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“Life,—does it disappoint thee? 

Grieve not, nor be angry thou! 

In days of sorrow gentle be: 

Come shall, believe, the joyful day. 

 

In the future lives the heart: 

Is the present sad indeed? 

'T is but a moment, all will pass; 

Once in the past, it shall be dear”. (Alexander Pushkin, Poems, 1825) 



ABSTRACT 

 

The disposal of radioactive waste has been the subject of scientific research since the 

beginning of the nuclear industry. For high-level waste or spent fuel, the final disposal 

in deep geological repositories is the global scientific consensus. In this doctoral thesis, 

aspects related to the process of disposal of spent nuclear fuel (SNF) in Brazil were 

studied, from a purely academic point of view. The radioactive decay process releases 

thermal energy that is absorbed by the geological environment. However, some of the 

safety barrier components have a maximum operating temperature limit. Furthermore, 

the heat released can help the migration of fluids in the geosphere. As the heat transfer 

process is passive, the repository must be dimensioned so that the thermal limits are 

not exceeded during its operation. The simulation of heat transfer allows the 

determination of the smallest acceptable geometric dimensions of the repository for 

each type of SNF. Given the Brazilian Government's apparent interest in reprocessed 

nuclear fuels, the thermal behavior of two reprocessed fuels for the Angra 2 nuclear 

power plant, a Mixed Oxide (MOX) and a thorium-enriched reprocessed fuel was 

simulated. The MOX fuel can be disposed of in a repository after 50 years of its removal 

from the reactor. The spent fuel containing thorium, however, cannot be disposed of in 

a repository under the same conditions, since the maximum safe temperature would 

be exceeded. The dimensioning of the repository for the SNF is an important piece of 

information for the process of selecting areas with the potential to house a geological 

repository. With the application of a method based on geographic information systems 

and multi-criteria analysis for the selection of an area for the construction of a 

repository for the SNF, sites of interest were selected for further. Candidate sites have 

areas greater than the minimum areas estimated as necessary by the heat transfer 

simulation. As both the nuclear fuel cycle and the total number of nuclear power plants 

to be built in this century remain undefined, there is no estimate of back-end costs in 

Brazil. To estimate the costs associated with this phase of the nuclear fuel life cycle, 

strategic scenarios were created. These scenarios, together with the possible fuel 

cycles, were modeled in the energy planning tool MESSAGE to estimate the amount 

of SNF generated. Using stochastic methods, the most likely total cost was calculated. 

Values range from $12.84 billion to $83.71 billion depending on the scenario. With this 



range, it was estimated that the energy sale value should be between 40% and 60% 

higher than the current value charged to finance the SNF disposal activities. 

 

Keywords: Spent fuel. Deep geological repository. Cost estimation. Thermal analysis. 

Site selection. 

 



RESUMO 

 

O descarte de rejeitos radioativos tem sido objeto de pesquisas científicas desde o 

início da indústria nuclear. Para resíduos de alto nível ou combustível irradiado, a 

disposição final em depósitos geológicos profundos é o consenso científico global. 

Nesta tese de doutorado, foram estudados, de um ponto de vista puramente 

acadêmicos, aspectos relacionados ao processo de destinação do combustível 

nuclear usado (SNF) no Brasil. O processo de decaimento radioativo libera energia 

térmica que é absorvida pelo ambiente geológico. No entanto, alguns dos 

componentes da barreira de segurança têm um limite máximo de temperatura 

operacional. Além disso, o calor liberado pode facilitar a migração de fluidos na 

geosfera. Como o processo de transferência de calor é passivo, o repositório deve ser 

dimensionado de forma que os limites térmicos não sejam ultrapassados durante o 

seu funcionamento. A simulação da transferência de calor permite a determinação das 

dimensões geométricas mínimas aceitáveis para cada tipo de SNF. Dado o aparente 

interesse do governo brasileiro em combustíveis nucleares reprocessados, foi 

simulado o comportamento térmico de dois combustíveis reprocessados para a usina 

nuclear de Angra 2, um Óxido Misto (MOX) e um combustível reprocessado 

enriquecido com tório. O combustível MOX pode ser descartado em um repositório 

após 50 anos de sua remoção do reator. O combustível irradiado contendo tório, 

entretanto, não pode ser descartado em um repositório nas mesmas condições, uma 

vez que a temperatura máxima de segurança seria excedida. O dimensionamento do 

repositório para o SFN é uma informação importante para o processo de seleção de 

áreas com potencial para abrigar um repositório geológico. Com a aplicação de um 

método baseado em sistemas de informações geográficas e análise multicritério para 

seleção de área para construção de repositório do SNF, foram selecionados sítios de 

interesse para futuros estudos. Os locais candidatos têm áreas maiores do que as 

áreas mínimas estimadas como necessárias pela simulação de transferência de calor.  

Como tanto o ciclo do combustível nuclear quanto o número total de usinas nucleares 

a serem construídas neste século permanecem indefinidos, não há estimativa de 

custos do back-end no Brasil. Para estimar os custos associados a esta fase do ciclo 

de vida do combustível nuclear, foram criados cenários estratégicos. Esses cenários, 

juntamente com os possíveis ciclos de combustível, foram modelados na ferramenta 



de planejamento de energia MESSAGE para estimar a quantidade de SNF gerada. 

Usando métodos estocásticos, o custo total mais provável foi calculado. Os valores 

estão na faixa entre US $ 12,84 bilhões e US $ 83,71 bilhões dependendo do cenário. 

Com esses valores, estimou-se que o valor de venda de energia deveria ser entre 

40% e 60% maior que o atual cobrado para financiar as atividades de descarte do 

SNF. 

 

Palavras-Chave: Combustível irradiado. Repositório geológico profundo. Estimativa 

de custo. Análise térmica. Seleção de local. 
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1 – INTRODUCTION 

BRIEF HISTORY OF THE DISPOSAL OF HIGH-LEVEL WASTES 

The generation of electricity using nuclear reactors creates radioactive wastes. As the 

radionuclides decay over time, they may provoke biological injuries to humans and 

animals. Despite the potential biological risks, its volume of waste per kWh is much 

smaller than that of other power plants that use fossil fuels (1). Radioactive waste is 

generated in every stage of the nuclear fuel cycle, as presented in Table 1. 

 

Table 1 – Origin, nature, and management of nuclear waste. Adapted from (2). 

 

 

The classification of wastes depends on each country. In Brazil, radioactive waste is 

classified into four classes: Class 0, Exempted Waste; Class 1, Very Short-Lived 

Wastes; Class 2, Low and Intermediate Level Wastes; Class 3, High-Level Wastes 

Waste Origin Nature Radioactive 
half-life Activity Management

Mine tailingns Uranium mines

After chemical 
extraction of the 

uranium from crushed 
ore, the tailings still 
contain the daughter 
nuclides of  uranium, 
and especially radium

A few thousand 
years

Very low (a few ten 
thousand Becquerel 

per kilogram)

In situ storage. Themine tailings are covered 
by a layer of sterile rock and soil to prevent 

their dispersion, to screen the gamma 
radiation and to limit radon exhalation

Very low level 
waste (VLL)

VLA waste 
comes mainly 

from dismantled 
nuclear facilities

Steels, and concrete 
rubble containing 

activation products
Variable

Very low (a few ten 
thousands Becquerel 

per kilogram)

Sort them, decontaminate whenever 
possible, then store in surface facilities 

(such a storage already exists in France in 
Morvilliers)

Low level 
short-lived 

waste (LL-SL)

Operation of 
nuclear plants

Gloves, boots, filters  
immobilized in 

concrete

Short (10-100 
years) After 300 

years, all the 
radioactivities 

will be 
disappeared

Low (smaller than 
3.7108 Bq/kg)

Surface storage of the concrete blocks in 
dedicated surface installations. The waste is 

stored above the water table, covered with 
an impermeable clay layer and a few meters 
of soil. Two such storage facilities already 
exist in France in La Hague and Soulaines

Intermediate 
level long-

lived waste (IL-
LL)

Fuel 
reprocessing

Processing residues 
and fuel claddings 

immobilized in 
concrete

Long (up to 
million years)

Medium (smaller 
than3.71011 Bq/kg)

This waste does not 
generate heat

Probably underground disposal (The WIPP 
facility is already in operation in USA; 

disposal is not yet decided in other 
countries)

High level 
long-lived 

waste (HL-LL)

This waste 
comes from 
spent fuel

Glass blocks (if the 
spent fuel is 

processed); spent fuel 
assemblies (if no 

processing)

Long (up to a 
million years)

High (of the order of 
1013 Bq/kg)

No decision yet about what to do with this 
category of waste. Technical solutions 
already exist or are under study for the 

separation, transmutation conditioning of 
HLA waste, and for its storage or 

underground disposal

In the mean time, these waste forms are 
stored in interim storage facilities (pools, or 

dry storage surface facilities)
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(HLW) (3). The spent nuclear fuel (SNF) is not considered nuclear waste (4). The non-

classification of the SNF as waste is due to the possibility of reprocessing (4, 5). 

 

The accumulation of HLW initiated with the activities developed at the Manhattan 

Project during the Second World War. In December 1942, the first self-sustaining 

nuclear reaction was achieved on the world’s first nuclear reactor, the Chicago Pile-1 

(CP-1) (Figure 1), which was soon dismantled and reassembled in a new location, and 

the reactor was retitled as Chicago Pile-2 (CP-2). In 1943 the world’s first heavy water 

moderated reactor, Chicago Pile-3 (CP-3), was assembled at the same site as CP-2. 

On May 15th, 1954, both reactors, CP-2, and CP-3, were decommissioned, 

dismantled, and buried in 1955 (6). 

 

Figure 1 – An illustration depicting Chicago Pile-1. 

 
(Image copyright Chicago Historical Society) 

 

After the dismantling of CP-2 and CP-3, the extinct United States Atomic Energy 

Commission (AEC) contracted, in 1955, the National Academy of Sciences (NAS) to 

create a committee to evaluate possibilities for the disposal of HLW. The committee 

issued its first report in 1957, indicating the possibility of disposal in cavities mined in 
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salt beds and salt domes by the formation of a silicate brick or slag, which would be 

either stored in the surface or dry mines; or by injection of diluted liquid waste in 

profound rock strata (7). 

 

At the end of the 1950s, as more countries began the development of their nuclear 

program, the disposal of radioactive wastes was recognized as an important field of 

knowledge. The first scientific conference on the disposal of radioactive wastes was 

sponsored by the International Atomic Energy Agency (IAEA) in 1959, with the 

attendance of scientists from 31 countries and 11 international organizations (8). Since 

then, many methods of disposal have been proposed. Kubo and Rose (9) proposed a 

taxonomy of nuclear waste disposal options for reprocessed SNF (Figure 2), but the 

options displayed may also be used for non-reprocessed SNF. There are three routes 

for disposal choice that depends on the disposal method. The first route (1 and 1A) is 

the disposal into geological formations with little to none, chemical or mechanical, work 

done to the waste. The second route (2 and 2A) is associated with the chemical 

separations of actinides and other heat-producing isotopes. The final route (3 and 3A) 

is the in situ melting of the waste. Other disposal options proposed were the disposition 

in Antarctic rocks; in permanent ice, i.e., long-lasting ice sheets; in engineered near-

surface structures (mausolea) for future retrieval; on space; and oceans.  

 

During the 1970s and 1980s, the effort was directed towards the disposal of a 

repository on land. The focus in a repository on land is supported by its effectiveness 

of sorption of radionuclides, confirmed by controlled experiments and at the Oklo 

formation, and the multi-barrier system which supplies more deterrents to the release 

of radionuclides to the biosphere (10, 11). In the next decades, the international 

community reached a consensus that the preferred method for the disposal of HLW 

should be in a deep geological disposal facility (12, 13). Nowadays, there are still no 

repositories in operation, although, in Finland, a construction license for one was 

granted in 2015, with the final disposal process being in the 2020s (14). The status of 

national waste disposal of HLW and SNF programs around the world is presented in 

Annex A (12).  
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Figure 2 – Taxonomy of nuclear waste disposal options (9). 

 

 

DEEP GEOLOGICAL DISPOSAL 

Most of the countries with either HLW or SNF stored in interim facilities have plans to 

construct a deep geological disposal facility (12). This type of repository was firstly 

proposed in the 1950s and, even though the advent of nuclear fuel reprocessing 

techniques, its importance stays unaltered. Since the 1980s, when the Beijer Institute 

undertook a review of the national waste disposal around the world, a deep geological 

repository has been the preferred method for disposal because (11): 

1. The safety of the repository is not dependent upon human care: after its closure, 

the repository does not require human intervention. 

2. Its depth, three hundred to 1000 m, provides a natural barrier between the waste 

and the biosphere hampering the release of the waste into the environment, by 

man nor natural process, if installed in a local without mineral resources. 
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3. The method of disposition is achievable with usual techniques: many mines are 

at the depth needed or deeper. In Brazil, according to data from 2015, 43 active 

mines were deeper than 300 m1; 

4. Multiple possibilities for finding such structures are available. 

5. “...the wastes could either be retrieved or the effects mitigated if unprecedented 

events should occur to drastically alter the safety of the system” (11): The 

multiple-barrier system, similar to the defense-in-depth in nuclear reactors, is 

an approach to account for any uncertainties given the time scale involved. 

6. It is possible to model the life cycle of the wastes at the repository under the 

influence of the various stresses2 present in the host rock. 

 

The deep geological repository may be constructed in different host rocks such as salt, 

granite, shale, and basalt. Each host rock has favorable and unfavorable 

characteristics. Table 23 shows a comparison between the host rocks. The associated 

disposal media were divided into 4 large groupings (15): 1) Sal: anhydrite, gypsum; 

Granite: general crystalline rock, granodiorite, periodontitis, gneiss, syenite; 3) shale: 

general argillaceous rock, carbonate; and 4) basalt: gabbro and some tuffs. 

 

The most studied host rocks are granite (the preferred media in Finland (Figure 3) and 

Sweden), shale (the preferred media in France and Belgium), and salt formations 

(studied in Germany since it already operates two repositories for low-level waste 

(LLW) and intermediate-level waste (ILW) in former salt mines) (12). The physical 

properties are treated in a broad sense and do not reflect site-specific conditions such 

as deformation, metamorphism, or fracture of the rocks. These factors, although 

relevant, must be analyzed on a case-by-case, site-by-site basis. 

 

 
1 Among forty-three mines, twenty-five are in the State of Minas Gerais. Information was obtained by 
requesting to the National Mining Agency (Portuguese: Agência Nacional de Mineração – ANM) that is 
supported by the Information Access Law, law nº 12.527/11. 
2 Radiation and heat released from the waste; hydrogeological, lithostatic, chemical and biological 
conditions. 
3 The comparisons are based on the Final Environmental Impact Statement published by the U.S. 
Department of Energy (DOE) regarding the Management of Commercially Generated Radioactive 
Waste in 1980 (15). 
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Table 2 – Comparison between the rock types and their properties. Adapted from (11, 15). 

Property 
Host Rock 

Salt Granite Shale Basalt 
Natural moisture content 3 3 2 3 

Strength 1 3 2 3 
Coefficient of linear thermal 

i  
2 3 3 3 

Heat Capacity 3 2 2 2 
Thermal conductivity 3 2 2 1 

Permeability 3 3 3 3 
Porosity 3 3 3 3 
Solubility 1 3 3 3 

1-Bad / 2-Medicore / 3-Good     
 

 

Figure 3 – Layout of the Olkiluoto repository in Finland (16). 

 

 

The multiple-barrier system has the host rock as the final barrier against the release of 

radionuclides to the biosphere. The barriers, as shown in Figure 4, are: 
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1. The HLW or SNF themselves: HLW is composed of wastes resulting from the 

reprocessing of SNF, which is solidified on an inert matrix, such as glass. SNF 

is composed of ceramic fuel pellets inserted into gas-tight metal rods. 

2. The final disposal canister: both HLW and SNF are packed in a corrosion-

resistant metal canister made of copper and cast iron. The canister provides 

mechanical, chemical, and biological protection for the HLW or SNF. 

3. A bentonite barrier4: bentonite clay is used to enclose the final disposal canister. 

The bentonite provides mechanical stability since it slows down the water 

movement in the canister surroundings and adsorbs the radionuclides in case 

of leakage accidents. 

4. The host rock: the bedrock provides an ambient with slow and predictable 

changes, chemical or physical. 

 

Figure 4 – Engineered barriers. 

 

(Image copyright Posiva Oy) 

 

To date, only three countries began or will begin to construct a repository in the 

following decade: Finland (2016), with the Olkiluoto5; France (2022, estimate)6 with 

Cigéo; and Sweden (early 2020s) with Forsmark7 (20). 

 
4 The bentonite buffer is one of the design constraints. Among the requirements, the buffer must transfer 
the heat emanating from the canister efficiently to keep its temperature below 100ºC, to maintain the 
mineralogical integrity of the buffer [15]. 
5 The start of the geological final disposal of spent nuclear fuel is planned by the mid-2020s (17). 
6 The beginning of the operations of Cigéo is planned to 2030 (18). 
7 Forsmark should start its operations in the 2030s (19). 
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1.2.1 – Numerical analysis of the heat propagation 

Idealized by Courant (21), the finite element analysis method (FEA)8 helped the 

analysis of the physical phenomenon in a continuum of matter (solid, liquid, or gas) by 

the decomposition of the domain (continuum with a known boundary) into a finite 

number of subdomains (elements). By dividing the problem into smaller and 

manageable pieces FEA, alongside computer-aided design (CAD) and another 

computer-aided engineering (CAE) method, supplies the solution of many complex 

engineering and physical problems rapidly and effectively (22, 23). 

