 1/3 SFR at year 2040. At 

the end of the century, 100% of the electricity is generated by SFR. 
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Figure 5.18: Scenario 2 (SCN-2) power generation. 

 

C) Transmuter SFR cycle (SCN-3), shown in Figure 5.19: Similar to Scenario 2, 

the only difference is that 56% of the SFR plants commissioned are loaded 

with MA fuel for net transmutation (in the following, T-SFR), meaning 

around 44 reactors at the end of cycle. The other 44% (or 35 reactors) of SFR 

burn MOX with only Pu. 

 

 
Figure 5.19: Scenario 3 (SCN-3) power generation. 

 

D) ADS and SFR cycle (SCN-4), shown in Figure 5.20: In this scenario, 

transmutation of MA is made by ADS, while SFR do not load fuel with 

MA content. Concerning LWR, this scenario has no changes regarding 

SCN-2. The amount of electricity generated by the ADS – replacing 

some SFR – depends on its transmutation potential and the Pu and MA 
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availability. A maximum amount of 51 ADS and 37 units is reached at 

the end of cycle giving an average of electric contribution of 3% along 

the cycle. 

 

 
Figure 5.20: Scenario 4 (SCN-4) power generation. 

 

 

5.2.5. Fuel Cycle Results  

 

Concerning the resources availability, Figure 5.21 shows the natural uranium 

needs for all scenarios. The reference scenario (SCN-1) requires ~3.3 million of tU 

at the end of the scenario and advanced scenarios require less than one third of the 

uranium needed in the reference cycle. The NatU curves for advanced scenarios 

have two changes in the slope, the first one at year ~2040 when the LWR_GENIII 

commissioning is completed but 1/3 of the energy is produced by SFR demanding 

less NatU, and the second one at year ~2100 when the LWR_GENIII plants finish 

their operation and the scenarios continue just with SFR or ADS fuel, where 

essentially no new NatU is needed for a long time. 

 

Considering that the current global energy demand is approximately four 

times larger than the scenarios energy demand, and that the total amount of 

uranium at world level at a reasonable price is five times the U requirements, it 

seems that there is available NatU for at least 100 years. Difficulties in supply might 

appear for longer periods or if the world nuclear energy demand is increased. 
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Figure 5.21: Natural uranium required by scenario. 

 

Regarding the Pu availability. i.e. Pu separated or in SF ready for 

reprocessing, Figure 5.22 shows that every advanced scenario has the same 

tendency, mainly due to the SFR (or T-SFR and ADS) Pu consumption. A first peak 

of ~1000 t at year 2038 is formed when the first stage of advanced reactors 

commissioning begins for a period of 10 years, demanding Pu for the fabrication of 

the new MOX cores. After this period, an equilibrium stage starts and Pu is 

accumulated due to the Pu generation in LWR_GENIII and the SFR breeding. The 

beginning of the second stage of 20 years of advanced reactors commissioning is 

marked by the second peak of ~1100 t around year 2077 and the later reduction of 

the Pu availability for a period of 20 years. The Pu availability reduction continues 

for 10 more years, caused by the replacement of the advanced reactors from the 

first stage commissioning.  
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Figure 5.22: Availability of Pu separated or ready for reprocessing. 

 

 
Figure 5.23: Breeding Ratio for SFR by scenario. 

 

Additionally, Figure 5.22 shows that breeding ratios of 1.02-1.03 (Figure 

5.23) are able to provide reasonable Pu stock to maintain the cycle beyond year 

2110. Thus, these BRs are proposed to be used from that year and on. Scenarios 

SCN-3-A and SCN-3-B represent the SFR and T-SFR breeding ratios respectively in 

this figure. 

 

In scenarios SCN-2, SCN-3 and SCN-4, depleted uranium is used for FR fuel 

fabrication. Figure 5.24 shows that DepU for SFR fuel fabrication is not a constraint 

in the scenarios defined in this work, as there is enough mass to fabricate fuels for 

around a thousand of years at the present level of power demand. On the other 
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hand, for SCN-1, the DepU must be stored as metal, gas (UF4) or U3O8 [Hightower 

& Trabalka, 2000], although its related cost will not be considered in this analysis. 

 

 
Figure 5.24: Depleted uranium needs by scenario 

 

Regarding the transmutation performance. Figure 5.25 shows the amount of 

transmuted mass (in kg/TWhe) for T-SFR and ADS in SCN-3 and SCN-4 

respectively. According to the transmutation estimation provided by ARCAS and 

checked in Appendix 3 for the FR, the transmuted mass is ~6.02 kg/TWhe for the 

T-SFR simulated in SCN-3, and 112.5 kg/TWhe for the ADS in SCN-4 (around 20-

30% smaller than here). However, these estimations have been calculated in 

equilibrium stages and they do not consider the isotopic evolution of their Pu or MA 

pool streams for fuel fabrication. Considering this isotopic composition evolution, 

the transmuted mass amount experiences continuous changes along the cycle. 

Results are shown in Figure 5.25, concluding that larger amounts of transmuted 

mass than in the estimations at equilibrium can be found. 

 

The evolution of the MA in both transmutation scenarios produced by the 

performance above described can be seen in Figure 5.26, where both the separated 

MA or MA ready to be separated are considered. According to the hypotheses, it can 

be seen that both scenarios lead to the MA elimination in the period of 200 years 

required for the viability of the scenarios. However, if the MA elimination requires a 

shortest period, the number of transmuters might be increased at short and 

medium term, having a significant impact especially for scenario SCN-4.  
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Figure 5.25: Transmutation performance per scenario. 