 

Numerical modeling is a powerful tool used to simulate and optimize the repository and 

when associated with the field research in underground research laboratories (URLs)9, 

it can be used not only for prediction of the performance of the repository along the 

time but also to design field experiments, to analyze the results, and to improve the 

understanding of the subsurface processes (25). 

 

Earlier works also used numerical models to simulate the heat propagation of HLW 

and SNF disposed on a geological repository with hard rock as a host rock. The works 

published by Choi and Choi (26), Lee et al. (27), and Acar and Zabunoğlu (28, 29), 

alongside the technical reports from the Swedish Nuclear Fuel and Waste 

Management Company (SKB) (30), VTT Technical Research Centre of Finland (VTT) 

(16) and Korea Atomic Energy Research Institute (KAERI) (31), also used numerical 

modeling codes applied to the study of deep geological repositories. The simulation 

can be done by numerical models such as ANSYS, Code_Bright, COMPASS, 

FEFLOW, NISA, OpenFOAM©, PORFLOW, and TOUGH2. 

 

 
8 A brief account of the development of FEA was given by O.C. Zienkiewicz on his paper “The birth of 
the finite element method and of computational mechanics” (DOI: 10.1002/nme.951) 
9 According to the Nuclear Energy Agency (NEA)  of the Organization for Economic Co-operation and 
Development (OECD) (24): “A URL is an underground facility in which site characterization and testing 
activities are carried out along with technology development and demonstration activities in support of 
the development of deep geological repositories for radioactive waste. URLs are in geological 
environments that are suitable for repository implementation such as granite, salt, clay/shale or volcanic 
tuff.” 
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1.2.2 – The Sitting Process  

The sitting process is a major step during the construction of the repository as the site 

selected must have the right characteristics for the containment of the radioactive 

waste. Given the complexity of this process, a multi-stage approach is employed with 

four broad stages, as defined by the IAEA (32)10: conceptualization, area survey, site 

investigation, and detailed site characterization (Figure 5). 

 

Figure 5 – Stages of the sitting process. Adapted from (31). 

 

 

 

 

 

 
10 The Appendix I of the IAEA Specific Safety Guide nº SSG-14 supplies detailed information about the 
stages and the data necessary during the sitting process. 

Post-closure
Operation

Construction

Detailed Site Characterization Stage
Site confirmation for disposal facility construction

Site Investigation Stage
Selection of one or more preferred sites for detailed characterization

Area Survey Stage
Screening from many to one or several sites

Conceptual and Planning Stage Site Investigations and D
etailed Site C

haracterization 

M
onitoring of Site C

onditions 



CHAPTER 1. INTRODUCTION  35 

1.2.3 – Cost estimation 

The construction of a geological project is a long-term enterprise. The fastest that any 

country took since the beginning of the feasibility and site investigations studies to the 

submission of the application for construction was 24 years (20). In addition, the 

operation of the repository is a long-term activity, therefore it is necessary to set up the 

provision and/or financial reserve for the construction, operation, and decommissioning 

of the project. Cost estimation is an essential element of the studies of feasibility since 

it helps to address three fundamental questions: is it affordable? What is the budget 

necessary? What choice would yield the best results? 

 

SPENT FUEL MANAGEMENT IN BRAZIL 

The Brazilian government has not yet decided about the nuclear fuel cycle to be 

followed in the country. The current policy for managing the SNF is to keep it in 

temporary storage, in the nuclear plants' cooling pools, and dry storage units in the 

next years, while the technical, economic, and political decision about the fuel cycle 

remains undefined (33). Therefore, spent fuel is not considered nuclear waste 

according to Brazilian law. 

 

Currently, the SNF is initially stored into cooling pools installed in nuclear power plants 

(NPP) of Angra. In the short term, part of the SNF will be transferred to a dry storage 

unit (Portugues: Unidade de Armazenamento a Seco - UAS). Until April 2020, it was 

considered that the UAS would start receiving the first SFs in June 2021 (34)11. The 

UAS will have the capacity to store the SNF of the two NPPs currently in operation, 

ANGRA 1 and ANGRA 2, until 2045, at least, when it was considered the start of the 

Long-Term Intermediate Deposit for Fuel Elements (Portuguese: Depósito 

Intermediário de Longa Duração de Combustível Usado – DICOMB) (35). However, 

with the implementation of the UAS, the National Nuclear Energy Commission 

 
11 Obtained by requesting access to information, through the Integrated Ombudsman and Access to 
Information Platform (Fala.Br) of the Comptroller General of the Union (CGU), to Eletronuclear, number 
99908.000235 / 2020-05, held on 04/16/2020 and answered on 04/29/2020. 
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(Portuguese: Comissão Nacional De Energia Nuclear – CNEN) abandoned the 

development of DICOMB12. 

 

1.3.1 – Related national legislation 

The Brazilian national laws related to the management of spent fuel and radioactive 

waste in Brazil are, from the newest to the oldest: 

• Provisional Measure Nº. 1,049 of May 14, 2021 (36, our translation): creates the 

National Authority for Nuclear Safety (Portuguese: Autoridade Nacional de 

Segurança Nuclear – ANSN). ANSN assumes, among others, the 

responsibilities of safety assessment, inspection, and licensing operations 

related to the management of radioactive waste. 

• Decree Nº. 9,600 of December 5, 2018 (4, our translation): consolidates the 

guidelines on the Brazilian Nuclear Policy and establishes that spent fuel is not 

considered a radioactive waste and must be stored for future reuse.  

• Norm CNEN NN 9.02 of 2012 (37, our translation): deals with the management 

of financial resources for technical and administrative activities for the removal 

of regulatory control of nuclear power plants 

• Norm CNEN NN 9.01 of 2012 (38, our translation): deals with the 

decommissioning of nuclear power plants. 

• CNEN Regulatory Position 1.26 / 001 2008 (39, our translation): deals with the 

management of radioactive waste in NPPs. 

• Decree Nº. 5,935 of October 19, 2006 (40, our translation): promulgates the 

Joint Convention on the Safety of Spent Fuel Management and the Safety of 

Radioactive Waste Management.  

• Norm CNEN NE 5.02 of 2003 (41, our translation): deals with the transport, 

receipt, storage, and handling of fuel elements of nucleoelectric plants. 

 
12 Obtained by requesting access to information, through the Integrated Ombudsman and Access to 
Information Platform (Fala.Br) of the Comptroller General of the Union (CGU), to Eletronuclear, number 
01217.004257/2021-09, held on 06/22/2021 and answered on 07/12/2021. 
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• Law Nº. 10,308 of November 20, 2001 (42, our translation)1314: establishes rules 

for the siting, licensing, operation, and regulation of radioactive waste storage 

facilities in Brazil. This law concerns all types of nuclear waste produced in 

Brazil.  

• Law Nº. 9,765 of December 17, 1998 (43, our translation): establishes a license, 

control, and inspection fee for nuclear and radioactive materials and their 

installations. 

• Norm CNEN NE 1.26 of 1997 (44, our translation): deals with safety in the 

operation of nucleoelectric plants. 

• Articles 21, item XXIII, and 22, item XXVI, of the Brazilian Federal Constitution 

which establishes the competence of the Union through CNEN, attributed by 

Law Nº. 6,189 of December 16, 1974, modified by Law Nº. 7.781 of June 27 of 

1989, as responsible for the final destination of the radioactive waste produced 

in the national territory (36, p. 1, 43, 45, our translation).  

• and Law Nº. 6,453 of October 17, 1977 (46, our translation): establishes civil 

liability for nuclear damage and criminal liability for acts related to nuclear 

activities. 

 

Additionally, during the environmental licensing process of Angra 3 NPP, two 

environmental conditions are related to the management of the Brazilian SNF: 

 

• Condition 2.18 of Preliminary License 279/2008 (47, our translation), which 

determined "To present a proposal and start the execution of the project 

approved by the environmental agency for final disposal of high-activity 

radioactive waste before the start of operation of Unit 3.”. 

 

• Condition 2.20 of the Installation License 591/2009 (48, our translation), which 

determined: "To present in 180 days a technical-financial and execution 

 
13 Technically, the SNF is not considered a nuclear waste given the possibility of reprocessing, according 
to Decree 9,600 of 2018. However, even with the reprocessing, high-level waste would be generated 
that would fall under the law. 
14The Law 10,308 / 2001, in its article 18, also provides that the costs of the intermediate and final 
repositories will be paid to CNEN by the generator of the radioactive waste. 
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schedule according to the analytical structure of the RAN Project - Long Term 

Waste Deposit for used fuels, approved by CNEN." 

 

In the last available Analysis of Attendance Analysis Report of the Installation License 

n ° 591/2009 of Angra 3, issued by the Brazilian Institute of the Environment and 

Renewable Natural Resources (Ibama) in 2011 (49, our translation), it is said that  

 

"The Brazilian Political decision in postponing the recycling of Irradiated 

Fuel Elements - ECIs, CNEN decided that these fuels, originating from 

reactors at Brazilian nuclear plants, should be stored for long term in 

intermediate deposits, until it is considered convenient, politically and 

economically, to recycle such ECIs ", 

 

This statement is confirmed by Decree No. 9,600 of December 5, 201815, and it is 

necessary then "[..] to reconsider the stipulation by condition 2.18 of the Previous 

License No. 279/2018 concerning the requirement for the Construction of a Final 

Deposit of High Activity Radioactive Material (RAN)." (49, our translation). In addition, 

the RAN Project was replaced by the DICOMB Project, under the responsibility of 

CNEN (49). According to this document, the environmental licensing process for this 

project was scheduled for 2017 (49). Electronuclear, started in 2021, the transfer of 

part of the irradiated fuel stored in the cooling pools of the Angra 1 and Angra 2 NPPs 

to the UAS, which is considered by the CNEN and by Eletronuclear as an initial storage 

unit16. The UAS consists of the storage of irradiated fuels in concrete and metal hulls 

of the HI-STORM type, by the company HOLTEC, in a location of the Central Nuclear 

Almirante Álvaro Alberto (CNAAA). With the adoption of the UAS, CNEN discontinued 

the development of DICOMB17. 

 

 
15 “Art. 2 For the purposes of this Decree, it is considered: [...] II – spent nuclear fuel - nuclear fuel used 
in nuclear reactor and removed from its core, which will be stored in an appropriate place for future 
reuse [...] " 
16 Obtained by requesting access to information, through the Integrated Ombudsman and Access to 
Information Platform (Fala.Br) of the Comptroller General of the Union (CGU), to CNEN, number 
01217.003113/2021-27, held on 05/13/2021 and answered on 06/14/2021. 
17 See footnote 12. 
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The lack of definition about the nuclear cycle model to be adopted and, consequently, 

the lack of a formal policy and strategy for the management of SNF in Brazil, resulting 

in several deficiencies. Among the deficiencies are the lack of criteria for the selection 

of the final disposal sites for SNF, and the lack of provision or financial reserve by the 

radioactive waste generator. As stated in Judgment 1,108 / 2014 of the Federal Court 

of Auditors (Portuguese: Controladoria Geral da União – CGU) (50, our translation): 

 

"the absence of a formalized policy and strategy on the management of nuclear 

fuel used in the national territory, with the absence of positioning on the solution 

to be adopted in the country (deposition, reprocessing or waiting for 

technological/economic maturation of the available options), can harm the 

fulfillment of the obligations assumed by Brazil through the caput and items of 

Article 4 of the Joint Convention on the Safety of Spent Fuel Management and 

on the Safety of Radioactive Waste Management, promulgated by Decree No. 

5,935, of 2006, in addition to constituting an important risk to the fuel 

management process nuclear used in the country "18 

 

RESEARCH QUESTIONS AND OBJECTIVES 

This thesis is based on the following research questions: 

1. What is the minimum area necessary for the disposal of SNF, traditional or 

reprocessed, in the Brazilian territory depending on the rock temperature at a 

depth of 500m? 

2. Where could a geological repository of spent Brazilian fuel be built, considering 

the thermal behavior of the SNF? 

3. What is the cost of the spent fuel back-end in Brazil? 

• Would reprocessing be the best choice from a financial point of view? 

 

 

 
18 More specifically, art. 4, items VI (“Strive to avoid actions that impose reasonably predictable impacts 
on future generations greater than those permitted for the current generation”) and VII (“Aim to avoid 
imposing undue burdens on future generations”) and art. 22 (Human And Financial Resources) of the 
Joint Convention (40)and Article 18 (“The intermediary and final deposit service for radioactive waste 
will have its respective costs compensated to CNEN by the depositors, according to the table approved 
by the CNEN Deliberative Commission”) of Law No. 10,308 of 2001 (42). 
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The main related goals are: 

1. To study the heat propagation in the geological disposal environment with 

information from the Brazilian thermal gradient, and to find the smallest disposal 

area needed for disposal of the reprocessed Brazilian fuels. 

2. To apply a method of site selection in one or more Brazilian states. 

3. To conduct an economic analysis of the fuel back-end spent in Brazil for 

different nuclear power generation scenarios. 

 

1.4.1 – Assumptions 

To answer the research questions and to fulfill the research objectives, the following 

underlying assumptions were adopted: 

• General assumptions 

o The DGR is considered to be constructed on granitic rocks. The choice 

for the SNF disposal in granitic rocks was made for two reasons: First, 

this thesis is part of a pre-existing line of research in the postgraduate 

program in nuclear sciences and techniques, which investigated the 

disposition in these rocks; Secondarily, the reference work for the 

selection of suitable sites for the construction of a DGR also considered 

the disposal in granitic rocks. 

o It was considered that the SNF remained 50 years in interim storage 

before final disposal. 

o This thesis is an academic analysis. The simplicity of the analysis 

methods was emphasized, given that the methods and assumptions 

considered here may be completely different from those used by the 

Brazilian government when deciding about the construction of a Brazilian 

DGR. 

• Chapter 2 assumptions: 

o The simulations used a finite element code, ANSY, for the heat transfer 

of SNF in final disposal conditions.  

o The simulations only consider heat transfer by conduction and use 

constant thermophysical and isotropic properties.  
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o Underground excavation stability, groundwater flow, or earthquake 

effects have not been considered in the simulations. 

• Chapter 3 assumptions: 

o The methodology used for site selection is based on international 

standards and the CNEN 6.06 standard for Selection and Choice of 

Locations for Radioactive Waste Deposits, for low and medium-level 

wastes. 

o The selection process carried out corresponds to the area survey stage 

and was carried out on a regional scale, as shown in Figure 5.  

o Due to the lack of standardized data for all Brazilian states, only the 

states of Minas Gerais and Espírito Santo were studied. 

• Chapter 4 assumptions: 

o The economic analysis used the analogy method and different 

generation scenarios.  

o The effects of reprocessing in the front-end of the fuel cycle, as well as 

multi-reprocessing and the use of depleted uranium, were not 

considered. 

 

The remaining chapters are organized as follows: 

• Chapter 2 deals with the analysis of heat transfer by conduction of several types 

of SNF, UO2, MOX, and TRU, in a DGR built-in granitic rocks. It was carried out 

a reproduction study to confirm the computational model, a mesh convergence 

study, and a simulation of the influence of rock temperature on repository 

dimensioning. 

• Chapter 3 deals with the application of a proposed methodology for the area 

survey stage of a DGR in Brazilian granitic rocks, proposed by Martins (51). The 

methodology was applied to two Brazilian states. 

• Chapter 4 presents an estimation study of the back-end costs of the Brazilian 

nuclear program. Six strategic scenarios and a Monte Carlo simulation were 

used. 
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2 – NUMERICAL ANALYSIS OF HEAT PROPAGATION 

Numerical modeling has been used to investigate a large variety of research questions 

concerning the disposal of HLW (25). Earlier works have used FEA, or other similar 

numerical modeling approaches applied in the study of deep geological repositories 

(16, 26–31, 52). Since there is not a permanent disposal program proposed for Brazil, 

this work considered the geological disposal model developed by Sweden, KBS-3V, 

as the model for disposal of the Brazilian radioactive waste.  

 

KBS-3V DISPOSAL CONCEPT 

The disposal of HLW or SNF on the KBS-3V concept is intended to be done into hard 

rock, such as granite. The waste is loaded into a canister composed of a cast iron 

insert, and a copper overpack, as represented in Figure 6. Each canister is then placed 

on individual boreholes, excavated along parallel tunnels at a depth of 500 m in the 

host rock, and it is surrounded by a bentonite buffer in the borehole, for mechanical 

protection, as well as to limit and retard the release of radionuclides on the canister 

failure (16, 53, 54). This concept was also adopted as a reference by the Finish Posiva 

and British Nirex companies during the development of their repository concept (55, 

16). 

Figure 6 – UK HLW/SNF repository concept (55). 

 



CHAPTER 2. NUMERICAL ANALYSIS OF HEAT PROPAGATION  43 
 

One of the key questions associated with the development of a deep geological 

repository (DGR) is how its containment barriers would behave in the presence of 

thermal loads emanating from nuclear waste. The heat transfer from the canister to the 

surrounding rock is determined by the heat output from the waste, thermal properties 

of the materials and the layout of the DGR, the canister spacing, and the distance 

between disposal tunnels. As the heat output and thermal properties are 

predetermined, the temperature profile of the surface of the canister is controlled by 

varying the distance between the tunnels and the spacing between the canisters.  

 

The main purpose of this chapter is to investigate the thermal behavior of two types of 

SNF: the traditional Uranium Oxide, and reprocessed SFs that are composed of a MOX 

and a (TRU-Th)O2. The latter was previously studied for the ANGRA 2 (56) NPP. The 

simulation considered a KBS-3V type and aims to determine the disposal area 

necessary for the disposal of each SNF type. To this end, a reproduction study of the 

work conducted by Acar and Zabunoğlu (28) was performed with the ANSYS® 

Academic Student 2019 R3 (57) and OpenFOAM© (OF) (58), to confirm the simulation. 

Afterward, a Grid Convergence Study as proposed by Roache (59, 60) was conducted 

using ANSYS to evaluate the influence of the mesh resolution and mesh type on the 

results. The canister spacing for MOX and (TRU-Th)O2 SFs were determined through 

simple thermal analysis with the ANSYS code. The disposal area was then compared 

against the original findings of Acar and Zabunoğlu (28). The analysis suggested the 

impossibility of the disposition of the (TRU-Th)O2 SNF in a DGR with the current buffer 

thermal restrictions (100ºC). Finally, with geothermal data from Brazil, the minimum 

separation between canisters holding MOX was estimated for different temperature 

conditions at the depth of the DGR (500m). The results show the necessity of 

increasing the minimum spacing as the temperature of the rock is raised. 

 

PROCEDURES AND COMPUTATIONAL TOOLS 

Although the DGR model is the KBS-3, in this work the final geometry modeled 

followed an earlier study developed by Acar and Zabunoğlu, which was chosen as a 

benchmark (28), and used a variant of the KBS-3 design performed by Nirex (55).  
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2.2.1 – The geometry of canister near-field 

Figure 7 shows the dimensions and layout of the disposal hole and tunnel for the SNF 

canisters. The dimensions of the tunnels and boreholes for this work are as follows: 

the tunnels have a diameter of 5.5 m and are 40 m distant from each other, and the 

boreholes have a diameter of 1.75 m and a depth of 7.55 m. (16, 28). The spacing 

between the canisters varies according to the type of SNF and its burnup, as listed in 

Table 3. 

Table 3 – Canister spacing for the SUOX and SMOX considered (28). 
SNF Burnup (GWd/tHM) Canister Spacing (m) 

SUOX 
33 3.90 
40 5.54 
50 10.00 

SMOX 
33 3.00 
40 4.80 
50 13.00 

 

Figure 7 – Nominal dimensions of the disposal hole and tunnel, in millimeters. 
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The canister design is the same for all SNF. However, the cast iron insert holds a 

different number of assemblies depending on the type of SNF, as shown in Figure 8. 

The canister is 4.5 m in height and has a diameter of 0.9 m. The canister designed for 

Spent Uranium Oxide Fuel (SUOX) accommodates a total of four assemblies. For 

Spent Mixed Oxide Fuel (SMOX) and Spent Reprocessed Transuranic Fuel spiked 

with Thorium Fuel (STRU), the canister accommodates only a single fuel assembly.  

 

Figure 8 – SNF canister for UO2 and reprocessed fuels. 
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2.2.2 – Thermophysical properties 

The thermophysical properties of the materials including thermal conductivity, the 

specific heat capacity, and the density are those used by Acar and Zabunoğlu and are 

presented in Table 4 (28, 29). As the initial temperature of the rock is an important 

parameter, a geothermal gradient of 30 °C/km and a ground surface temperature of 

the DGR of 15 °C (28) it was used to estimate this parameter at the depth of the DGR, 

500m. These geothermal parameters are used for benchmark reproduction. The 

results of the reproduction study are then used as for later simulations using 

geothermal parameters estimated for Brazil. 

Table 4 – Thermal properties of the materials (12,16). 

Material Density (kg/m3) Thermal Conductivity 
(W/m ºC) 

Specific Heat 
(J/kg ºC) 

SNF 2,000 0.135 2,640 
Cast Iron Insert 7,200 52.0 504 
Copper Canister 8,900 386.0 383 

Bentonite 1,970 1.0 1,380 
Backfill Material 2,270 2.0 1,190 

Rock 2,650 3.2 815 

 

Although the thermophysical properties used vary depending on the temperature of 

the material, constant values were used for the simulations. It was also considered that 

the thermal conductivity of the rock is isotropic, although it is orientation-dependent 

due to the foliation of the constituent minerals (53). The choice for constant values is 

justified by the fact that simulations are preliminary, that is, they are merely an 

academic analysis. The simplicity of the simulation was emphasized, given that the 

materials and methods considered here may be completely different from those used 

by the Brazilian government when deciding about the construction of a Brazilian DGR. 

It is noteworthy that the thermal analyzes were carried out with theoretically well-

founded methods and codes. 

 

2.2.3 – SPENT FUELS (SFs) 

The final composition as well as the decay heat of the SNF are dependents on the fuel 

burnup, which is defined as the amount of energy generated by the nuclear fuel. The 

increase of the fuel burnup is desirable under the economic viewpoint since the higher 
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is the burnup, the higher is the core residence time and the smaller the power costs 

also will be. This work addresses three SNF types: SUOX, SMOX, and STRU.  

 

Four types of SUOX are considered:  

I. SOUX 33: 3.3% enrichment for a burnup of 33 GWd/tHM (28). 

II. SOUX 40: 3.8% enrichment for a burnup of 40 GWd/tHM (28). 

III. SOUX 50: 4.56% enrichment for a burnup of 50 GWd/tHM (28). 

IV. SUOX 48: 4.3% enrichment for a burnup of 48 GWd/tHM (56). 

 

Four types of SMOX are considered: 

I. SMOX 33: 4.064% total fissile content for a burnup of 33 GWd/tHM (28). 

II. SMOX 40: 4.852% total fissile content for a burnup of 40 GWd/tHM (28). 

III. SMOX 50: 6.045% total fissile content for a burnup of 50 GWd/tHM (28). 

IV. SMOX 48: 5.136% total fissile content for a burnup of 48 GWd/tHM (56). 

 

The STRU has a 10% of fissile material for a burnup of 48 GWd/tHM (56). Both SMOX 

48 and STRU result from earlier burnup studies performed to investigate the storage 

of these SNF into Angra 2 pool (56). The temporal decay heat data of the SUOX 30, 

SUOX 40, SUOX 50, SMOX 30, SMOX 40, and SMOX 50 SNFs were adjusted by the 

following function (61), 

𝑄𝑄(𝑡𝑡) = �𝐴𝐴𝑖𝑖𝑒𝑒−𝑏𝑏𝑖𝑖𝑡𝑡
4

𝑖𝑖=1

 (1) 

Where Q(t) is the heat released from the SNF in W/tHM at time t that is the time 

elapsed since the generation of the waste, in years, and Ai and bi are fit coefficients of 

the decay heat curves. The coefficients values adopted in this study are listed in Table 

5, being valid in the first 1,000 years (28). The decay power of the SUOX 48, SMOX 

48, and STRU, SNFs, for the first 100 years, was calculated by Pereira et al (56) as 

part of the criticality studies with the KENO-V sequence of the SCALE6.0 computer 
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code making use of CSAS5 module and v7-238-energy-group library, including bias 

and uncertainty. Numerical values of the decay power are shown in Table 6. 

 

Table 5 – Values of the Ai and Bi coefficients in Eq. 1 (28)  
Waste type SUOX SMOX 

Burnup 33 40 50 33 40 50 

A1 990.18 1219.81 1535.27 1131.78 1495.38 2100.53 

A2 120.73 138.18 157.30 703.28 865.25 1058.92 

A3 14.27 15.76 48.54 390.09 552.25 660.44 

A4 11.60 13.02 27.20 116.68 138.58 177.22 

b1 11.60 13.02 27.20 116.68 138.58 177.22 

b2 0.00166 0.00167 0.00152 0.00152 0.00155 0.00159 

b3 0.00013 0.00014 0.00869 0.00692 0.00788 0.00765 

b4 3.3175 10-5 3.2642 10-5 5.5445 10-5 6.7581 10-5 6.9608 10-5 8.0955 10-5 

 

Table 6 – Decay heat of SUOX 48, SMOX 48, and STRU SNFs (56) 

Time (years) 
Decay heat (W/tHM) 

SUOX 48 SMOX 48 STRU 
10 886 2,263 10,150 
20 790 2,327 8,851 
30 708 2,320 7,837 
40 635 2,272 7,041 
50 572 2,203 6,407 
60 518 2,126 5,895 
70 473 2,047 5,474 
80 434 1,971 5,122 
90 401 1,898 4,823 

100 374 1,830 4,565 
 

SIMULATIONS 

To ensure the safety and stability of the DGR is necessary to set up a thermal 

temperature constraint at the canister surface. This constraint guarantees the chemical 

stability of the bentonite buffer over the DGR life (16, 26, 28). The usual constraint is 

100 ºC, however, deviations in the environmental parameters in the SNF data, as well 

as the occurrence of air gaps between the canister and the buffer, require a reduction 
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of the temperature constraint to 80 ºC (28, 52). To simplify the simulations, the air gap 

was suppressed, such that the only heat transfer mechanism is by conduction. 

 

The DGR is geometrically symmetric, which simplifies the computational execution of 

the model. The symmetry planes are at the center of the deposition holes (28). Thus, 

only a quarter of one borehole was modeled. All symmetric boundaries are set as 

adiabatic.  

 

All SNF types are assumed to be disposed of after 50 years under interim storage. The 

analysis was carried out over the critical period of 20 years after the deposition of the 

SNF (16, 28). The thermal analysis is used to calculate the temperature distribution in 

the critical points of the DGR that are: the canister-bentonite interface and the 

bentonite-rock interface. It is assumed that the vertical (Z-axis) boundaries are at 25 m 

above the top of the disposal tunnel and 25 m below the bottom of the disposition 

borehole (28). The temperature field deriving from the geothermal gradient is modeled 

by applying constant temperature boundary conditions at the top and the bottom of the 

model. 

 

The temporal discretization of the analysis was done considering four end times for the 

time steps, as shown in Table 7. The smallest time steps are used during the first year 

of simulation, with the superior boundaries being either the first day or the first month, 

or the end of the first year. From the second year to the end of the simulation (20 years 

after the disposal), the time steps correspond to a period of three months. 

 

Table 7 – Step end time and time steps used. 

Step end Time 
 

Time Step 
 86,400 180 

2,592,000 10,800 

28,927,800 259,200 

631,152,000 7,889,400 
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On ANSYS, the Steady-State Thermal option was firstly conducted to set up the initial 

conditions, such as the geothermal gradient of the host rock, and the Transient 

Thermal analysis option was chosen to perform the time-dependent simulations. The 

meshes in the ANSYS were built using both unstructured and structured mesh tools. 

The solution method was the QUASI-solution method, which is associated with a 

Picard algorithm to solve the problem directly for the temperature (62). As the QUASI 

method was used, small-time steps (Table 7) were used to minimize inaccuracies (62). 

Simulations with ANSYS® were performed in a single machine using six cores (i7-

8750H, 8GB-RAM DDR4,128GB SSD/ 1TB HD).  

 

The computational domains used in OF were discretized using structured grids. The 

different domains were thermally coupled through the CHT solver, which is based on 

the combination of the solvers heatConductionFoam and buoyantFoam for conjugating 

the heat transfer between the solid and fluid regions. The solver employs an iterative 

method to find the temperatures shared by neighboring regions. The energy equation 

was resolved by the solver linear Preconditioned Conjugate Gradient (PCG). The 

preconditioner Diagonal Incomplete Cholesky (DIC) was used. Second-order 

convergence schemes were used for the temporal and gradient terms. For the linear 

solver, the convergence criteria for each time step were an absolute residual lower 

than 10-6, or the reduction of the relative residual by three orders of magnitude. The 

OF version used was 4.1.a (58). Simulations in OF were performed in parallel 

distributed computing using eight cores (E5-1660-v3, 26GB-RAM DDR3, 160GBHD, 

Infiniband QDR4 Gbps).  

 

2.3.1 – Reproduction study 

To assure the correctness of the later simulations, since it is not possible to validate 

the simulations and that the simplified analytical solutions are corrected by numerical 

simulation results (16), it was decided to perform a reproduction study of Acar and 

Zabunoğlu (28) in ANSYS and OF codes. Acar and Zabunoğlu conducted their study 

by comparing the disposal area required by the SNF and HLW from the once-through 

and the standard closed nuclear fuel cycles. For the closed cycle, they simulated, 

among others, the disposal of a MOX SNF with a burnup of 50,000 MWd/tHM, similar 
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to the burnup of the reprocessed SFs studied for the Angra 2 NPP, 48,000 MWd/tHM 

(56).  

 

However, the benchmark does not supply details of grid refinement adopted, nor the 

temporal discretization. Thus, for the reproduction study and later simulations, the 

temporal discretization shown in Table 7 was adopted. Numerous studies adopt 

different meshing strategies depending on the computational code and level of detail. 

However, it is known that some levels of grid refinement do not affect the results of the 

simulations significantly, depending on the type of simulation (16). Considering that the 

mesh adopted by the benchmark has not been informed, the meshing adopted for the 

reproduction study is significantly different. The meshes considered for each case are 

presented in Table 8. To quantify the effect of meshing resolution on the results, a grid 

convergence study was conducted following the recommendations of Roache’s 

method (59, 60). 

 

Table 8 – Number of elements in the reproduction study. 
Case ANSYS OpenFOAM 

SUOX 33 10,661 176,831 
SUOX 40 12,848 180,037 
SUOX 50 13,249 186,449 
SMOX 33 11,250 146,293 
SMOX 40 7,929 169,246 
SMOX 50 7,725 172,685 

 

2.3.1.1 – The Grid Convergence study 

Roache proposed a method aiming to unify the reporting of grid refinement studies, 

named as Grid Convergence Index (GCI) (59, 60). The GCI is based on the 

generalized Richardson Extrapolation (RE) with the inclusion of a Factor of Safety, Fs. 

The generalized RE for a p-th method with a grid ratio, r, is as follows: 

𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡 ≅  𝑓𝑓1 +
𝑓𝑓1 − 𝑓𝑓2
𝑟𝑟12
𝑝𝑝 − 1

 (2a) 

𝑟𝑟 =
number of elements of the coarse grid

number of elements of the fine grid
 (2b) 
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Where fexact is a higher-order estimate of the quantity of interest at zero grid spacing 

limit; f1 is the value of the quantity for the finest grid, f2 is the coarser grid; r is the grid 

refinement ratio between two successive grids, and p is the theoretical order of 

convergence. 

 

The estimated fractional error E1 and the relative error ε for the finer grid solution is 

defined as follows: 

𝐸𝐸1[𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒 𝑔𝑔𝑟𝑟𝑓𝑓𝑔𝑔] ≅  
𝜀𝜀

𝑟𝑟12
𝑝𝑝 − 1

 (3) 

𝜀𝜀 =
𝑓𝑓2 − 𝑓𝑓1
𝑓𝑓1

 (3a) 

 

The estimated dimensional error can be expressed by the dimensional form, εd: 

𝜀𝜀𝑑𝑑 = 𝑓𝑓2 − 𝑓𝑓1 (3b) 

 

The actual fractional error, A1, of the finer grid is given by: 

𝐴𝐴1[𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒 𝑔𝑔𝑟𝑟𝑓𝑓𝑔𝑔] ≅  
𝑓𝑓1 − 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡
𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡

 (4) 

 

The observed order of convergence pobs is obtained after the solution of the following 

equation for p: 

𝜀𝜀23
𝑟𝑟23
𝑝𝑝 − 1

= 𝑟𝑟12
𝑝𝑝 �

𝜀𝜀12
𝑟𝑟12
𝑝𝑝 − 1

� (5) 

 

For a not constant r, Eq. 5 can be solved by usual solution techniques such as direct 

substitution refinement. The iteration equations are, with ρ being the earlier iteration 

for p, ω being the relaxation factor, and β being the function to be solved for p on a 

direct substitution refinement method, 

𝑝𝑝𝑜𝑜𝑏𝑏𝑜𝑜 = 𝜔𝜔𝜔𝜔 + (1 − 𝜔𝜔)
ln𝛽𝛽

ln 𝑟𝑟12
 (6a) 
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𝛽𝛽 =
(𝑟𝑟12

𝜌𝜌 − 1)𝜀𝜀23
(𝑟𝑟23

𝜌𝜌 − 1)𝜀𝜀23
 (6b) 

 

The CGI for the finer grid is expressed as: 

𝐺𝐺𝐺𝐺𝐺𝐺 [𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒 𝑔𝑔𝑟𝑟𝑓𝑓𝑔𝑔] = 𝐹𝐹𝑜𝑜  
|𝜀𝜀|

𝑟𝑟12
𝑝𝑝 − 1

 (7) 

 

The asymptotic range is achieved when, 

𝐺𝐺𝐺𝐺𝐺𝐺23 = 𝑟𝑟12
𝑝𝑝  𝐺𝐺𝐺𝐺𝐺𝐺12 (8) 

 

The apparent convergence condition is given by the convergence ratio19, R (60) 

𝑅𝑅 =
𝑓𝑓1 − 𝑓𝑓2
𝑓𝑓2 − 𝑓𝑓3

 (9) 

(i) Monotone convergence for 0 < R < 1  
(ii) Oscillatory convergence for R < 0 and |R| < 1  

(iii) Monotone divergence for R > 1  

(iv) Oscillatory divergence for R < 0 and |R| > 1  

 

For the grid convergence analysis were considered four structured and seven 

unstructured grids: The total number of elements is presented in Table 9 for each grid.  