  

 
Figure 5.26: Evolution of MA mass separated. 

 

To compare the impact of using each scenario, Table 5.23 shows the Pu and 

MA inventories stored in the interim plus final disposal at year 2210 for the 

different scenarios. This table shows that scenarios involving fast reactors reduce 

significantly the Pu inventory to dispose of, although the MA inventory is not 

considerably modified unless scenarios with dedicated MA transmutation are 

performed. In these cases, a reduction factor of a ~500-fold in the MA inventory 

can be achieved (the MA mass difference between both transmutation scenarios is 

strongly dependent on the numbers of reactor that are commissioned or 

decommissioned). 
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Table 5.23: Pu and MA inventories in the ID+FD per scenario (t). 

Scenario SCN-1 SCN-2 SCN-3 SCN-4 

Pu 4697 50.68 20.86 21.79 

MA 1134 985.5 0.2 11.9 

 

Finally, the number of reactors dedicated to transmutation at the end of the 

scenarios is 44 T-SFR units for SCN-3 (out of 79 SFR in total) and 37 ADS for SCN-

4. At this stage, the amount of MA transmuted and generated is at equilibrium. In 

order to reach this equilibrium in SCN-4, a larger number of transmuters are 

needed in an intermediate period, for a maximum number of 51 ADS units, 

corresponding to ~5.4% of the generated power (or 5.7% of the installed capacity) 

at that period. 

 

 
Figure 5.27: Reprocessed uranium stock by scenario. 

 

The evolution of the RepU inventory can be seen in Figure 5.27. The use of 

RepU for LWR_GENIII assemblies through its re-enrichment can lead to a 

reduction of its stock and economic saves [EPRI, 2010]. In order to do this, several 

issues have to be taken into account: 

 

 The ratio of U235 in RepU is larger than the NatU enrichment for LWR 

irradiated fuels with burn-ups of 50 GWd/tU. The initial legacy in these 

fuel cycle scenarios comes from irradiations with smaller burn-ups. 
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 The use of RepU reduces the needs of NatU in ~140 kt in the advanced 

scenarios of this work. 18 kt of UO2 fuel can be fabricated with this RepU 

(fuel for a total period of 20 years approximately). 

 RepU with small U235 percentage can be used instead of DepU in FR 

fuels. 

 The reduction of the separated RepU storage cost should also be taken 

into account. 

 In order to compensate for the neutronic effect caused by the larger 

amount of U236 in RepU, the U235 enrichment of the fresh fuel has to 

increase in a 10% [EPRI, 2010]. 

 An additional amount of 160 t of MA is created with the RepU strategy. 

The isotopic composition of the irradiated RepU is different to the one 

obtained with enriched NatU due to the chain of U236. A larger amount 

of Np237 is created, needing a different management policy. 

 The different Pu isotopic composition may lead to changes in the FR BR. 

However, the BR can be tuned as abovementioned. 

 

In order to consider these issues, a significant work of scenario optimization, 

which goes beyond the scope of this thesis, should be done. For this reason, the use 

of RepU has not been selected here. 

 

For the waste disposal management, Table 5.24 shows the high level waste 

inventories (including reprocessing losses, non-reprocessed actinides and fission 

products, or SF), stored in interim or final disposal for each scenario at year 2210. 

As it can be noted, a significant reduction of the HLW to store is caused by using 

the multi-recycling option (from more than 400 kt in open-cycle to less than 20 kt 

in advanced scenarios). However this reduction does not imply the same reduction 

factor in the volume of waste due to the vitrification process in case of FP & losses 

or package process in case of SFA, nor eliminate the need of a final disposal. 

Additionally, applying these advanced fuel cycle strategies significant reduction 

concerning to the radiotoxicity and thermal power per energy unit can be achieved, 

as shown in Figure 5.28 and Figure 5.29 respectively.  



 

152 

 

Table 5.24: HLW inventories in interim and final disposal (t). 

Scenario HLW Type ID FD TOTAL 

SCN-1 

LWR-UOX 73696 323600 397296 

LWR-MOX 0 4285 4285 

HLW UOX 0 70 69.6 

SCN-2 

HLW UOX 240 6481 6721 

HLW MOX 0 320 320 

HLW SFR 2249 6867 9116 

SCN-3 

HLW UOX 0 6183 6183 

HLW MOX 0 277 277 

HLW SFR 2819 6413 9232 

SCN-4 

HLW UOX 0 6183 6183 

HLW MOX 0 277 277 

HLW SFR 2718 6290 9008 

HLW ADS 163,4 246.6 410 

 

 
Figure 5.28: Radiotoxicity for SCN-1 in the final disposal. 

 
Figure 5.29. Thermal Power for scenarios in the final disposal. 
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5.2.6.  Economic analysis  

 

This section is divided into two main stages, the best estimate cost analysis, 

where the best estimate unit cost are used to calculate the economic parameters, 

and the Uncertainties analysis, where the upper and lower unit cost are used along 

with the best estimate unit costs for the LCOE uncertainty range estimation per 

scenario. 

 

5.2.6.1.  Best estimate cost 

 

Concerning the costs of electricity generation, the LCOE was obtained 

applying the Base Estimate (B-E) unit costs shown in Table 5.22. Results are shown 

in Table 5.25, where the contribution to the total of the Investment cost, Fuel cost 

(including reprocessing cost for LWR_MOX, FR and ADS), O&M cost and DDD 

cost (including the decommissioning and waste disposal ID and FD), is also shown. 