 

 

 

 

 
19 As Coleman et al (63) remarks “If there is the possibility of oscillatory behavior of the value of a 
computed variable as grid size is refined in a simulation, then interpretation of the results of grid 
convergence studies seems impossible to achieve unambiguously“. Since that for an oscillatory 
convergence, depending on the relationship between the chosen grid size and the (unknown) period(s) 
of oscillation(s), it is possible to observe a converging, oscillating or diverging behavior of the results 
(63). 
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Table 9 – Number of elements for the grid convergence study. 
Case Number of Elements 

Structured 1 469,075 
Structured 2 275,075 
Structured 3 178,075 
Structured 4 129,575 

Unstructured 1 920,535 
Unstructured 2 435,902 
Unstructured 3 310,706 
Unstructured 4 196,813 
Unstructured 5 132,257 
Unstructured 6 58,121 
Unstructured 7 28,560 

 

2.3.2 – Brazilian Disposal Parameters  

Given the low thermal conductivity of granitic rocks, the temperature of the host rock 

in the depth of the DGR has a major influence on the density of disposal of the SNF. It 

is therefore necessary to simulate the disposal of the SNF using data from the Brazilian 

geothermal gradient. 

 

The first step is to calculate, using geostatistical methods, the temperature of the rocks 

in the depth of the DGR, 500m. The details of these calculations can be found in 

Appendix A. Then, keeping all other input data constant, the minimum distance 

between each canister of SUOX 48 and SMOX was calculated for nineteen locations 

in Brazil. The temperature at a depth of 500m varies between 27.9ºC (Juiz de Fora, 

Minas Gerais) to 46.37ºC (Quixadá, Ceará). Table 10 shows the locations, the 

geothermal gradient and local surface temperature, and the temperature at a depth of 

500m. Then, the spacing between canisters was adjusted such that the maximum 

temperature on the canister surface does not exceed 80ºC. 
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Table 10 – Temperature at 500m depth for selected locations in Brazil. Adapted from (64, 

65). 

Location Geothermal 
Gradient (ºC/km) 

Mean Surface 
Temperature - 2020 (ºC) 

Temperature 
at 500m (ºC) 

Ponta Grossa - PR 19.94 18.13 27.90 
Juiz de Fora - MG 16.68 20.94 28.93 
Passo Fundo - RS 23.48 18.27 30.03 
Ijuí - RS 22.47 19.93 31.03 
Irecê - BA 18.82 23.95 31.94 
Passos - MG 23.06 21.73 33.02 
Governador Valadares - 
MG 22.33 23.22 34.04 

Florianópolis - SC 26.01 21.89 35.01 
Maringá - PR 25.90 23.04 35.99 
Sinop - MT 23.73 25.62 36.99 
Redenção - PA 23.32 26.95 37.99 
Bragança - PA 24.36 26.85 38.98 
Aracaju - SE 26.92 26.63 40.04 
Santa Inês - MA 27.50 27.24 40.79 
Caicó - RN 28.15 27.78 42.04 
Mossoró - RN 30.51 27.56 42.92 
Pau dos Ferros - RN 31.96 27.52 44.03 
Crateús - CE 35.25 26.98 45.36 
Quixadá - CE 38.25 26.79 46.37 

 

RESULTS AND DISCUSSION 

2.4.1 – Reproduction of the Benchmark  

2.4.1.1 – SUOX 

The comparison of the results obtained with ANSYS and OpenFOAM© for the SUOX 

cases shows good agreement between both codes and between the codes and the 

benchmark. Figure 9 shows the temperatures at the canister surface and the bentonite-

rock interface, for the period analyzed (20 years after the disposal). The differences for 

the canister surface temperature are below 2°C in all cases, except for the SUOX 50 

GWd / tHM case, for which the simulations predicted temperatures below 5°C. For the 

lowest burnup, 33 GWd/tHM, the maximum temperature occurred at the time of 12 

years after the disposal in all simulations. For the intermediate burnup, 40 GWd/tHM, 

the maximum temperature in simulations occurred at the time of 11 years after the 

disposal, while in the benchmark it occurred at the time of 10 years. For the 50 
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GWd/tHM burnup, the canister surface temperature reached its maximum value after 

9 years after the disposal, while in the benchmark the maximum occurred after 6 years.  

 

Figure 9 – Maximum temperature at the canister surface and at bentonite- rock interface for 
the SUOX cases as a function of time. 

(a) SUOX 33 GWd/tHM. 
 

 
(b) SUOX 40 GWd/tHM. 
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(c) SUOX 50 GWd/tHM. 

 

2.4.1.2 – SMOX 

The temperatures at the canister surface and the bentonite-rock interface during the 

period analyzed of 20 years after disposition, for the SMOX cases are presented in 

Figure 10. As expected, the canister temperature increased rapidly in the first days 

after the disposal, going towards the saturation regime slowly. The same temperature 

profile can be seen in (16). For the lowest burnup, 33 GWd/tHM, the maximum 

temperature occurred at the time of 16 years after the disposal in all simulations. For 

the intermediate burnup, 40 GWd/tHM, the temperature also reached its maximum 

value at the time of 15 years after the disposal in all studies. For the 50 GWd/tHM 

burnup, the maximum temperature occurred at the time of 11 years after the disposal, 

which is 3 years lower than the time documented in the work considered as a 

benchmark. 
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Figure 10 – Maximum temperature at the canister surface and at bentonite- rock interface for 
the SMOX cases as a function of time. 

 
(a) SMOX 33 GWd/tHM. 

 
(b) SMOX 40 GWd/tHM. 
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(c) SMOX 50 GWd/tHM. 
 

 

Despite the behavior of the temperature curves being the same as the benchmark, the 

values of the maximum temperature at the canister surface differ by more than 5°C for 

the SMOX 40, and more than 15°C for the SMOX 50 cases. More simulations were 

carried out to see if reducing the spacing between the canisters would reduce the 

discrepancies, the results are presented in Figure 11. Since an explanation for the 

discrepancy would be a spacing greater than necessary between the SMOX 40 and 

SMOX 50 canisters. This hypothesis was raised considering that the mesh size and 

different time steps of the benchmark would not significantly influence the result of the 

simulations in two distinct codes. And the simulations of all the other cases 

demonstrate that this statement is true. Assuming, also, that the values of the indices 

for the calculation of the heat of decay are true since it would not be possible, for this 

work, to perform a simulation of the nuclear fuel life cycle, the only remaining variable 

that would explain the discrepancy is the distance between the canisters. As expected, 

after the reduction of the canister spacing from 4.8 m to 4.0 m for the SMOX 40 case, 

and from 13 m to 5.8 m for the SMOX 50 case, the discrepancies between the 

simulations and the benchmark were significantly reduced.  
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Figure 11 – SMOX canister temperature with adjusted spacing. 

 
(a) SMOX 40 GWd/tHM – adjusted spacing. 

 

 
(c) SMOX 50 GWd/tHM – adjusted spacing. 

 
 

2.4.1.3 – Temperature distribution around the canister 

To compare the temperature distribution between ANSYS and OF at the specific time 

of 20 years after the disposition, it was plotted graphs along three axes by sectioning 
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the domain. In the X coordinate, all curves extend up to 10 m from the canister center. 

In the Y-axis, the domain extends from the canister center to a distance equal to half 

of the distance between two successive canisters. In the vertical axis Z, the 

temperature from the upper surface of the canister to the lower surface of the tunnel 

(backfill) was reported. Figure 12 shows the temperature distributions along each axis 

for SUOX and SMOX fuels. From the analysis of the graphs, a good agreement 

between ANSYS and OF can be seen for all the positions and burnups.  

 

Figure 12 – Temperature distribution along the three axes for SUOX and SMOX cases. 

 
(a) SUOX – X Axis 
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(b) SUOX – Y-Axis 

 
(c) SUOX – Z-Axis 
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(d) SMOX – X Axis 

 
(e) SMOX – Y-Axis 
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(f) SMOX – Z-Axis 

 

Figure 13-a shows part of the geometry of the SOUX 33 case. In Figure 13-b and c, 

the temperature field is shown for the simulations of the same case performed with 

ANSYS 19.1 and OpenFOAM©, respectively. As observed, the field obtained with 

ANSYS is slightly more diffusive due to the refinement of the mesh that is lower than 

that in OpenFOAM©. This is clear for the bentonite region and for regions where 

temperature gradients are maximum. Figure 13-d shows the 3-D temperature field for 

the SUOX 33 case. 
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Figure 13 – Temperature distribution around the fuel (SUOX 33 GWd / tHM): a) Mesh 
regions, b) ANSYS 19.1 simulation, c) OpenFOAM© simulation, d) Reconstruction of the 

case. 

 

 

2.4.1.4 – Disposal area required 

As seen in Table 11, the increase of fuel burnup enhances the disposal area required 

for the Spent Uranium Oxide (SUOX) and SMOX fuel. For the 50,000 MWd/tHM, the 

disposal area needed calculated in this work is significantly lower than those found by 

Acar and Zabunoğlu (28). The disposal area per canister or ton of waste is calculated 

by:  

 

𝐷𝐷𝑓𝑓𝐷𝐷𝑝𝑝𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑟𝑟𝑒𝑒𝐷𝐷 𝑝𝑝𝑒𝑒𝑟𝑟 𝑐𝑐𝐷𝐷𝑓𝑓𝑓𝑓𝐷𝐷𝑡𝑡𝑒𝑒𝑟𝑟 = 𝐺𝐺𝐷𝐷𝑓𝑓𝑓𝑓𝐷𝐷𝑡𝑡𝑒𝑒𝑟𝑟 𝐷𝐷𝑝𝑝𝐷𝐷𝑐𝑐𝑓𝑓𝑓𝑓𝑔𝑔 ×  𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑒𝑒𝐷𝐷 𝐷𝐷𝑝𝑝𝐷𝐷𝑐𝑐𝑓𝑓𝑓𝑓𝑔𝑔 (10a) 

𝐷𝐷𝑓𝑓𝐷𝐷𝑝𝑝𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑟𝑟𝑒𝑒𝐷𝐷 𝑝𝑝𝑒𝑒𝑟𝑟 𝑡𝑡𝐷𝐷𝑓𝑓 𝐷𝐷𝑓𝑓 𝑤𝑤𝐷𝐷𝐷𝐷𝑡𝑡𝑒𝑒 =
𝐷𝐷𝑓𝑓𝐷𝐷𝑝𝑝𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑟𝑟𝑒𝑒𝐷𝐷 𝑝𝑝𝑒𝑒𝑟𝑟 𝑐𝑐𝐷𝐷𝑓𝑓𝑓𝑓𝐷𝐷𝑡𝑡𝑒𝑒𝑟𝑟
𝑡𝑡𝐷𝐷𝑓𝑓 𝐷𝐷𝑓𝑓 𝑤𝑤𝐷𝐷𝐷𝐷𝑡𝑡𝑒𝑒

𝐺𝐺𝐷𝐷𝑓𝑓𝑓𝑓𝐷𝐷𝑡𝑡𝑒𝑒𝑟𝑟�
 (10b) 
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Each SNF assembly holds, approximately, 0.48 t of heavy metal, regardless of whether 

it is SUOX, SMOX, or STRU (28). Thus, a SUOX canister holds approximately 1.92 t 

of waste, while SMOX or STRU canisters hold 0.48 t of waste. 

 

Table 11 – Disposal area per canister and ton of waste for a generic DGR. Adapted from 
(28). 

SNF Burnup 
(GWd/tHM) 

Canister 
spacing (m) 

Disposal area per 
ton of waste 

(m²/t) 

Adjusted Canister Spacing (m) 

Canister 
Spacing (m) 

Disposal area per 
ton of waste 

(m²/t) 

SUOX 
33.00 3.90 80.73 

- 40.00 5.54 114.68 
50.00 10.00 206.99 

SMOX 
33.00 3.00 248.39 
40.00 4.80 397.43 4.00 331.19 
50.00 13.00 1,076.36 5.80 480.22 

 

2.4.1.5 – Grid Convergence analysis 

The grid convergence test was based on the results from transient-thermal simulation 

for the SMOX 50 case (with the canister spacing adjusted to 5.8m) in ANSYS. Three 

consecutive grids were created to estimate the value of the maximum temperature at 

the canister surface, as well as to estimate the magnitude of the discretization error. 

Table 12 shows the grid details and the maximum temperature at the canister surface 

computed from the solutions. 

 

Table 12 – Grid details and the maximum temperature at the canister surface. 

Grid Normalized refinement ratio (r)* Maximum Temperature at the 
Canister Surface (°C) 

1 1 79.788 

2 1.374301 79.782 

3 2.122902 79.767 

*Grid refinement ratio normalized by the number of cells of the finest grid. 
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The theoretical order of convergence of p is 1.0 since thermal problems are treated as 

a first-order system by ANSYS (66). The pobs, as calculated by Eq. 5, is 2.360241. For 

all later calculations, pobs were considered instead of p. The estimate of the maximum 

temperature at the canister surface at zero grid spacing, given by Eq. 2, was fexact = 

79.79. Figure 14 shows the plot of the maximum temperature at the canister surface 

with three successive grid spacings and fexact. As the grid spacing is reduced the 

temperature approaches towards an asymptotic zero-grid spacing value. 

 

Figure 14 – The maximum temperature at the canister surface with different grid spacings. 

 

 

The computation of the GCI was very conservative because of the use of pobs, instead 

of p. Since the value of pobs >> p, an Fs of 3 was used. The GCI for the pairs of solutions 

is presented in Table 13 along with ε, εd, E, and the A for each solution. The first pair 

is composed of grids 1 and 2, while the second pair is composed of grids 2 and 3. 
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Table 13 – GCI and error estimates. 

Solution Pairs GCI ε εd E 

1,2 0.0346% 0.0075% -0.01 0.0115% 

2,3 0.0572% 0.0188% -0.02 0.0191% 

Solution A 

1 -0.0115% 

2 -0.0191% 

3 -0.0379% 

 

From the values of the GCI12 and GCI23, and Eq. 8 we can verify that the asymptotic 

range was achieved. Eq. 9 yields R = 0.4, hence the results of the grid refinement show 

monotone convergence. Further mesh studies were conducted to find if this problem 

was grid-independent. We simulated the problem with an added coarser structured 

grid and seven unstructured grids. The results of all simulations along with the actual 

fractional error, A, are presented in Figure 15. For all cases, the actual fractional error 

is lower than 0.1%, even when cases had less than thirty thousand elements. 

 
Figure 15 – The maximum temperature at the canister surface and actual fractional errors. 
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The structured grid, as expected, presents a faster rate of convergence when 

compared with the unstructured grid. An illustration of both grids is presented in Figure 

16. 

 

Figure 16 – The coarsest meshes: (a) structured and (b) unstructured. 

(a)  

(b)  
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It was also investigated the temperature distribution along each axis for all cases, as 

presented in Figure 17. In all cases, except the Unstructured 1 grid, the temperature 

gradient along the axis was almost the same. In this case, the small number of 

elements in the SNF did not allow the correct simulation of the internal temperature 

distribution, although, at the interface SNF-cast iron, the temperature was correctly 

simulated, as shown in Figure 17(d). These results assure that the mesh type and its 

resolution do not affect the results significantly. Thus, the temperature at the canister 

surface can be considered grid-independent. 

 

These results indicate that for simplified studies, related only to the heat propagation 

process by conduction, meshes with a small number of elements do not significantly 

affect the results. This is a key factor for further studies that require many simulations. 

The simulation of the coarsest unstructured mesh was completed in less than one hour, 

while the finer structured mesh required 3 days to complete. In these cases, where 

simulation speed is more important than simulation accuracy, it is advisable to use 

coarser meshes, as the geometry chosen at the end can be simulated later with a finer 

mesh if necessary. 
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Figure 17 – Temperature distribution on the three-axis SMOX 50 fuel: (a) along with the X-
axis; (b) along the Y-axis; (c) Along the Z-axis; (d) temperature distribution between the cast 

iron insert and canister external surface. 

(a)  

(b)  
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(c)  

(d)  
 

2.4.2 – Disposal of simulated ANGRA 2 SNF 

Since the burnup values of the SNFs studied for ANGRA 2 are similar to those of the 

benchmark with a burnup of 50 GWd/tHM, the initial spacing between the canisters 
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was assumed to be the same: 5.0 m for the SUOX 48 case and 5.8 m for the SMOX 

48 and STRU cases.  

 

As shown in Figure 18, despite the SUOX 48 having gone through a burning cycle 

similar to SUOX 50, specifically the burnup value, the composition and, consequently, 

the decay heat is distinct. For this reason, the spacing required between the canisters 

of SUOX 48 is smaller. The spacing required for the SUOX 48 is 8.2 m versus 10 m 

for the SUOX 50. The maximum temperature in this spacing occurs approximately 12 

years after disposal. 

 

Figure 18 – The maximum temperature for the SUOX 48: (a) at the canister surface as a 
function of the spacing between canisters; (b) temperature distribution along the time at the 

canister surface.  
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(b)  
 

In the case of the SMOX 48, Figure 19, the decay heat released by the fuel element is 

greater than that of the SMOX 50. Therefore, it is necessary to increase the spacing 

between the canisters from 5.8 m to 6.8 m. The maximum temperature of 80°C is 

reached around 17 years after disposal. 
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Figure 19 – The maximum temperature for the SMOX 48: (a) at the canister surface as a 
function of the spacing between canisters; (b) temperature distribution along the time at the 

canister surface.  

(a)  

(b)  
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the thermal gradient in the proximity of the canister increases remarkably as the heat 

released spreads slowly. This result shows that the STRU must remain longer in the 

intermediary storage while it reaches an acceptable level of heat decay before the final 

disposal.  

 

Figure 20 – Temperature profile for the STRU case: (a) at the canister surface as a function 
of canister spacing; (b) along with the X-axis; (c) along the Y-axis; (d) Along the Z-axis. 
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(b)  

(c)  
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(d)  
 

2.4.2.1 – Disposal area required 

As shown in Table 14, each SUOX 48 canister requires a placement area of 328 m² 

vs 272 m² of a SMOX 48 canister as per equation 10a. However, as each SUOX 

canister holds 4 fuel assemblies, the disposition density (m²/t) is greater than that of 

SMOX, even requiring a greater spacing between the canisters. The STRU cannot be 

disposed of on DGR with the restrictions considered, as shown in Table 14. This 

suggests that STRU should stay longer on an interim storage facility. Another 

possibility is the adoption of a new thermal criterion for the buffer, as suggested by Cho 

and Kim (68), from 100 °C to 125°C. With this new limit, the disposal of STRU should 

be possible with canister spacings of 20 m.  
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Table 14 – Disposal area per canister and ton of waste for the SUOX 48, SMOX 48, and 
STRU SNF. 

SNF Burnup 
(GWd/tHM) 

Canister 
spacing (m) 

Disposal area per 
canister (m²/canister) 

Disposal area per ton 
of waste (m²/t) 

SUOX 48.00 8.20 328.00 169.73 
SMOX 48.00 6.80 272.00 563.02 
STRU 48.00 - - - 

 

2.4.3 – DISPOSAL OF SUOX 48 AND SMOX 48 USING BRAZILIAN GEOTHERMAL 
DATA 

The disposal of the SMOX 48 was simulated for selected locations in Brazil, as shown 

in Table 10. The geothermal gradients range from 16.68 ºC/km on Juiz de Fora, Minas 

Gerais to 38.25 ºC/km on Quixadá, Ceará. Regardless of the type of SNF to be 

disposed of, an increase of 1ºC in the initial temperature of the rock at a depth of 500 

m corresponds to an increase of approximately 1ºC in the maximum surface 

temperature of the canister, as shown in Figure 21. The rock temperature at Ijuí, Rio 

Grande do Sul, corresponds to the rock temperature conditions previously assumed 

for the generic DGR (31ºC at 500 m depth). It was then analyzed what would be the 

necessary spacing between the canisters at selected rock temperatures: 31ºC, 35ºC, 

40ºC, and 45ºC. 

 

As shown in Figure 22, Starting from an initial spacing between the canisters of 10m, 

for the SUOX 4.8, two different situations occur: For rock temperatures below 40ºC it 

is necessary to reduce the spacing; above 40°C it is necessary to increase the spacing. 

Thus, for a rock temperature of 31ºC the spacing required is 6.4 m, while for a 

temperature of 45ºC the spacing required is 15.8 m. 
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Figure 21 – Relationship between maximum canister temperature and rock temperature at 
500 m for SUOX 48 and SMOX 48 SNFs for a fixed canister spacing. 

 

 

The required canister spacing was adjusted according to locations with higher 

temperatures at 500m depth than the generic case, with 5ºC increments, as shown in 

Figure 23. With the rock temperature set at 35ºC, the minimum spacing between 

canisters must increase by 1.4 m, from 6.8 m to 8.2 m. For a rock temperature set at 

40ºC, the new canister spacing is 10.8 m, and that temperature is set at 45 ºC, the 

canister spacing must be 17.8m. 

28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46

Pon
ta 

Gros
sa

 - P
R

Ju
iz 

de
 Fora

 - M
G

Pas
so

 Fun
do

 - R
S

Iju
í - 

RS

Ire
cê

 - B
A

Pas
so

s -
 M

G

Gov
ern

ad
or 

Vala
da

res
 - M

G

Flor
ian

óp
oli

s -
 SC

Mari
ng

á -
 PR

Sino
p -

 M
T

Red
en

çã
o -

 PA

Brag
an

ça
 - P

A

Arac
aju

 - S
E

San
ta 

Inê
s -

 M
A

Caic
ó -

 R
N

Mos
so

ró 
- R

N

Pau
 do

s F
err

os
 - R

N

Crat
eú

s -
 C

E

Quix
ad

á -
 C

E

68
70
72
74
76
78
80
82
84
86
88
90
92
94
96

C
an

is
te

r s
ur

fa
ce

 - 
M

ax
im

um
 te

m
pe

ra
tu

re
 (º

C
)

Rock temperature at 500 m (ºC)

 SMOX 48 (6.8 m)
 SUOX 48 (10 m)



CHAPTER 2. NUMERICAL ANALYSIS OF HEAT PROPAGATION  81 
 

Figure 22 – The maximum temperature for the SUOX 48 at the canister surface as a function 
of the spacing between canisters for selected rock temperatures. 

 

 

The SMOX 48 situation is different, as shown in Figure 23. Starting with a spacing of 

6.8 m between the canisters, it is necessary to increase the spacing for all cases. With 

the rock temperature at 31ºC, the spacing required is 8.2 m, while for 45ºC 17.8 m are 

needed between each canister. 
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Figure 23 – The maximum temperature for the SMOX 48 at the canister surface as a function 
of the spacing between canisters for selected rock temperatures. 

 

 

2.4.3.1 – Disposal area required 

With the estimated spacings for the different temperatures of rocks existing in Brazil, it 

is possible to estimate the total disposal area needed for the Brazilian SNF. For this 

purpose, nuclear power generation scenarios, detailed in Chapter 4, were used to 

estimate the total amount of SNF to be disposed of. Table 15 shows the minimum area 

needed for each canister, per ton of waste, and the total area needed for the Brazilian 

nuclear program according to different nuclear generation scenarios. 
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Table 15 – Disposal area per canister and per ton of waste, and total area needed for 
different rock temperatures and amounts of SNF to be disposed of. 

Rock 
Temperature at 

500m (ºC) 

Disposal area per 
canister 

(m²/canister) 

Disposal area 
per ton of 

waste (m²/t) 

Total area needed for the following 
amount, in tHM, of SNF (km²)  

1,469* 2,461** 14,347*** 

Open Fuel Cycle (SUOX 48) 

31.00 256.00 132.47 0.19 0.33 1.90 

35.00 304.00 157.31 0.23 0.39 2.26 

40.00 400.00 206.99 0.30 0.51 2.97 

45.00 632.00 327.05 0.48 0.80 4.69 

Closed Fuel Cycle (SMOX 48) 

31.00 272.00 563.02 0.83 1.39 8.08 

35.00 328.00 678.93 1.00 1.67 9.74 

40.00 432.00 894.20 1.31 2.20 12.83 

45.00 712.00 1,473.78 2.17 3.63 21.14 
* ANGRA1&2 scenario. 
** ANGRA3 scenario. 
*** ANGRA+8 scenario. 

 

The total required disposal area increases with increasing temperature. When 

compared to a rock temperature of 31°C the total disposal area increases by 1.2, 1.6 

and 2.5 times larger for rock temperatures of 35°C, 40°C, and 45°C, respectively. 

Furthermore, the total disposal area increases with the use of reprocessed fuel, 

compared to direct disposal. For rock temperatures of 31ºC, 35ºC, 40ºC, and 45ºC, 

SMOX 48 needs, respectively, disposal areas 4.3, 5.1, 6.8, and 11.1 times larger than 

SUOX 48. 

 

CONCLUSION 

This part of the work reproduced an earlier study of Acar and Zabunoğlu (28). The 

initial simulations performed with ANSYS and OF did not obtain results concordant with 

the benchmark paper for the SMOX 40 and SMOX 50 cases. The reduction of the 

canister spacing was sufficient to minimize the differences. Neither the type of mesh 

nor the number of elements significantly affected the results of the maximum 

temperature at the canister/bentonite interface.  
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A mesh convergence study was conducted to further investigate the effects of the 

mesh on the simulations. Using the SMOX 50 as the base case, the estimated 

maximum temperature of the canister surface, for a zero-grid spacing (Richard 

extrapolation), was 79.79 ºC. The actual fractional error between the meshes and the 

calculation of the Richardson extrapolation was lower than 0.1%. Thus, the mesh 

refinement has no significant effect on the evaluation of the maximum canister surface 

temperature. 

 

New reprocessed SF types proposed and modeled for Angra 2 in earlier published 

works by Pereira et al (56), MOX and TRU, were also analyzed. According to the 

results, SMOX 48 would require canisters spacing of 6.8 m or a disposal area of 272 

m². Due to the high decay heat generation of the STRU, it cannot be disposed of on a 

DGR with the thermal restrictions (80 °C), so that and residence time in interim storage 

(50 years) should be considered. 

 

Using data from the Brazilian geothermal gradient and some projections of the total 

SNF to be produced in Brazil, the total required waste disposal area was calculated 

considering that the reprocessing of fuels is adopted. The results show that the 

minimum area, depending on the rock temperature at the chosen location, in a scenario 

with only two NPPS in operation ranges from 0.83 km² to 2.17 km². For a scenario with 

three NPPs in operation, the minimum area varies between 1.39 km² and 3.63 km². 

For a scenario with eleven NPPs in operation, the minimum area varies between 8.08 

km² and 21.14 km². These results show the need to prioritize places that, in addition 

to having the required characteristics for disposal, have rocks with lower temperatures, 

to increase the density of disposal. 



85 

3 – SITE SELECTION 

The planning and site selection stages for implementing a DGR consist of several steps 

(69). Despite being commonly grouped into five distinct phases, the final number of 

steps depend on each country's regulation. The phases are: 

 

• Phase 1: Evaluation and selection of areas. 

• Phase 2: Characterization of the areas. 

• Phase 3: Construction of the facility. 

• Phase 4: Operation and closing of the installation. 

• Phase 5: Post-closing of the DGR. 

 

The site selection for a future DGR must consider the following factors: long-term 

safety; technical feasibility; and socioeconomic, political, and environmental aspects 

(32). These factors are somehow self-conflicting, such that, to ensure the safety of the 

enterprise, they demand numerical and judgment analyses in a variety of areas, such 

as geology, engineering, and environmental protection (32, 51). 

 

The current Brazilian thermonuclear plants are in the State of Rio de Janeiro (RJ). The 

National Energy Research Office (Portuguese: Empresa de Planejamento Energético 

– EPE), through the National Energy Plan 2030 (PNE 2030) confirmed the need for an 

expansion of the thermonuclear generation by more than 4,000 MW in addition to 

Angra III. From this value, 2,000 MW would be allocated in the Southeast (possibly on 

Minas Gerais), and 2,000 MW in the Brazil Northeast (70, 71). In 2011, the 

Eletronuclear agency, together with EPE, prepared an Atlas of the Brazilian Nuclear 

potential, identifying suitable areas for the installation of future NPPs throughout the 

country (72). Therefore, the evaluation of areas for implementing a DGR should be 

done from a national perspective, owing to the possibility of new NPPs to be 

constructed in different states in the future (69).  
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The difficulty to find out a suitable region for the DGR is amplified by the Brazilian 

territorial extension, besides the expectation of rational use of human and financial 

resources available. To attend to these requirements, the method developed by 

Martins was employed in this work (51). It combines the multicriteria analysis based 

on expert judgment and Geographic Information System (GIS) to identify preliminary 

areas in a given region of interest for further studies, becoming the searching process 

quicker and cheaper (51).  

 

However, Brazil still lacks a specific rule available to the SNF by the responsible 

government agency, as discussed in Chapter 1, which means that there are no national 

criteria for choosing the type of host rock or even criteria for the process of choosing 

the DGR site. Thus, research related to this topic remains incipient in the country, given 

the impossibility of in-depth studies in the absence of clear criteria. To date, there are 

only five works, as far as it is known, aimed at selecting sites for the construction of a 

national SNF DGR:  

1. Mattos (73) in 1981, conducted a preliminary analysis of the deposition of HLW, 

including SNF, in existing geological formations in the state of São Paulo. 

2. Enokihara (74) in 1983, carried out an analysis, also preliminary, on the disposal 

of radioactive waste in rock salt, granite, and basalt from various locations in 

Brazil. 

3. In 2009, Martins (51), proposed an area selection method based on a DGR 

model that uses hard rocks as hosts and applied the method to the state of Rio 

de Janeiro.  

4. In 2015, Silva et al (75), was building a geospatial database to be used for a 

site selection in the state of Rio de Janeiro; and  

5. In 2019, Jonusan et al (76), applied the method proposed by Martins for the 

state of Minas Gerais and found areas of interest. 

 

This chapter aims to apply the methodology proposed by Martins (51) to the states of 

Espírito Santo and Minas Gerais and to, systematically, expand the number of sites 

studied for a future Brazilian SNF DGR. Geospatial data available from Brazilian 

government agencies – Brazilian Geological Service (Portuguese: Serviço Geológico 
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Brasileiro - CPRM) (77, 78), Brazilian Agricultural Research Corporation (Portuguese: 

Empresa Brasileira de Pesquisa Agropecuária – Embrapa) (79), National Department 

of Transport Infrastructure (Portuguese: Departamento Nacional de Infraestrutura de 

Transportes – DNIT) (80), and Brazilian Institute of Geography and Statistics 

(Portuguese: Instituto Brasileiro de Geografia e Estatística - IBGE) (81) – were used 

for creation of a map of the Suitability Index (SI) for the construction of a geological 

DGR. The results show that both Minas Gerais and Espírito Santo have areas 

considered as good and meritorious for further investigation. 

 

GEOLOGICAL DESCRIPTION  

Minas Gerais is a state in southeastern Brazil and borders São Paulo (south), Bahia 

(north), Rio de Janeiro and Espirito Santo (east), Goiás (west) and Mato Grosso do 

Sul (extreme west). Espírito Santo is also located in southeastern Brazil, having as 

limits the states of Minas Gerais (west), Bahia (north), Rio de Janeiro (south), and the 

Atlantic Ocean (east). Five main outcropping geological units stand out (77):  

• São Francisco Craton (SFC).  

• Brasília Belt. 

• Colluvium-Alluvial and Eluvial Coverages. 

• Paraná Basin. 

• Araçuaí/Ribeira Orogen. 

 

Minas Gerais is composed, roughly, of two types of land: the ancient, of pre-Cambrian 

age (> 541 million years); and young, of Phanerozoic ages (<541 million years) (82). 

Espirito Santo, meanwhile, is completely inserted in the evolutionary geotectonic 

context of the Mantiqueira province (Araçuaí Mobile Belt), in which it is dated to the 

Neoproterozoic - Cambrian age, having as its base Archean blocks agglutinated 

between 2.2 to 2.0 billion years. Neoproterozoic to Cambrian igneous and 

metamorphic rocks represents about two-thirds of the territory. The rest is composed 

of phanerozoic covers (78). 

 



CHAPTER 3. SITE SELECTION  88 

The São Francisco Craton (SFC), present in Minas Gerais, is a geologically stable 

continental block, occupying a large part of the state territory (in the center) and limited 

by the Brazilian orogenic systems Araçuaí / Ribeira (south and east) and the Brasília 

strip (west) (77). Much of the SFC is formed of Precambrian and Phanerozoic 

sedimentary rocks, in the so-called São Francisco Sedimentary Basin. To the south 

are found rocks of its foundation, with ages of up to 3.2 billion years (82). 

 

The Brasilia Belt is part of the Tocantins Orogenic system. This unit is the result of the 

addition of metasediments of marine origin (82). The Belt is still composed of granite 

rocks formed before the event of collision and uplift of the Tocantins System (77). The 

Brasília Belt is present on the southeastern portion of Minas Gerais. 

 

The Paraná Basin is in the Triângulo Mineiro region. The Basin is composed of a 

sedimentary-magmatic succession (77). In Minas Gerais there are two main groups, 

São Bento and Bauru. The São Bento Group is made up of sandstones, fluvial 

conglomerates, and fine-grained basalt (82). The Bauru Group is composed of 

sandstones of alluvial origin containing fragments of volcanic rocks and 

conglomerates, calcareous sandstones, and claystone (82). 

 

The Colluvium-Alluvial and Eluvial Coverings covers extensive areas of Minas Gerais. 

These soil coverings are the result of intense inter-activity over millions of years in 

regions with elevated levels of humidity and rainfall (77). 

 

The Araçuaí / Ribeira orogens constitute the eastern and southern limit of the SFC. 

The Araçuaí Orogen can be subdivided into two parts. The outer part is composed of 

low to medium metamorphic metasedimentary rocks. The internal part is composed of 

high-grade metamorphic rocks and granites (82). The Ribeira strip is the result of a 

change in the direction of Brazilian structuring - from north-northeast to north, to the 

northeast to the south - without the occurrence of a stratigraphic or metamorphic 

discontinuity (77). The Ribeira Belt overlaps with the southern terminal of the Brasilia 
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Belt. The base of the Ribeira Belt is composed of gneisses and granites of the 

Archaean and Paleoproterozoic ages (82). 