It can be found that all scenarios have a large dependence of the investment cost, 

responsible of 60% to 69% of the energy cost. Results show that this cost can be 

subdivided in about 78% for the overnight cot cost financing and 22% of interest 

during construction rolled-over into the commercial loan (to calculate the interest 

during construction, the overnight cost was prorated equally over the years of 

construction). 

 

Table 5.25: Summarized economic results per scenario. 

 SCN-1 SCN-2 SCN-3 SCN-4 

LCOE (cent€/kWhe) 4.65 5.58 6.21 6.10 

Investment Cost (%) 61.3 67.5 60.3 68.0 

Fuel Cost (%) 10.9 8.0 18.0 8.7 

O&M (%) 22.2 21.2 19.0 20.3 

DDD Cost (%) 5.6 3.4 2.8 3.0 

 

It should be added that the LCOE is an integral parameter calculated for the 

whole scenario length (duly averaged by technology and energy share) and every 

scenario considers an initial period where the investment costs of LWR_UOX and 

LWR_MOX are not considered, as explained above. Thus, the LCOE should not be 

considered as an absolute value but a relative one between fuel cycle scenarios with 

different technologies. 
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Regarding other costs also calculated in detail, the HLW storage costs are 

shown in Figure 5.30, including the costs of the ID and the FD per scenario for the 

HLW inventory displayed in Table 5.24 and considering the fixed costs for the 

number of countries involved in PATEROS. This waste mass (formed by fission 

products, non-recovered actinides and reprocessing losses, or SF in case of SCN-1) 

has been supposed to be stored temporarily in interim facilities and finally disposed 

of in a deep repository or FD. As shown in the figure there is a notorious difference 

between the once-through scenario (SCN-1) and the scenarios with reprocessing 

strategy. The storage costs are reduced almost 3 times for SCN-2 and 3.75 times for 

transmutation scenarios (SCN-3 and SCN-4) while the gallery length for FD is 

reduced to 42% and 29% respectively. These costs are part of the DDD costs and 

represent ~3.5% of the LCOE for SCN-1, ~1.3 % for SCN-2 and ~1% for SCN-3 and 

SCN-4.  

 

 
Figure 5.30: HLW storage costs per scenario for interim and final disposal. 

 

For the ID cost abovementioned a capacity of 10.000 tHM (or 5376 

canisters) for each ID has been assumed as reasonable for the future29. 

Furthermore, 4 SFA of UO2 or MOX are placed by canister, the same condition was 

                                                 
29 This value corresponds to the capacity of the largest ID design nowadays available, although it 

is a wet storage [Pettersson & Forsström, 1992]. 
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taken for the UC-V. The ID cost detailed on the figure shows a drastic decrease of 

around 70% for advanced scenarios. 

 

The FD costs are detailed in Table 5.26. It can be seen that the significant 

reduction on the gallery length for the advanced scenarios. Scenario SCN-2 requires 

just 40% of the gallery length mainly due to the recovery of U & Pu and the 

scenarios with transmutation reduce it to around 26%. A safety parameter of 

70.000 tHM of maximum load by FD could be considered [NWPA, 1982]. However, 

the number of FDs shown in the table represents the number of country members, 

as stated in the hypotheses. This results in a number of FDs larger than required in 

practice.  

 

It should be taken into account that the gallery length could be drastically 

reduced if the disposal time in the FD is delayed 100-150 years [RED-IMPACT, 

2008], possibly with an additional ID cost.  

 

Although the FD concept in this analysis follows the RED-IMPACT model 

and the Spanish concept [ENRESA, 2006A] for the encapsulation of the vitrified 

wastes, the development of FD for advanced scenarios could include the placement 

of the UC-V individually with its own stainless steel capsule and without another 

protection. This concept, very optimistic, could lead to significant savings since it 

avoids the EP construction and process. In fact, a reduction around 30% could be 

reached in all advanced scenarios.  

  

Table 5.26: Summarized cost of the FD (costs in M€). 

Scenario tHM Nº FD 
Fixed Cost 

(M€) 
Gallery length 

 (km) 
Gallery cost 

(M€) 
Encapsulation 

cost (M€) 
Total 
M€ 

SCN-1 328000 7 17010 2901 57150 106206 180366 

SCN-2 13700 7 17010 1115 21966 54672 93647 

SCN-3 12870 7 17010 765 15071 37507 69587 

SCN-4 12800 7 17010 763 15031 37407 69448 

 

In order to analyze the influence of each technology on the scenario, the 

generation cost by reactor type was additionally calculated. This result can be found 

in Figure 5.31, where all scenarios are plotted together. It can be clearly seen that 

the energy cost by reactor type increases with the reactor technology complexity.  
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Figure 5.31: Energy cost by technology for the different scenarios. 

Note that ADS cost is divided by 3. 

 

Differences between scenarios for LWR_UOX and LWR_MOX technologies 

are explained solely by the DDD costs. For LWR_GENIII, differences between 

scenarios are due to investment costs, mainly in SCN-1, because there is a fraction 

of LWR_GENIII in SCN-1 commissioned but with a lifetime beyond the end of the 

scenario (so a fraction of its generated energy is not accounted for). SFR group 

remains almost unchanged because its cost is very similar between scenarios. 

Moreover, for T-SFR, the difference regarding SFR is caused by the expensive cost 

of its fuel type. It is notorious the large cost obtained, mainly based on very 

uncertain hypotheses, for the ADS in scenario SCN-4 (divided by 3 in the figure), 

more than 3 times more expensive than T-SFR in SCN-3. However, the impact of 

this technology on the LCOE of SCN-4 is very similar to T-SFR in SCN-3 due to the 

small contribution to the energy production of this specific technology (~3% 

averaged). 

 

Finally, it has to be mentioned that these calculations have been made 

considering a 40% as FR thermodynamics efficiency. However, different references 

for SFR suggest that the FR thermodynamics efficiency could have different values. 

For instance, lower values as 38% are stated in [AFCCB, 2009]. On the contrary, 

some changes in the FR secondary system design can raise this efficiency up to 

47%, in case that a Brayton cycle is used instead of a Rankine cycle [Zhao & 

Peterson, 2007]. This uncertainty goes beyond the cost uncertainties used in this 
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study but it shows the impact of additional uncertainties not considered here. An 

increase in the FR thermodynamic efficiency leads to a reduction in the number of 

FR units needed by the scenario to generate the 91.26 GWe/yr. Consequently, 

applying the previous value of 47%, the LCOE of SCN-2 (most representative 

scenario for this technology and hypotheses) is reduced in around 14% for the FR 

technology and 13% for the whole cycle if the cost for changing the secondary from 

Rankine to Brayton cycle is not significant, although a reduction could be expected 

[Ahn & Lee, 2014]. On the contrary, a reduction to 38% of the thermodynamic 

efficiency leads to an increase in the LCOE of SCN-2 of a 3% for the FR technology 

and 2% for the whole cycle. 

 

 

5.2.6.2. Uncertainties Analysis 

 

Uncertainties in the LCOE have been estimated via a Monte Carlo 

methodology using 50000 different histories. In this work, triangular distributions 

have been used for each unit cost. These distributions are usually used when there 

is limited information but lower limit, upper limit and best-estimate values are 

available. 

 

In this analysis the lower and upper limits have been taken from NEA [NEA, 

2006] resized to the values appearing in the ARCAS project [ARCAS, 2012], which 

have been taken as the modes of the triangular distributions. These values are 

shown in Table 5.22. 

 

Figure 5.32 shows the result of the statistical analysis of the cost assessment. 

It has to be noted that the best estimate values do not match the average values of 

the uncertainty distributions. This is a consequence of the distributions taken from 

the bibliography for the unit costs, where the best estimate value (mode of the 

distribution) does not usually match the average. 
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Figure 5.32: Histograms of LCOE statistical analysis and the best estimate results. 

 

It can be observed that, although the best estimate of the LCOE of scenario 

SCN-2 was around 37% larger than the value for SCN-1, there is a significant 

overlapping between the two distributions. This means that the probability that 

SCN-2 is more expensive than SCN-1 is significant, but the exact value for the 

relative increment in the energy cost for these scenarios has large uncertainties. A 

similar rationale can be made for the scenarios with dedicated transmutation. 

Although the LCOE of these scenarios is around 10% larger than the LCOE of 

scenario SCN-2, the overlapping between the distributions is even more significant. 

This figure also shows that there are no meaningful differences between the two 

transmutation strategies SCN-3 and SCN-4. Note that the uncertainties describe 

our present level of knowledge and the figure can drastically change in the future. 

 

The influence of each technology to the generation cost by reactor type is 

shown in Figure 5.33, where the green lines represent the best estimate values of 

the LCOE and the red lines show a 2σ interval (95% of the values) around the mean 

of the statistical analysis of the cost assessment. As abovementioned, the energy 

cost by reactor type clearly increases with the reactor technology complexity, 

although it can be seen that some distributions slightly overlap. Note that the ADS 

cost is also reduced 3 times in this figure.  
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Figure 5.33: LCOE range and best estimate values. 

 

The contribution to the uncertainties by cost type can be seen in Figure 5.34. 

The investment cost is the most important source to the uncertainties shown in this 

figure, with over 80% for all scenarios. The second source comes from the O&M 

cost followed by the fuel cost. Note that for this fuel cost, the uncertainties are 

significantly smaller in SCN-2 and SCN-4. This is caused by the lower contribution 

to the energy cost (8.0% and 8.7% respectively) and the lower range of cost for 

fabrication and reprocessing cost for FR fuel without MA. For every scenario, the 

DDD cost represents the smallest contribution to the uncertainty. 

 

 
Figure 5.34: Contribution to the uncertainties by cost type.  
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5.2.7.  Conclusions 

 

In this work four fuel cycle scenarios involving transmutation options have 

been simulated by means of TR_EVOL code in order to analyze - in economic and 

resources terms - the impact of the implementation of advanced technologies and 

concepts including GEN-III+ and GEN-IV reactors and advanced partitioning and 

transmutation techniques. 

 

The feasibility of all these fuel cycle scenarios is confirmed in terms of 

resources availability. We have checked that there is no constraint in terms of 

depleted uranium, Pu & MA availability and natural uranium (at reasonable prices) 

for the hypotheses applied. 

 

Concerning the transmutation performance, we have found that, without a 

transmutation strategy for MA, fast reactors reduce significantly the amount of Pu 

in the final repository (to a 1% of the total). Additionally, a MA transmutation 

strategy is needed to reduce the amount of MA in the final disposal. This objective 

can be achieved (to less than 1% of the total MA amount) with a strategy including 

SFR for both electricity generation and MA transmutation, and also in a strategy 

where SFR is responsible for energy generation and ADS is essentially dedicated to 

MA burning. 