 

The Araçuai Orogen constitutes the eastern boundary of the SFC in Minas Gerais, 

while Espirito Santo is located entirely within the domain of the orogen. In Minas 

Gerais, the orogen basement is formed by gneiss, TTG migmatites (tonalite-

trondhjemite-granodiorite), granitic plutons and greenstone belt sequences 

(Guanhães, Gouveia and Porteirinha Complexes); banded orthogneisses (Mantiqueira 

Complex) and granulitic orthogneisses (Juiz de Fora Complex) (77). In Espirito Santo, 

the orogen basement comprises two units: the Caparaó Suite and the Pocrane 

Complex. The Caparaó Suite is formed by granulites of different compositions. The 

Pocrane Complex is formed by biotite hornblende gneisses, metasedimentary and 

metaultramafic rocks (78). 

 

 MULTICRITERIA ANALYSIS 

Multiple Criteria Decision Making (MCDM) is a framework developed to support the 

decision-making process of different sets of alternatives. The site selection for the 

accommodation of a geological DGR is a prime example of an application of the MCDM 

framework, more specifically, a multiple criteria discrete alternative problem (83). To 

deal with the complex relationship between each criterion20 and attribute21, the Analytic 

Hierarchy Process (AHP) is used to “derive priorities for criteria concerning the goal” 

(85). 

 

Martins has developed a method to apply the MCDM and AHP in conjunction with 

expert judgment and GIS systems to ease the initial selection of suitable areas for the 

implementation of an SNF DGR in Brazil (51). In the absence of specific guidelines for 

HLW repositories, including SNF, Martins has used international standards, such as 

those published by the IAEA, and the NE 6.06 standard from CNEN that is applied to 

 
20 Criteria can be defined as: alternatives, usually being assumed to be finite, that represent different 
choices of action available to the decision-maker (84)  
21 Attributes can be defined as: goals or decision criteria. According to Navneet and Kanwal (84), 
“Different attributes represent different dimensions of looking at the alternatives […]”. 



CHAPTER 3. SITE SELECTION  90 

"[...] the location of final or intermediate or provisional deposits for low and medium 

radiation wastes [...]" for creating the criteria and attributes necessary for multicriteria 

analysis (3, 32, 51). 

 

The method22 consists of sending a questionnaire to experts in fields related to the 

construction and operation of a DGR to generate a comparison matrix of the different 

criteria and attributes. The results obtained from the matrixes are the weights of each 

attribute that compose a criterion, which will compose the goal afterward. The weights 

are used in conjunction with spatial data to generate a Suitability Index (SI). The index 

is the result of the classification and combination of spatial data, and it shows, 

numerically, the most suitable areas for building the geological DGR. 

 

3.2.1 – Criteria 

Martins has developed a set of criteria for the initial step of the area survey stage (51). 

Each criterion is composed of a set of attributes that are judged by specialists. The 

criteria follow national and international legal requirements (3, 32, 51). The criteria and 

their hierarchical relationship are presented in Figure 24. 

 

 
22 The original comparison matrices, as well as the consulted specialists, are available in Martins' Thesis 
(51). Martins consulted experts in the areas of transport, environment, mineral resources, land use, 
hydrogeology, structures, among others to define the criteria and the exclusion criteria. Latter these 
specialists filled out the decision matrix. This matrix was used to calculate the weights of each criterion 
and attribute. 
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Figure 24 – Hierarchical relationship between criterion and attributes. Adapted from (51). 

 

 

The Long-Term Safety (LTS) criterion refers to the geotechnical safety of the DGR 

from its construction to its post-closure insulation. The Socioeconomic and 

Environmental Viability (SEV) refers to the relationship between the construction and 

operation of the DGR, as well as to the social and natural environment domains related 

to the area of implementation. Technical Viability (TV) refers to the most important 

technical criteria23 in the construction and operation of the DGR (51).  

 

3.2.2 – Attributes 

The attributes considered by Martins and used in this work were: Structures, Lithology, 

Mineral Resources, Hydrogeological Favorability, Declivity, Land Use, and Coverage, 

Demography, Conservation Units, and Transportation (51). This work, as well as 

Martins one, was based on a geological DGR built on hard rocks, such as granites. 

Such choice comes from the integration between the analysis of this chapter and those 

 
23 Structures (fractures and faults), lithology, hydrogeology, declivity, land use, coverage, and 
transportation. 
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of the next chapter, the evaluation of the thermal performance of the SNF in a DGR 

built-in hard rock. However, it is not possible to exclude other types of rocks in the 

choice of areas a priori, given that several countries consider other types of rocks for 

constructing a geological DGR, and considering the Brazilian geological diversity and 

its immense territorial extension. To  analyze the criteria, attributes, and restrictions 

involved, a geospatial database holding the information specified in Table 16 was 

organized: 

 

Table 16 – Spatial data sources. 

Data 
Scale / Spatial 

Resolution Source 

ES MG ES MG 
Declivity 90 m EMBRAPA (79) 

Hydrogeological 
Favorability 1:2,500,000 1:2,500,000 CPRM (78) CPRM (77) 

Land Use ~30 m IBGE (86) 
Lithology 1:1,000,000 1:1,000,000 CPRM (78) CPRM (87) 

Minera Resources 1:100,000 1:100,000 CPRM (78) CPRM (77) 
Structures 1:1,000,000 1:1,000,000 CPRM (78) CPRM (77) 

Transportation Unavailable Ministério dos Transportes 
(88) and DNIT (80) 

Demography 1:50,000 EMBRAPA (89) 
Conservation Units 

1:250,000 IBGE (81) Water Mass 
Indigenous Land 

 

Both criteria and attributes are classified according to a standardized score ranging 

from 1 to 5, following qualitative parameters, which are: 1 - very bad, 2 - bad, 3 - 

regular, 4 - good, 5 - very good. The scores of each attribute were obtained and 

adapted from Martins (51). Table 17 shows the classification of each attribute. 

The effects of earthquakes or micro-earthquakes were not considered. Despite their 

importance, especially for the safety of surface installations, it is expected that the 

underground movement of the rock mass caused by an earthquake would be lower 

than that of the surface (90, 91). Specifically for tunnels in crystalline rocks, the effects 

of an earthquake are expected to be insignificant (91). However, movements caused 

by earthquakes must be considered, as they can result in changes in the flow, level, 
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pressure, and chemical properties of groundwater, and may result in failures of the 

SNF safety mechanisms (91). 

 

Table 17 – Attribute classification. Adapted from (51). 

Attribute 
Classification 

1- Very Bad 2- Bad 3 - Regular 4 - Good 5 - Very Good 

Lithology 

Unconsolidated 
sediments 
(clastic and 

lateritic 
sediments) 

Sedimentary 
(sandstone, 
claystone) 

Metamorphic 
(quartzite 
and shale) 

High 
Metamorphic 
(paragneiss) 

Igneous 
(basalt, granite) 

Land Use Wet area 

Forest 
vegetation, 

natural 
grassland 

Mosaic of 
vegetation 

Agricultural 
area, pasture, 

forestry, 
agricultural 

mosaic 

Uncovered 
area 

Hydrogeological 
Favorability High Variable Low Very Low No favorability 

Mineral 
Resources 

Indicative areas 
for mineral 
exploitation 

- 
Areas with 

potential for 
mineral 

exploitation 

- 
Areas without 

the potential for 
mineral 

exploitation 

Transportation 18-30 km 12 - 18 km 7 - 12 km 3 - 7 km 0 - 3 km 

Declivity Mountainous Strongly 
rugged Rugged Gently rugged Plain 

 

3.2.2.1 – Structures 

Structures are faults (shear zones) and fractures existing on rocky masses and may 

be areas of instability and weakness in the host rock. Structures can also help the 

transport of groundwater in the DGR region (51, 92). In addition, seismic events can 

reactivate geological failures, putting at risk the safety of surface facilities and SNF 

(91). All structures classified as faults, fractures, or shear zones were considered in 

this work. A buffer region of 200 m around the structures was created and classified 

as an inappropriate area. All remaining areas were rated 5 - very good. The 

classification of the structural areas is shown in Figure 2524. 

 
24 Due to the resolution, size and scale of the image, the 200 m buffer around the structures is difficult 
to see. 
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Figure 25 –Structures classification. 

 
 

3.2.2.2 – Lithology 

Lithology was also considered and analyzed since the DGR is a permanent 

underground installation having the host rock as its last containment barrier. In this 

work, the granite was the host rock considered. Therefore, sedimentary rocks and low 

and medium-grade metamorphic rocks received lower ratings. High-grade 

metamorphic rocks and igneous rocks received the highest ratings. Table 17 holds the 

classification for each type of rock as well as the examples and the classification of 

lithologies are shown in Figure 26. 
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Figure 26 – Lithology classification. 

 
 

3.2.2.3 –  Mineral resources 

Future human actions e.g., the search for mineral resources may result in unintentional 

leakage of radionuclides from the DGR. Therefore, the DGR must be in regions without 

the recognized potential for mineral exploration (93–95). The Brazilian geological 

service (CPRM) produced a map of areas of relevant mineral interest in Brazil. The 

classification of this attribute, as shown in Table 17, follows the CPRM classification. 

Areas with proven mineral exploitation were classified as unsuitable areas. The 

classification of areas by this attribute is shown in Figure 27. 



CHAPTER 3. SITE SELECTION  96 

Figure 27 – Mineral resources classification. 

 
 

3.2.2.4 – Hydrogeology 

Hydrogeological favorability may affect the long-term construction, operation, and 

safety of the DGR. Groundwater can affect the dynamics of heat transmission and 

corrosive processes within the DGR. The presence of groundwater does not prevent 

the construction of the DGR, although it can interact with the DGR containment 

barriers, easing the release of radionuclides to the biosphere in case of accidents (92–

94). It is important to emphasize that an environment with low hydraulic conductivity 

and hydraulic gradients does not imply that the DGR would remain “dry” for hundreds 

or thousands of years (16). Areas with low favorability for the occurrence of 

groundwater are considered more suitable (see Table 17). The classification of 

hydrogeological favorability is shown in Figure 28. 
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Figure 28 – Hydrogeological favorability classification. 

 
 

3.2.2.5 – Declivity 

Rough terrain can hinder both the construction and operation of the DGR due to the 

unfavorable topography and natural phenomena, such as landslides (51, 94). The 

classification of this attribute, as shown in Table 17, follows the slope classification 

classes of Embrapa (79). The slope classification map is shown in Figure 29. 
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Figure 29 – Declivity classification. 

 
 

3.2.2.6 – Land use and Coverage attribute 

This attribute is important in the construction and operation stages of the DGR, which, 

despite being an underground structure, the land use may hinder its construction and 

operation as occurs in protected areas. This is the reason wetlands (rivers, lakes, and 

marshes), urban areas (demography), and areas of environmental protection are 

classified as unsuitable for construction (92–94). The land use classification map is 

shown in Figure 30 (Appendix B). An attempt was made to carry out the selection of 

areas on public land of the Union, as recommended by the CNEN NE 6.06 standard 

(3, p. 06). However, no database was found with the data25.  

 

 
25 A request, via the Access to Information Law, was made to the Secretariat for Coordination and 
Governance of the Patrimony of the Union (SPU), of the Ministry of Economy, to obtain data on 
georeferenced Brazilian public lands. The request, made under number 03950.000337 / 2019-94 on 
01/31/2019, was denied on the grounds that there was no database with the data, at that time. In 
December 2020, the SPU + Geo program was launched, holding the georeferenced location of the 
Union's properties, however without having the polygons that define the area of the properties. 



CHAPTER 3. SITE SELECTION  99 

Figure 30 –Land use classification. 

 
 

 

3.2.2.7 – Transportation of SNF/HLW 

The transport of SNF/HLW from the intermediate storage site to the DGR requires that 

the latter should be built nearby to the transport system already established to reduce 

construction costs (92–94). Road, rail, and waterways can be used to transport spent 

fuel. Only rail transport was considered, as well as railroads classified as active, and 

road transport, those roads that meet the road rules of geometric design. The 

classification criterion was the Euclidean distance between the axis of the road and 

railway network (state and federal) and a predetermined maximum distance, as shown 

in Figure 31. 



CHAPTER 3. SITE SELECTION  100 

Figure 31 – Transport classification. 

 
 

 

3.2.2.8 – Excluded areas 

Integral protection units, indigenous lands, water bodies, flooded areas, urban areas, 

buffer regions around faults and fractures, and areas of proven mineral exploration 

were disregarded. The excluded areas are shown in Figure 32. In this criterion, 

modifications were made according to the criteria proposed by Martins: 

• Units of sustainable use: It was considered that these areas are not prohibitive 

to host a geological DGR. 

• 1 km buffer around mineral water occurrence sites: This buffer was not 

considered. The geospatial data used include mineral waters. Furthermore, as 

explained in more detail below, the types of spatial data used are different. 

• Fracture density: Fracture density was not considered. Fractures received the 

same buffer as fault zones. 

• Slope: In this work, steep terrains with a declivity higher than 75% were 

excluded. Mountainous areas, with slopes between 45 and 75%, were classified 

as Very Bad. 
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Figure 32 – Exclusion attributes. 

 
 

 DATA MANAGEMENT 

The spatial data used in this work were obtained from several official sources, such as 

the CPRM, DNIT, and IBGE (77, 86, 96–99). Although all of them adopt the Brazilian 

geodesic reference system, SIRGAS 2000, some of them adopt the geographic 

coordinate system, and a projected coordinate system, which requires a 

standardization before the analysis. All data were projected to the UTM SIRGAS 2000 

Brasil Polyconic Coordinate System26. In addition, all vector data were converted to 

raster data27 with a spatial resolution of nine meters. The Esri® ArcMap software™ 

10.6.1 was used for processing the data and generating the SI map.  

 

 
26 This projection was used because it has as the unit of measurement the meter, as well as being a 
projection applied to small scale mappings. This projection deals with interference caused in the 
boundary zones of each UTM Zone, which is fundamental, considering that Minas Gerais is crossed by 
3 UTM Zones (22S, 23S and 24S). The SIRGAS 2000 Brazil Polyconic Projection holds the code 
EPSG:5880. 
27 Vector data, such as shapefiles, store data as geometric shapes. To represent geographic data, the 
shapes are linked to data attributes. Raster data, such as digital aerial photographs, store data in a 
matrix of cells. A more in-depth discussion about vector and data types can be found at the Encyclopedia 
of GIS (100). 
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Some geospatial data were used differently from the method proposed by Martins, 

such as those for mineral resources and transport. The classification of the mineral 

resources attribute by Martins [21] was performed considering the degree of 

exploitation of mineral resources, and the spatial data of the point type28 were used. 

The use of points for this attribute disregards not only the spatial dimensions of mineral 

deposits or deposits but also the geological potential of an area. It is noteworthy that 

ARIM, a source of data for this attribute, in this study, was published in the same year 

as Martins ’ work, so they were not available at the time of the study. For the transport 

attribute, Martins considered only the classes of highways (municipal, state, or federal), 

using spatial data of the line type29. The classification of this attribute considers only 

the type of highway, which is irrelevant, and analyzed only the axis of the highways, 

excluding all other areas. These changes are important because the method aims to 

classify areas. Thus, the use of point or line type geospatial data influences the final 

quality of the classification. 

 

3.3.1 – Suitability Maps 

The preparation of suitability maps demands the association of the classifications of 

attributes and weights with the corresponding spatial data. Following the input data 

preparation, the reclassify tool30, part of Esri® ArcMap spatial analyst extension tools, 

was used to assign the values described in Table 18 to the raster data. In the specific 

case of the transport attribute, the Euclidean distance tool was first used to calculate 

the Euclidean distance to the point nearest to the highway axis for each cell, allowing 

the later use of the reclassify tool. 

 

The scores of the attributes represented in the layers31 are represented by a square 

matrix, Mij, of order m. The aggregated layer, represented by the criteria, is a square 

 
28 A spatial data of point type stands for an object with a single X, Y co-ordinate. A point normally is a 
geographic feature too small to be displayed as a line or area. 
29 Lines are used to represent the shape and location of geographic objects too narrow to depict as 
areas. 
30 The reclassify tool reclassifies or change cell values of raster data to alternative values using a variety 
of methods. 
31 A layer is a geographic dataset in ArcMap. 
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matrix, Rij, of order m that can be calculated by a linear combination between the 

matrices Mij and the weights of each attribute, wk, 

 

𝑅𝑅𝑖𝑖𝑖𝑖 =  ∑ 𝑀𝑀𝑖𝑖𝑖𝑖
𝑙𝑙 ∗ 𝑤𝑤𝑘𝑘𝑙𝑙𝑙𝑙

𝑙𝑙=1      (11) 

 

where l is the number of information layers (attributes) used in the analysis of each 

criterion. Similarly, the final SI of the studied region, Aij, is obtained by the linear 

combination of the Rij matrices and the weights of each criterion. Its expression is given 

by: 

 

𝐴𝐴𝑖𝑖𝑖𝑖 =  ∑ 𝑅𝑅𝑖𝑖𝑖𝑖𝑙𝑙 ∗ 𝑤𝑤𝑘𝑘𝑙𝑙𝑙𝑙
𝑙𝑙=1      (12) 

 

Where l is the matrices of criteria obtained by equation 12. The matrix operation in 

equations 11 and 12 is performed with the aid of the Raster Calculator tool, which 

yields the Suitability Index (SI) map of the state for the construction of a DGR. 

 

3.3.2 – Weights 

The weights of each attribute result from the evaluation by experts in areas of 

knowledge relevant to the theme using the AHP method, while the weight of each 

criterion corresponds to the geometric mean of the attributes associated with it. To 

guarantee the feasibility of comparisons between works of different authors, the weight 

values defined by Martins were adopted (51). Table 18 shows the criteria and attribute 

weights. 
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Table 18 – Criteria and attribute weights. 

 

 

 RESULTS  

To simplify the analysis given the large territorial extension of MG, it was adopted the 

regional territorial divisions, the so-called Intermediate Geographic Regions (IGR), 

former Mesoregions, as presented in Figure 33. The IGR is structured around 

metropolises, regional capitals, or representative urban centers of each state (101). 

Minas Gerais was divided into 13 IGRs and Espirito Santo into 4 IGRs. 
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Figure 33 – Map of the Intermediate Regions. 

 

 

3.4.1 – Long-term Security 

As shown in Figure 34, the areas classified as regular are concentrated in the eastern 

region of the state, while the western and northwestern parts concentrate areas 

classified as 2 - bad. The eastern part, despite the classifications 4 – good and 5 – 

very good in the lithology attribute, is composed of regions of uneven terrain, with 

variable hydrogeological favorability and with good potential for mineral exploration, 

which reduces the classification of these areas. 

 

The state of Espirito Santo has areas classified as 4 - good in all IGRs, whereas 

Colatina and São Mateus have the largest areas with the classification of 4 - good. 

These two IGRs have classification areas 4 - good and 5 - very good in hydrogeological 

favorability, lithology, mineral resources, and declivity attributes. 
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Figure 34 – Long-term safety map. 

 

 

3.4.2 – Socioeconomic and Environmental Viability 

As for the SEV (see Figure 35) Minas Gerais has regions classified as 2 - bad and 3 - 

regular. The areas classified as 3 - regular are concentrated in the IGRs Uberlândia, 

Uberaba, Varginha, Divinópolis and Barbacena. The combination of areas rated as 5 

- very good in the lithology and land use attributes with low rated areas in 

hydrogeological favorability ensures the rating 3 - regular in these IGRs. 

 

Espirito Santo, in turn, has areas classified as 4 - good in the São Mateus IGR due to 

the classification 5 - very good in the Mineral Resources and Hydrogeological 

Favorability attributes and the classification 4 - good in the land use attribute. The latter 

is the most important attribute for this criterion. 
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Figure 35 – Socioeconomic and environmental viability map. 

 

 

3.4.3 – Technical Feasibility 

This is the only criterion in which Minas Gerais presents areas classified as 4 – good 

(see Figure 36). These areas are concentrated in the regions outside the SFC. The 

regions internal to the craton have ratings 1 - very bad and 2 - bad in the main attributes 

of this criterion, including Hydrogeological Favorability, and lithology. The regions with 

classification 4 - good, in turn, present good classifications in the lithology attribute and 

classification 3 - regular in hydrogeological favorability. 

 

Espirito Santo has areas classified as 4 - good in all IGRs. As in the LTS criterion, the 

IGRs with the largest areas with this classification are found at Colatina and São 

Mateus IGRs. 
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Figure 36 – Technical feasibility map. 

 

 

3.4.4 – Suitability Index 

Espirito Santo is the single state with areas classified as 4 - good, see Figure 37. 

Therefore, the analyzes presented below focused on the better classified regions. 
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Figure 37 – Suitability index map. 

 

 

3.4.4.1 – Areas of interest 

As shown in Figure 37, the regions classified as 4 - good are concentrated in two IGRs: 

Colatina and São Mateus. However, not all areas are of interest since the weight of 

each attribute can mask unfavorable locations. It is noteworthy that the unfavorable 

term is applied only to the weights and criteria considered in this study. São Mateus 

IGR has areas with low classifications in the lithology attribute, nevertheless, they are 

still classified as 4 - good. 

 

To select the areas of interest for future studies, the following procedure was 

performed: All areas classified as 5 - very good in the lithology attribute were selected 

in areas with SI classified as 4 - good. This procedure was adopted to find the areas 

of granitoid rocks. As shown in Figure 38, these sites are concentrated in the northern 

region of the state, more specifically on the border of the IGRs Colatina and São 

Mateus. 
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Figure 38 – Detail of the lithology of the areas of interest. 

 

 

These areas can be subdivided into three according to the geological domain of the 

granitoid complexes: undeformed, deformed, and intensely deformed. This grouping 

refers to deformational events that occurred after its crystallization. According to Lopes 

et al (102), deformed granitic rocks show fluid migration when heated, while 

undeformed rocks do not show signs of fluid migration. Since one of the aims of a DGR 

is the containment or to delay the release of radionuclides in nature, this factor needs 

to be considered. Therefore, the selection work focused on the undeformed granitoid 

complexes. 

 

The previously selected lithologies were then submitted to a new selection criterion. 

This criterion is the temperature of the rock at the depth of the DGR, 500 m, in this 

work. This selection associated with the amount of SNFN to be deposited allows the 

estimation of the minimum area needed for the DGR. As the amount and type of SNF 

are still uncertain, it was considered that SNF would be the studied MOX for Angra 2 
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plant. Figure 39 shows the estimated temperature of the rock at the previously selected 

sites. The minimum temperature found is 33.15ºC and the highest is 36.94ºC. 

 

Figure 39 – Rock temperature at 500m map for selected locations. 

 

 

According to the proposed generation scenarios presented in detail in chapter four, 

and with the minimum areas for different rock temperatures presented in detail in the 

previous chapter, the estimated minimum area varies from 1 km² to 12.83 km², 

assuming minimum rock temperatures of 35 ºC and a maximum of 40 ºC. 

 

Around the municipality of Ponto Belo, there is an area of 99.52 km² comprising the 

Medina-Maristela Unit of undeformed granite complexes, as shown in Figure 40. In 

addition to being an area composed of undeformed granitoids, this area features: 

• A low hydrogeological favorability, 

• Smooth to undulating terrains, 
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• Areas with low agricultural potential (78). 

• Areas already impacted, composed of pastures. 

• Paved highways nearby. 

• Although the area has potential for the exploration of granite, it is considered 

that this potential is low, given that these granites are of low commercial interest 

(103). 

Figure 40 – Detail map of candidate areas. 

 

 

This area, together with smaller areas with similar characteristics in the vicinity, is 

considered promising for more detailed studies. Among future studies, those related to 

earthquakes, local rainfall, detailed hydrogeological analyzes, and social acceptance 

are suggested. These areas could be used for the installation of an analogous 

underground laboratory or the installation of a DGR if the Brazilian government 

chooses to use granitic rocks as the host rock. However, further studies would be 

needed to characterize the area and ensure the security of the repository. It is 

noteworthy that these results do not mean that this location should be chosen for the 
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construction of a Brazilian DGR, being only the result of an academic exercise of 

application of a method of selection of areas suggested for Brazil. For example, other 

rock types that are also considered internationally to host a DGR, such as clay rocks, 

were not considered. New studies must be carried out to improve and adjust the 

methodology. 

 

3.4.4.1.1  – State laws about the disposal of SNF 

Minas Gerais has prohibitive legislation about the disposal of nuclear waste. Law No. 

9,547 of 12/30/1987 "Prohibits the installation of atomic waste or radioactive waste 

deposits in the state of Minas Gerais" (104). An exception is granted to low activity 

waste: "The provisions of the article do not apply to low activity waste, originating from 

equipment used in the state or from mining and processing of ores, which occur in the 

subsoil of the state of Minas Gerais.". In addition to this law, Decree 40.969 of 

03/23/2000 prohibits the entry of radioactive waste into the state of Minas Gerais if it 

is outside the exemption limits established by CNEN and whose reuse is inappropriate 

or not foreseen (105). 

 

The state legislation of Espiríto Santo, approved in the same period as that of Minas 

Gerais, in turn, is less restrictive. Law No. 4,033 of December 23, 1987 (106) 

establishes that:  

 

"The implementation in the State of Espírito Santo and the oceanic islands 

under its jurisdiction, of atomic plants for the production of nuclear energy, of 

plants for the enrichment of uranium, of plants for the reprocessing of nuclear 

fuels and deposits for atomic waste will depend on authorization from the 

Legislative Assembly and, also, on a popular referendum through the holding 

of a plebiscite, listening to the group of state voters." 

 

State legislation must be analyzed in conjunction with relevant federal legislation 

during the selection process either to mobilize political resources for a change in local 

legislation or to mobilize political and popular resources for the approval and 

acceptance of the project by the population involved.  
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Recently, the current Attorney General of the Republic filed Direct Actions of 

Unconstitutionality requesting the annulment of the state and Federal District 

legislation that, as well as the legislation of Minas Gerais, restrict or prevent the 

implantation of NPPs, the reprocessing, or the construction of radioactive waste 

repositories. In total, nineteen lawsuits were filed referring to the states of Acre, 

Alagoas, Amapá, Amazonas, Bahia, Ceará, Distrito Federal, Goiás, Maranhão, Mato 

Grosso, Pará, Paraíba, Paraná, Pernambuco, Piauí, Rio de Janeiro, Rio Grande do 

Norte, Rondônia and Roraima (107). 

 

CONCLUSION 

This part of the work focused on the selection of sites for the installation of a DGR in 

crystalline rocks. Other types of rocks were not considered since the method was 

developed for hard rocks. However, given the Brazilian territorial extent and its diversity 

of geological environments, the selection of sites for repositories based on other types 

of rocks should not be ruled out. This work modified the method proposed by Martins 

to avoid the use of point and line data types. Two modifications were made. The first 

consisted of the use of the Euclidian distance from the axis of the transportation 

network, including the railway network, instead of classifying the transportation network 

by the administrative responsible body. Secondly, instead of using point data for 

mineral resources, it was used the ARIM dataset.  

 

Minas Gerais does not have areas considered as candidates for additional studies. 

Espírito Santo, however, has large areas considered as good candidates for future 

studies around the municipality of Ponto Belo. The candidate areas are composed of 

undeformed granites. 

 

For future works, some other criteria could be added to the analysis process, such as 

the acceptance of the local population, the focus on the selection for lands of the 

Brazilian State, and the consideration of occurrence of natural disasters, including 

earthquakes.  
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4 – COST ESTIMATION OF THE BRAZILIAN NUCLEAR FUEL CYCLE BACK-
END  

INTRODUCTION 

How much it will cost? This question acquires another significance when projects 

without direct revenues are considered, such as the disposal of HLW and SNF. The 

disposal of these wastes is a cost resulting from the nuclear power generation process. 

There is a considerable time gap between the generation of waste and its disposal 

since the disposal activities can continue for a long time after the end of the generation 

of energy (108).  

 

Over the last decade, different organizations have performed cost estimates for the 

back-end of the nuclear fuel cycle. When reviewing the specific literature (109–123), 

however, it is clear that different assumptions used - discount rate, types of waste, 

choice of the fuel cycle, etc. - create difficulty for comparison of estimated costs in each 

study (108, 124, 125). In addition to different assumptions, the lack of data for costs of 

deposition in a geological repository is evident, and when considered together with 

country-specific policies, practices, regulations, and the disposal timeframe involved, 

it is clear that cost estimates have many uncertainties (124). Although disposal of 

nuclear waste has been researched worldwide since 1957 (7), the first operational 

repository will, probably, be the ONKALO facility in Finland around 2025 (17), followed 

by Forsmark in Sweden, and CIGEO in France, both planned for the 2030s (12, 18, 

19, 126). 

 

4.1.1 – The Brazilian nuclear program 

The Brazilian nuclear program for power generation consists of two NPPs in operation, 

Angra 1 and Angra 2, and a third under construction, Angra 3, at the Almirante CNAA, 

found in the city of Angra dos Reis, Rio de Janeiro state. The Angra complex is marked 

by delays and funding problems. As Spektor points out, the Brazilian “nuclear policy 

evolved from a low base and in a stop-and-go fashion in the face of political, 

managerial, and financial hurdles” (127). Angra 1, whose construction started in 1971 

and the commercial operation started in 1985 (128), is at the end of its useful life and 
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is going through the procedures for the extension of its operating license for another 

twenty years. Angra 2, whose construction started in 1976 and the commercial 

operation started in 2001 (128), has the decommissioning projected for 2044. Angra 3 

had its construction start in 1984, with commercial operation planned for 2026 (129). 

Besides Angra 3, the Brazilian government is planning the construction of six to eight 

new NPPs until 2050 (130). 

 

The national nuclear policy considers that the SNF is not a waste and must be stored 

safely for future reuse (4). However, there are no official projects for the implementation 

of a national reprocessing center (131) or international partnerships for the SNF to be 

reprocessed abroad. Currently, the SNF already produced is stored, safely, in cooling 

pools inside Angra 1 and Angra 2 plants, with part of the spent fuel being transferred 

to another initial storage unit, the UAS, where it will remain for at least 40 years.  

 

The vagueness associated with the fuel cycle to be effectively adopted also results in 

a lack of definition around the financing of the final disposal of the SNF. In Brazil, 

contrary to other countries, there is no obligation to create a specific fund to cover the 

costs of disposal of radioactive waste. Currently, Eletronuclear has a specific fund to 

cover the expenses of decommissioning Brazilian NPPs and temporary management 

of the SNF, after decommissioning, while the decision about the final repository is not 

taken by CNEN, following the relevant legislation. (37, 38). 

 

Currently, Eletronuclear maintains a specific fund to cover the expenses of 

decommissioning Brazilian NPPs and temporary management of the SNF while the 

decision about the final repository is not taken by CNEN, following the relevant 

legislation. In addition, Law 10,308 of 2001 establishes that "the intermediary and final 

deposit service of radioactive waste will have their respective costs indemnified to 

CNEN by the depositors, according to the table approved by the CNEN Deliberative 

Committee" and that the costs of the said table will take into account " the cost of 

licensing, construction, operation, maintenance and physical security of the 

warehouse." (42). However, as the SNF is not considered waste, there are no 

reference values for the reimbursement to be carried out by Eletronuclear to CNEN. 
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Cost estimation is a crucial step of any project, being essential in the planning of 

expense and analysis of alternative options. To guide the cost estimation task, the 

Organization for Economic and Co-operation and Development/ Nuclear Energy 

Agency (OECD/NEA) published, in 2013, a study related to the economic aspects of 

the back-end of the nuclear fuel cycle to “develop a more in-depth understanding of 

economic issues and methodologies for the management of spent nuclear fuel and 

high-level waste from commercial power reactors”(124).  

 

The purpose of this chapter is to estimate the back-end cost of the Brazilian nuclear 

fuel cycle employing the Levelized Cost of Energy (LCOE). The nuclear fuel cycle was 

modeled with the use of Model for Energy Supply System Alternatives and their 

General Environmental Impacts (MESSAGE) tool. The uncertainties about the nuclear 

policy were coped with the use of scenarios and Monte Carlo simulations. The 

scenarios proposed to encompass two nuclear fuel cycles (open and partially closed) 

and three possibilities about the number of NPPs. 

 

METHOD 

The choice of cost estimation method depends on the maturity of the waste disposal 

program, as well as on factors such as the purpose of the estimate, program stage, 

availability, and reliability of data, assumptions adopted, staff, and time available to 

prepare the cost estimate (108, 115, 132–134). In general, there are 3 methods for 

estimating costs, shown in Figure 41 from the least detailed to the most detailed (108, 

115, 134): 

• analogy: this method uses the costs of similar programs for the estimate. 

Colloquially "It's like one of those". 

• parametric: also known as statistical method, which uses a database of several 

similar programs to statistically estimate costs. Nicknamed "This pattern is 

kept". 

• engineering: It is the technique with the most detailed estimates, it uses cost 

data from each part of the program for the estimate. Colloquially called "is made 

of these". 
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Figure 41 – Cost estimating methods as a function of program maturity. Adapted from(133). 

 

 

As there are no details on the Brazilian waste disposal program, the analogy method 

will be used. The advantage of this method is that it is based on data and experience 

of existing programs, which makes the estimation process fast and possible with little 

data and staff. However, as the data used are not specific to the proposed program, it 

is necessary to find program data as similar as possible. Furthermore, the resulting 

estimate is insensitive to the real drivers of cost and design changes (108, 115, 132, 

134). 

 

Due to the lack of definition of the Brazilian nuclear program on the choice of the 

nuclear fuel cycle and the final number of NPPs, it was decided to create three strategic 

scenarios with two variations of each scenario. The scenarios are structured around 

the final number of NPPs to be built in Brazil. The variations of the scenarios are the 

possible fuel cycles to be adopted. 

Each material balance of each scenario/variation is then modeled by aiding the energy 

planning tool MESSAGE, having as output the amount of electrical energy produced 
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and the amount of spent fuel generated. The amount of SF generated is used for three 

deterministic cycle cost estimates, carried out with the aid of the parameterizations of 

an OECD/NEA study (124): a reference estimate, a low cost, and a high cost one. Each 

estimate then serves as inputs to a stochastic cost estimate, performed with the aid of 

a Monte Carlo simulation. Figure 42 shows the cost estimate flowchart. 

 

The choice for the OECD/NEA study was based on the following reasons: 

• There is little data about the waste disposal costs since only three projects have 

the beginning of the planned operation for the next 15 years: Olkiluoto (Finland) 

(17), Cigéo (France) (18), and Forsmark (Sweden) (19). 

• Questionnaires were answered by the national authorities of the NEA member 

countries about the waste disposal costs, including the most advanced 

countries in the construction/operation of a geological repository. 

• Parameterization of costs on a common basis. Capital and operation and 

maintenance cost curves were created for the main facilities in the fuel cycle. 