 

Regarding the economic analysis, the estimations show an increase of LCOE, 

averaged over the whole period, with respect to the reference scenario of 20% for 

SFR strategy (SCN-2) and ~34% and ~31% for transmutation scenarios SCN3 and 

SCN4, respectively. These results should be carefully taken into account since some 

special hypotheses were included in this work, such as the consideration that the 

current fleet of LWR had been paid off at the beginning of the scenario, etc. 

  

It was also found that the main contributor to the cost of electricity is the 

investment cost, responsible of 60% to 68% of the total depending on the scenario. 

This item is explained by financing the overnight cost in ~78% and the interest 

during construction in ~22%. 
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On the other hand, results show that the HLW disposal cost can be reduced 

for approximately 3 times in a strategy using fast reactors and 3.75 times with 

transmutation strategies. However, this cost has to be relatively taken into account, 

since it represents a small value when compared to other costs in the fuel cycle 

(3.5% for open cycle and 1.3% for fast reactor burning Pu, and around 1% for 

transmutation strategies). Moreover, a gallery length reduction up to 42% and 29% 

are achieved deploying fast reactors and transmutation strategies instead of 

maintaining the open cycle strategy. 

 

It has also been found that investment outcomes are significantly dependent 

on the input data and the range of the uncertainties. Unfortunately, published unit 

cost uncertainties are significantly large and finding optimal answers to any 

parameter by means of an economic criterion becomes difficult. However, 

TR_EVOL has proven to be a potent tool to simulate different types of fuel cycle 

scenarios and its economic implications. 

 

Regarding the uncertainties analyses, it has been found that uncertainties 

make difficult to quantify the differences between scenarios as the distributions of 

possible costs overlap for different scenarios. Still the open cycle looks cheaper at 

present U prices, but the differences between the costs of advanced scenarios SCN-

2, SCN-3 and SCN-4 are smaller than the uncertainties. 
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6   
CONCLUSIONS 

 

 

The work developed in thesis has been focused on two main directions: The 

first one, the necessity for the improvement, development and verification of 

TR_EVOL code with the aim of reaching the second one, consisting on the analysis 

of two relevant groups of fuel cycle scenarios that include current and advanced 

technologies. 

 

Regarding the first direction, the TR_EVOL code has become a flexible and 

powerful tool able to simulate any nuclear fuel cycle, providing relevant 

information about the material flows and isotopic composition in any stage of the 

fuel cycle. To support the analyses, TR_EVOL economic module provides 

significant information about the levelized cost of electricity (LCOE) and its related 

costs, enabling the comparison between different nuclear fuel strategies according 

to their economic implications. The economic analyses can be carried out by means 

of best estimated costs and from a range of costs taking into account the 

corresponding uncertainties. The assessments of these uncertainties also give 

additional information about the impact of the particular costs involved in the total 

energy cost. 

 

Despite some of the TR_EVOL characteristics had already been validated 

against other fuel cycle codes, the continuous work on code improvements made as 

part of this thesis, as the variable burn-up, the treatment of the new and old reactor 

cores, the inclusion of the economic module, etc., implied that the code 

characteristics should be verified again. This verification has been carried out by 

cross checking, comparing the results obtained with TR_EVOL for three realistic or 

complex scenario simulations. This process has been performed in four stages. 
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In a first stage, the Spanish Nuclear Fuel Cycle was simulated and the 

nuclear mass flows obtained by the simulation were compared to the data from the 

bibliography. The mass of spent fuel in reactor pools at year 2005 and at the end of 

the cycle (year 2028) were assessed. The impact in the mass amount from using a 

more detailed description of the irradiation history (that is, constant versus variable 

burn-up) has also been assessed. The main finding from this stage was that 

TR_EVOL provides a prediction of mass values quite accurate after the 

improvements and when using the proper parameters as input for the code. In fact, 

both total spent fuel at the end of cycle and the one stored in reactor pools at year 

2005 obtained by the simulation have less than a 2% of discrepancy of the 

information given by bibliography. On the other hand, for the particular case of 

Cofrentes reactor, over 20% of difference at year 2005 between data and the 

simulation has been obtained by using a constant burn-up. Instead, using a variable 

burn-up, a deviation of only a 1% can be found, showing the impact of a proper 

irradiation history description in TR_EVOL. 

 

A second simulation was performed to verify the isotopic composition in any 

stage of the cycle for the nuclear material flows. This work was achieved by means 

of the comparison of TR_EVOL simulation with results from CP-ESFR, a project a 

project that studied a future Sodium Fast Reactor. The CP-ESFR group in charge of 

this assessment used the code COSI to simulate the ESFR-LWR cycle in a European 

context. The information to compare both simulations was the curve of “Pu 

availability”, which provides information about the Pu ready to be extracted by 

reprocessing. The results show similar tendencies with equivalent results in 

particular at beginning and end of cycle. 

 

A third stage of the cross checking was dedicated to assess the validity of the 

economic module by means of a benchmark calculation. In this benchmark, costs 

related to investment, fuel and operation and maintenance were considered. 

TR_EVOL results were checked against the ARCAS project data. The generation 

costs of two systems were evaluated: sodium fast reactor, SFR (fuel with minor 

actinides homogeneously distributed) and accelerator-driven subcritical system, 

ADS. The results were highly satisfactory in both cases (less than 3% of difference 

respect to the NRG calculations).  
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Furthermore, in a fourth stage, a specific economic analysis was carried out 

to calculate the Back End costs, specifically including the interim and final disposal 

costs. The first step consisted on using published data to fix the model parameters 

to use when the user does not have enough information about these cost types. A 

special methodology has been developed to take into account that in the final 

disposal a certain number of different waste forms can be stored depending on the 

characteristics of the fuel cycle scenario: spent fuel of different fuel types, vitrified 

high level waste, etc. This special methodology involved the concept of gallery 

length. With this model, the verification of the final disposal cost was achieved, 

finding a 7% difference in the comparison with the final disposal in a once-through 

scenario and around 11% in a final disposal with a reprocessing strategy. These 

outcomes are highly acceptable given the difficulties to find in bibliography detailed 

information about the costs of the final disposals and the significant uncertainties 

involved in design concepts and related unit costs. 

 

According to the cross checking results, TR_EVOL was ready to simulate the 

nuclear fuel cycle scenarios of interest with its generation costs. Thus, this work 

also includes the use of TR_EVOL for the study and analysis of two groups of high-

relevance fuel cycles with different choices. The first studied fuel cycle has consisted 

in an economic study of the Spanish fuel cycle considering different periods of 

reactor utilization in the open cycle and when using reprocessing strategies. The 

second cycle has involved a fuel cycle scenario in a European context with four 

strategies including Once-Through, reprocessing and transmutation options. 

 

From the analysis of the Spanish case, where both the open cycle and 

strategies with reprocessing options (using reprocessing of partial or full amount of 

SF) were simulated, it was possible to conclude that scenarios with reprocessing can 

reduce significantly the gallery length of the final disposal in the case of applying a 

full reprocessing strategy. Factors 4 and 3 are achievable for scenarios with 40 or 

60 years of reactor utilization. However, for partial reprocessing strategies this 

reduction is not significant because the gallery length reduction is compensated 

with the additional MOX spent fuel disposal. Additionally, the comparison between 

open and closed fuel cycles showed that strategies with full reprocessing giving 
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value to the surplus Pu and RepU allow compensating partially the extra cost of 

reprocessing, and providing similar cost to the open cycle with higher values of 

reprocessing unit cost. However, it has to be noted that the reprocessing costs 

providing similar total costs of the cycle seem to be smaller than the current market 

values. It has also been shown that the increase of the natural uranium cost (more 

probable for scenarios with longer reactor lifetime) would make acceptable larger 

values of the reprocessing cost to match the costs of both scenarios. 

 

Concerning the results in the European cycle, several conclusions were 

found. First of all, regarding to fuel resources, it was found that there are no 

constraint in terms of depleted uranium, Pu & minor actinides availability and 

natural uranium (at reasonable prices) for all scenarios considering along the cycle 

according the hypotheses applied. Additionally, the use of advanced cycles with 

Fast Reactor could reduce significantly the plutonium to 1% in the final repository 

and less than 1% of minor actinides using transmutation strategies with Fast 

Reactors or ADS. Regarding the economic study, the main finding using the best 

estimate analysis was that the advanced fuel cycles increase the electric generation 

cost measured as LCOE (20-30%). On the other hand, it was demonstrated that the 

Investment cost is the responsible of the larger part of the LCOE. About the other 

costs, it was found that the fuel cost represents from 8% to 18% of the generation 

cost with 11% for the open cycle, meanwhile the O&M cost is around 20% for all 

scenarios. Additionally, the use of advanced fuel cycles could reduce more than 

40% the back end costs due to the significant reduction of the final disposal costs, 

although it represents a small value when compared to other costs in the fuel cycle 

(smaller than 5%).  

 

In order to clarify the results obtained from the economic analysis of the 

European cycle, an uncertainty assessment developed in TR_EVOL was performed. 

The main conclusion was that uncertainties make difficult to assign large 

significance to the differences between scenarios as the distributions of possible 

costs overlap for different scenarios. Still the open cycle looks cheaper at present U 

prices, but the differences between the LCOEs of advanced scenarios are smaller 

than the uncertainties. 

 



 

167 

 

Finally, as future works, it is worth mentioning that there are a number of 

activities related to extent the study of the nuclear fuel cycles and to improve the 

simulation tool TR_EVOL. Thus, the importance of including small modular 

reactors in the current and advanced cycles and their impact on the electric 

generation costs as relevant issue nowadays is highly recommended in addition of 

further deepen the transmutation of minor actinides and its economic implications.  

 

Regarding to the TR_EVOL code improvements, some substantial changes in 

order to facilitate the inputs elaboration must be carried out. In this area, it is 

necessary to develop a graphical user interface to assist the cycles modeling 

including a worldwide database of the nuclear history per country to facilitate those 

ones that require a realistic ground for the simulation. In addition, some 

improvements to the uncertainty analysis should be performed as the possibility of 

using others statistical distributions for the unit costs and the use of partial 

correlations in order to obtain best outcomes.  
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Appendix 1-A 

 Example of fabrication of UO2 fuel 

 

Fabrication of 1 t of UO2 (as HM) at 4.5%fissile enrichment of U235 (Xf) 

considering that the U235 enrichment in NatU is 0.711% (Xp) and tails of 0.2% 

(Xw). 

 

Assumptions: 

 

Uranium oxide : 100 €/kgU3O8 

Conversion costs (first and second): 10 €/kgU 

Enrichment cost: 100 €/kgU 

Fabrication fuel assembly cost: 1000 €/kgU 

 

5 cost types are included in the total fuel cost, which are detailed from A to E. 

 

A) The cost of the NatU as U3O8: 

 

The mass of uranium required can be expressed as: 

 

                     
                                  

                                
  

       

     
 

 

              
         

            
         

 

The conversion constant to pass from U mass to U3O8 mass is 1.179 (U3O8/U). 

Therefore, the total mass of U3O8 will be: 

 

                        (        )          
 

And its cost of this item will be: 

                                           
 

 

B) For the first conversion from U3O8 to UF6 the cost will be: 
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Conversion cost = 8.41 t *1000 kgU/tU * 10 €/kgU = 0.084 M€ 

 

C) On the other hand, the SWU per kg to enrich the uranium required from the 

8.41 tU (F) will be: 

 

        (  )    (  )     ( (  )   (  ) , where 

 

 (  )  (      )    [
  

    
]         

 

 (  )  (      )    [
  

    
]         

 

 (  )  (      )    [
  

    
]         

 

                         (          )  = 7.69 

 

Then, the cost for the enrichment process for one ton will be: 

 

                                                       
 

D) The cost for the second conversion will be the same that has been obtained 

in the first conversion (0.084M€). 

 

E) The last cost will be the assembly fabrication: 

 

                                                           
 

Finally, adding each item the total cost for 1 t of UO2 will be: 
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Appendix 1-B  

Example of fabrication of MOX fuel 

 

Fabrication of 1 t of MOX at 8.5% fissile enrichment considering that the U235 

enrichment in DepU is 0.2% and the Pu enrichment in the SF is 1% 

 

Assumptions: 

 

W = Mass of SF (t)  

M = Mass of DepU (t) 

X = The enrichment of fissile Pu in the MOX fuel  

Y = The enrichment of U235 in the MOX fuel 

Reprocessing cost: 1000 €/kgHM 

Fabrication fuel assembly cost: 1100 €/kgHM 

 

For fissile enrichment of 8.5% it is required that: 

 

              
 

A material balance on the MOX fabrication stage for U238 gives 

 

  (       )                                   
 

                          
 

The material balance on the MOX fabrication stage for U235 gives 

 

                            
 

Hence,                               

 

Then, an overall material balance on fissile Pu gives, considering the reprocessing 

and fabrication losses. 
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Thus, to produce 1 t of MOX fuel it needs to reprocess 8.33t of UO2 SF.  

 

Economically from here, assuming the reprocessing cost of 1000 €/kgHM, the total 

cost for this item will be: 

 

                                                           
 

And the cost of the MOX assembly fabrication will be:  

 

                                                         
 

Finally, the total cost for 1 t of MOX fresh fuel will be the sum of the items above 

calculated: 
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Appendix 2 

SF generated for the current Spanish scenario 
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Appendix 3 

Averaged Library Validation for Advanced reactors: CP-ESFR (SP1) 

 

Table A shows the isotopic composition for 15.6 t of FR fuel with 2.5% of 

MA. This MOX fuel is enough to provide 14.82 TWhe and is taken from the first 

load in a transmutation scenario proposed in section 5.2. In the table two 

outputs are presented according to the result obtained by ARCAS project and 

TR_EVOL at the End of Cycle (EOC) excluding the FP, both of them with the 

same isotopic composition at the Beginning of Cycle (BOC).  

 

The main results can be seen in the total mass at the EOC, where the relative 

error is close to 0.1% for all the isotopes include in the table. 

 

Table A. Comparison 

Isotope BOC EOC ARCAS EOC TR_EVOL Relative Error % 

U235 31,92 12,36 12,12 2,0 

U238 12740,00 11114,89 11130,00 -0,1 

NP237 65,74 37,46 37,52 -0,2 

NP239 0,00 2,17 2,13 1,7 

PU238 87,64 113,00 113,90 -0,8 

PU239 1163,00 1367,58 1366,00 0,1 

PU240 727,70 747,87 740,20 1,0 

PU241 200,30 123,71 121,30 2,0 

PU242 252,70 226,63 226,30 0,1 

AM241 236,30 128,32 126,40 1,5 

AM242M 0,94 12,50 13,02 -4,0 

AM243 61,19 63,76 63,97 -0,3 

CM242 0,07 6,87 7,20 -4,6 

CM243 0,27 0,91 0,90 1,8 

CM244 20,04 39,37 39,28 0,2 

CM245 4,92 7,78 7,60 2,4 

CM246 0,35 1,43 1,37 4,0 

HE4 0 1,46 1,46 -0,4 

TOTAL 15593 14008 14011 0,0 

 

 

Table B summarizes the data presented in Table A. As shown, the 

transmutation performance obtained by TR-EVOL, with an average library, 
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presents only a 1.3% of difference of ARCAS, calculated for the reactor in detailed. 

Moreover, the breeding ratio is quite similar with a difference of 0.5%.  

 

Table B. Comparison 

ELEMENT BOC  EOC ARCAS EOC TR_EVOL Error % 

U 12771.9 11127.3 11142.1 -0.1 

Np 65.7 39.6 39.6 -0.1 

Pu 2431.3 2578.8 2567.7 0.4 

Am 298.4 204.6 203.4 0.6 

Cm 25.6 56.4 56.3 0.0 

Ma 389.8 300.6 299.4 0.4 

MA Transmuted (kg) 89.2 90.4 -1.3 

Transmutation (kg/TWhe) 6.02 6.10 -1.3 

Breeding Ratio 1.67 1.063 0.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

184 

 

Appendix 4 

Equivalent amount in Pu239 (Pu equivalent) 

 

The definition of "Equivalent amount in Pu239" of the FR specification 

shown in the Table 4.3 is a factor based on the fact that, for a given reactor, if the 

geometry and the isotopic composition of structural material, coolant and 

moderator are fixed, the criticality of the reactor must be maintained with any fuel 

isotopic content. This concept was first introduced by Baker and Ross [Baker & 

Ross, 1963] and further developed by Ott and Borg [Ott, 1977]. They showed that a 

large variety of isotope mixtures yield nearly the same critical mass if their weight 

percentage multiplied by some isotopic worth weight factors (
i

w ) lead to the same 

total worth factor, being: 

 

238

239 238

( ) ( )
,

( ) ( )

f a i f a U

i

f a Pu f a U

w
     

     



 

    


    
 

 

where ν is the number of neutrons emitted per fission and σf and σa are the 

microscopic fission and absorption cross sections, respectively. Consequently, Table 

A shows the 
i

w for each isotope that could be in the in a FR fuel (including fuel for 

MA transmutation) 
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Table A: Isotopic Weight for ESFR Equivalent Plutonium. 

Isotope σf (Barns) σa (Barns) v (Yield) vσ-σa Wi 

U234 0,30 0,86 2,56 -0,08 0,04 

U235 1,95 2,53 2,47 2,29 0,79 

U236 0,10 0,54 2,61 -0,27 -0,02 

U238 0,04 0,34 2,78 -0,22 0,00 

Np237 0,32 1,95 2,94 -1,00 -0,25 

Pu238 1,24 1,80 3,01 1,93 0,68 

Pu239 1,79 2,32 2,95 2,96 1,00 

Pu240 0,37 0,88 3,02 0,24 0,14 

Pu241 2,58 3,07 2,98 4,60 1,51 

Pu242 0,26 0,76 3,08 0,04 0,08 

Am241 0,26 2,14 3,40 -1,24 -0,32 

Am242M 3,15 3,65 3,31 6,77 2,20 

Am243 0,19 1,86 3,65 -1,15 -0,29 

Cm242 0,62 1,12 3,87 1,28 0,47 

Cm243 3,29 3,60 3,50 7,91 2,56 

Cm244 0,41 1,29 3,74 0,24 0,14 

Cm245 2,79 3,33 3,90 7,52 2,43 

Cm246 0,27 0,82 3,87 0,24 0,14 

 

The equivalent amount of Pu239 is defined as the total worth factor of the 

reference FR design [Bianchi et al, 2009], taking into account the values included 

in Table B that have been obtained from the reference design. 

 

Table B: Pu Equivalent Calculation. 

Isotope Mass (t) i
w  

U235 0.16 0.13 

U238 62.30 0.00 

Pu238 0.42 0.28 

Pu239 5.52 5.52 

Pu240 3.45 0.51 

Pu241 0.96 1.45 

Pu242 1.21 0.11 

Total 74.0 7.99 

Pu Equivalent 
 

10.8% 

 

It should be noted that the FR fuel for the scenario without transmutation is 

fabricated from depleted Uranium and separated Pu, meaning that the fuel consists 

only of some isotopes: U235, U238, Pu238, Pu239, Pu240, Pu241, Pu242 and Am-

241 (which comes from the Pu241 decay). According to the FR specification, the 
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mass amount by isotope for its first core is showed in Table B, where their weight 

factors (
i

w ) calculated are also shown. Therefore, the Pu equivalent for the 

fabrication of the FR fuel is equal to 10.8%. 
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Appendix 5 

Breeding Ratio for the SFR 

 

A relevant parameter of the FR reactor, since it affects the generation of Pu, 

is the Breeding Ratio (BR) The expression of the BR for the ESFR reactor is a 

relation between the mass of Pu generated (
P

Pu ) and the mass of Pu destroyed, 

D
Pu : 

P

D

Pu
BR

Pu


 
 

 In order to obtain these magnitudes we study the Pu amount existing at the 

end of the cycle (
EOC

Pu ). This value is due to the Pu at the beginning of the cycle, 

BOC
Pu , the produced Pu and the destroyed Pu: 

 

DPBOCEOC
PuPuPuPu   

 

Using both expressions it can be obtain that 

 

( 1)
EOC BOC D

Pu Pu Pu BR     

 

Doing Pu  = 
EOC

Pu  - 
BOC

Pu  and taking into account that the Pu is destroyed 

by captures (
Capt

Pu ) and fissions (
Fis

Pu ), it can be obtained that: 

 

( 1) ( )
Fis Capt

Pu BR Pu Pu      

 

( 1) 1
Capt

Fis

Fis

Pu
BR Pu

Pu

 
     

 

, 

 

where 
Capt

Pu  / 
Fis

Pu  is a factor that depends on the type of reactor. In case of the 

ESFR design this factor is around 0.4, then 

 

1.4 ( 1)
Fis

Pu Pu BR      
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The amount of fissioned Pu can be written as a function of the fuel burn-up 

Q, assumed that all fission comes from the Pu fin the fuel. 
Fis

Pu = Q * Fm /T , where 

Q  is the Burn-up (GWd/t), Fm  is the mass of fuel and T  is a factor of 

normalization (1000 GWd). Note that Q /T  is the atomic burn-up fraction. 

 

 Replacing and solving finally the used relation of breeding ratio in the 

simulation is: 
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