The curves for each facility are presented in Annex B. 

• The parameterization was conducted in three cost modalities: reference, high 

and low. This makes it possible to use stochastic techniques to estimate the 

value of the cost and to decide about contingency funds. 
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Figure 42 – Cost estimation flowchart. 

 

4.2.1 – Scenarios 

To deal with the uncertainties related to the final number of NPPs and the nuclear fuel 

cycle, three nuclear generation scenarios were created and each of them was 

associated with a fuel cycle option. These strategic scenarios aim to answer the 

question: What will the cost of the following choices be? The scenarios are general 

and aim to point out the possible economic consequences of future political decisions 

on the choices that Brazil faces concerning the continued use of nuclear energy. Given 

their general character, the scenarios are not optimized and consider that both 

commissioning and decommissioning occur overnight. Figure 43 and Figure 44 show, 

respectively, the implementation and decommissioning calendar of each installation 

considered, and the general operating calendar of all NPPs considered. 
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Figure 43 – General timetable for each scenario. 
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Figure 44 – Timetable of operation of nuclear reactors. 

 

 

4.2.1.1 – ANGRA1&2 scenario 

The first scenario, called ANGRA1&2, can be considered a pessimistic scenario. This 

scenario considers that no other NPP, in addition to those in operation - Angra 1 and 

Angra 2, will be built in Brazil. This scenario was built considering the historical 

financing difficulties faced by the nuclear sector in Brazil. The amount of energy 

generated by the NPPs considered in this scenario is shown in Figure 45. Angra 1 
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would have its useful life extended by 20 years, being decommissioned in 2045, while 

Angra 2 would remain in operation until 2042. 

 

Figure 45 – Electricity supplied, ANGRA1&2. 

 

 

As a guide for the construction of this scenario, the "Audit in ongoing actions, promoted 

by CNPE, MME, Aneel, Eletronuclear and Eletrobras for the resumption or 

discontinuity of UTN Angra 3", process 036.751/2018-9, promoted by TCU, in which 

the following judgments were issued (135): 

 

• It was decided that detailed documents should be presented to the Court to 

ensure the feasibility of the project. 

• That the costs of continuing the construction of Angra 3 NPP should be 

compared with the costs of its cancellation. 

• Recommended, of a non-mandatory nature, the holding of public consultation 

with agents in the electricity sector about the resuming or cancellation of Angra 

3 NPP, both with specific studies to support the consultation process. 
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These judgments are based on the following arguments:  

• Angra 3's cost escalation in relation to its twin sister, Angra 2. Angra 3 is 

projected to cost 40% more than Angra 2. 

• The huge delay in the implantation of Angra 3. In 2021 the project completed 

37 years and, given the start of works until the new date scheduled for entry into 

operation in 2026. 

• The financial difficulties faced by Eletronuclear. 

• Studies by the consulting firm PSR that show savings of $3.1 billion over 35 

years with the cancellation of the project in relation to the continuity of its 

construction. 

 

Allied to these factors, it was considered the resistance, not measured by opinion polls, 

of part of the population to the construction of new NPPs and legal problems for 

locations selected for new plants, as is the case in the state of Pernambuco. This state, 

indicated as the location for the installation of the next NPPs in Brazil (136, 137), 

prohibits the construction of NPPs in its territory (138). In addition, there are 

articulations of social movements to prevent the state legislation of Pernambuco from 

being changed (139, 140). 

 

4.2.1.2 – ANGRA3 scenario 

The intermediate scenario, called ANGRA3, considers that the challenges for 

completion of NPP Angra 3 will be overcome. It was considered that the status of 60% 

of the construction works is a crucial factor for the completion of the works, in addition 

to the need for the national electric system for dispatchable and highly available energy 

sources (135, 141). However, it was considered that no new NPP would be built after 

Angra 3. In this scenario, Angra 3 would start to operate in 2026 and would be 

decommissioned in 2063 (129). Angra 1 and Angra 2 would continue with the same 

operation dates considered in the previous scenario. Figure 46 shows the foreseen 

amount of energy supplied annually by the ANGRA3 scenario. 
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Figure 46 – Electricity supplied, ANGRA3. 

 

4.2.1.3 – ANGRA+8 scenario 

The optimistic scenario, called ANGRA+8, was built based in part on the premises of 

the ANGRA3 scenario. In this scenario, eight new NPPs would be built in addition to 

Angra3, adding a total of 10 GW of installed capacity to the Brazilian electricity sector. 

This scenario is based on studies by the EPE, which, at various times, considered the 

construction of 6 (70) to 14 (142) new NPPs in Brazil. The first of the eight plants would 

come into operation in 2034, eight years after Angra 3, with the next seven NPPs being 

inaugurated at a three-year interval. In this way, the last NPP would come into 

operation in 2055 and would be decommissioned in 2114. Figure 47 shows the 

foreseen amount of energy supplied annually by the ANGRA+8 scenario. 
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Figure 47 – Electricity supplied, ANGRA+8. 

 

 

4.2.2 – Nuclear Fuel Cycles 

Two nuclear fuel cycles were considered for each scenario. The first denoted Open 

Fuel Cycle (OFC) (Figure 48) consists of a once-through fuel cycle with a direct 

disposal route. After burnup, the SNF is transferred to initial storage, i.e., the cooling 

pools for seven years. After that, it is transferred to interim storage staying there for 

forty-three years before its encapsulation for final disposal.  
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Figure 48 – OFC route. Adapted from (124). 

 

 

The second route denoted Closed Fuel Cycle (CFC), (Figure 49) includes a partially 

closed fuel cycle, in which SNF is carried to reprocessing plant after seven years under 

initial storage where Plutonium may be recycled for fabricating of Mixed Oxide Fuel 

(MOX). Other products generated at reprocessing plants are considered waste, such 

as reprocessed uranium, fission products, and minor actinides. Nuclear waste from 

reprocessing must be stored for fifty years, encapsulated, and sent to the final disposal. 

After burnup, MOX fuel must be sent to the cooling pool, remaining there for seven 

years. After that, it is transported to interim storage staying there for a total of fifty 

years. Finally, MOX SNF must be encapsulated and transported to the final disposal. 
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Figure 49 – CFC route for LWRs with MOX recycling in LWRs. Adapted from (124). 

 

 

4.2.3 – Material Flows - MESSAGE 

To estimate the back-end LCOE, the capacities of the facilities of storage, 

reprocessing, and the electricity supply data are needed. Therefore, the MESSAGE 

code was used to model the scenarios. MESSAGE is a tool for modeling and analyzing 

nuclear energy systems, capable to model nuclear technologies with their specific 

features (143). Outputs associated with the mass flow waste between processes and 

storages, annual use of the total capacities, and the total electricity supplied were used 

to calculate the back-end LCOE.  

 

Features of each NPP and mass flows of the fuel cycle are used as inputs in 

MESSAGE. The average mass flows of nuclear materials are estimated using some 

well-known equations (143) and assuming that there are no losses at any stage of the 

fuel cycle. 
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The annual fresh fuel loading, Gx in tHM, fuel consumption, is calculated as follows: 

𝐺𝐺𝑒𝑒 =
365 × 𝑊𝑊 × 𝜑𝜑

𝜂𝜂 × 𝐵𝐵
 (13) 

Where φ is the capacity factor, W is the reactor installed capacity in MW, B is the fuel 

burnup in MWd/tHM, and η is the thermal efficiency. 

 

The first loading, Gf in tHM, is defined by.  

𝐺𝐺𝑓𝑓 =
𝑊𝑊 × 𝑇𝑇𝑒𝑒𝑓𝑓𝑓𝑓
𝜂𝜂 × 𝐵𝐵

 (14) 

Where Teff is the mean nuclear fuel residence time in days. 

 

To generate the fuel for the fresh fuel loading, G in tHM, with x enrichment compared 

to natural uranium, with an amount of depleted uranium, the tail assay, with xdep 

enrichment is calculated by:  

𝐺𝐺 = 𝐺𝐺𝑒𝑒 × �
𝑥𝑥 − 𝑥𝑥𝑑𝑑𝑒𝑒𝑝𝑝

0.007114 − 𝑥𝑥𝑑𝑑𝑒𝑒𝑝𝑝
� (15) 

The natural enrichment of natural uranium is defined as 0.00714. 

To produce a certain amount of fuel, with enrichment x in relation to natural uranium, 

some separative work units (SWU) are necessary, where V is the separation potential: 

𝑆𝑆𝑊𝑊𝑆𝑆 = 𝐺𝐺𝑒𝑒 × �𝑉𝑉(𝑥𝑥) + 𝑉𝑉�𝑥𝑥𝑑𝑑𝑒𝑒𝑝𝑝� �
𝑥𝑥 − 0.00714

0.00714 − 𝑥𝑥𝑑𝑑𝑒𝑒𝑝𝑝
� − 𝑉𝑉(0.00714)�

𝑥𝑥 − 𝑥𝑥𝑑𝑑𝑒𝑒𝑝𝑝
0.00714 −  𝑥𝑥𝑑𝑑𝑒𝑒𝑝𝑝

�� (16a) 

𝑉𝑉(𝑥𝑥) = (1 − 2𝑥𝑥) ln �
1 − 𝑥𝑥
𝑥𝑥 � (16b) 

 

The amount of depleted uranium, Gdep, generated per unit of fresh fuel is: 

𝐺𝐺𝑑𝑑𝑒𝑒𝑝𝑝 = 𝐺𝐺𝑒𝑒 × �
𝑥𝑥 − 0.00714

0.007114 − 𝑥𝑥𝑑𝑑𝑒𝑒𝑝𝑝
� (17) 
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Finally, the amount of SNF discharged at each loading is defined by: 

𝑆𝑆𝐹𝐹 = 𝐺𝐺𝑒𝑒 (18) 

 

To calculate the mass flows for each reactor in each scenario, the data listed in Table 

19, Figure 43, Figure 44, and the following assumptions were used.  

• The NPP Angra 1 will have its useful life extended from 40 to 60 years. The 

analysis process for the extension has already started (144). 

• NPP Angra 3 will start operating in 2026, in ANGRA3 and ANGRA+8 scenarios, 

according to the most recent forecasts (129, 144). 

• For the ANGRA+8 scenario, a new PWR will be included every three years, 

starting in 2034.  

• An average of the last 10 years of the capacity factor was used for the NPPs 

Angra 1 and Angra 2 (128), 

• The simulations started in 2019 and would finish with the closure of the 

repository. The timetable with the operating dates of each facility in each 

scenario is shown in Figure 43. 

• SNF stored before 2019 is estimated to account for 659.86 t, according to a 

background historical simulation32. 

• For the closed fuel cycle, the assumptions are: 

o The MOX fuel composition is 7.23% of plutonium and 92.77% of depleted 

uranium, with an energy efficiency equivalent to a conventional fuel 

(UOX) (143). 

o NPPs in the partially closed fuel cycle use one-third of MOX and two-

thirds of UOX in their core. 

 
32 Researcher Fidéllis Bitencourt, co-author of the studies in this chapter, requested, via the access to 
information law, the most current data about the amount of SNF stored in Brazilian nuclear plants and 
the request was denied. An outdated version of the Eletronuclear website held the data for an older 
date, 2017. A simulation with MESSAGE was then performed to estimate the amount of SNF until 2019. 
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o In the partially closed fuel cycle, whether UOX spent fuel reprocessed is 

not sufficient to supply the reactors, an extra content of fissile material 

(Pu) is acquired from an external source (External Pu). 

o The savings generated by the reduction in fresh fuel requirements (fresh 

UO2) at the front end of the fuel cycle resulting from reprocessing were 

not considered in the cost estimates. 

o The use of depleted uranium or multi-reprocessing was also not 

considered. 

 

Table 19 – Technical features (128, 145–147). 

Parameters Angra 1 Angra 2 Angra 3 PWR 

Nuclear Capacity (MWe) 626 1,275 1,245 1,660 

Capacity Factor33 0.837 0.904 0.904 0.920 

Thermal Efficiency 0.342 0.358 0.358 0.360 

Discharged Burnup (GWd/tHM) 55 50 50 65 

Residence time (days) 1,168 1,168 1,168 1,168 

Enrichment of Fresh fuel 0.04 0.04 0.04 0.05 

Tail assay 0.003 0.003 0.003 0.003 

 

The mass flows used in the MESSAGE simulation for the two fuel cycles analyzed are 

shown in Table 20. 

 

 

 

 

 
33 In PRIS a term Load Factor (LF) is used for CF.  
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Table 20 – Mass flows. 

Mass flow (kg/TWh) Angra 1 Angra 2 Angra 3 PWR 

Once-through fuel cycle 

Natural uranium 1,6674.9 18,925.25 18,925.25 18,715.19 

Fuel fabrication (UOX) 1,854.1 2,104.283 2,104.283 1,638.177 

Partially closed fuel cycle 

Natural uranium 11,116.6 12,616.8 12,616.8 12,476.8 

Fuel fabrication (UOX) 1,236.0 1,402.9 1,402.9 1,092.1 

Fuel fabrication (MOX) 618.0 701.4 701.4 546.1 

Pu 12.3 14.0 14.0 10.9 

External Pu 32.4 36.8 36.8 28.6 

Spent fuel (MOX) 618.0 701.4 701.4 546.1 

FProd+Mac+RepU 1,223.8 1,388.9 1,388.9 1,081.3 

 

4.2.4 – Cost estimation 

The cost estimation process is composed of two stages. The first considers the amount 

of waste produced by each scenario and cycle described above and uses the cost 

curves as a function of the amount of waste for each installation.  

 

Data on overnight investment cost, operation, and maintenance (O&M) were acquired 

from “The Economics of the Back-End of the Nuclear Fuel Cycle” (124). These costs 

change according to the capacities of the storage (interim and final) activities, 

encapsulation, and reprocessing processes. However, for this study, it was necessary 

to extrapolate the costs from the cost curves, given the small size of the fleets 

considered. Therefore, the results of the MESSAGE simulation obtained for each 

scenario, related to mass flows, were used to find the maximum capacities for the 

reprocessing and encapsulation facilities. The maximum capacities needed for interim 
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and final storage under geological conditions were also estimated for all cases with 

MESSAGE. The original cost curves were at a constant 2010 dollar, so the values were 

updated for the start year of the scenarios, 2019, using the inflation observed in the 

United States in the period 2010/2019. The amount of electricity generated, 

considering the operating time of the plants shown in Figure 44, and the capacities of 

each facility for each scenario are shown in Table 21.  

 

Table 21 – Cost estimation parameters. 

Facility 

ANGRA1&2 ANGRA3 ANGRA+8 
OFC CFC OFC CFC OFC CFC 

Electricity generated (TWh) 
608 1,012 7,434 

Facility capacity (tHM) 
Integrated reprocessing 

plant - 81 - 109 - 145 

Interim Storage 1,481 1,469 2,160 2,461 8,603 9,642 

Encapsulation Plant 94 91 94 126 273 234 

Geological Repository 1,481 1,469 2,479 2,461 14,445 14,347 

 

For each scenario, three cost estimations were made: i) a low-cost case; ii) a reference 

cost case; iii) a high-cost case. The low-cost case corresponds to the lower bound of 

the estimated cost for a given facility. The reference cost case corresponds to the most 

probable value of cost, according to the data available to date. The high-cost case 

corresponds to the upper bound of the costs for a given type of facility or service. From 

this step, three fixed values of construction and O&M costs are obtained for each 

installation, denoted: Low, reference, and High. Table 22 presents the cost estimate 

as a function of the installation and cost case. 
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Table 22 – Cost estimate as a function of the installation and cost case in $2019 Million. 

Facility Cost 
Case 

ANGRA1&2 ANGRA3 ANGRA+8 

OFC CFC OFC CFC OFC CFC 

Interim storage 
facility: 

Overnight 
investment  

Low $456.62 $455.85 $504.68 $525.95 $960.24 $1,033.71 
Reference $624.75 $623.06 $728.77 $774.80 $1,714.74 $1,873.74 

High $818.62 $816.03 $978.61 $1,049.42 $2,495.15 $2,739.71 

Interim storage 
facility: O&M  

Low $12.13 $12.13 $11.78 $12.36 $13.81 $14.05 
Reference $15.08 $15.07 $15.56 $15.77 $20.11 $20.84 

High $19.40 $19.38 $20.20 $20.55 $27.78 $29.00 

Integrated 
reprocessing 

plant: Overnight 
investment 

Low - $5,091.16 - $5,337.55 - $5,660.04 
Reference - $6,881.17 - $7,207.08 - $7,633.68 

High - $8,499.82 - $8,911.19 - $9,449.57 

Integrated 
reprocessing 
plant: O&M  

Low - $411.82 - $421.23 - $433.51 
Reference - $495.27 - $506.72 - $521.67 

High - $577.71 - $591.15 - $608.70 

SNF 
encapsulation 

plant: Overnight 
investment  

Low $187.45 $184.05 $187.45 $221.53 $378.29 $336.73 
Reference $249.93 $245.39 $249.93 $295.37 $504.38 $448.98 

High $312.41 $306.74 $312.41 $369.21 $630.48 $561.22 

SNF 
encapsulation 

plant: O&M  

Low $18.57 $18.35 $18.57 $20.72 $30.65 $28.02 
Reference $24.75 $24.47 $24.75 $27.63 $40.87 $37.36 

High $30.94 $30.58 $30.94 $34.54 $51.09 $46.70 

Geological 
repository: 
Overnight 
investment 

Low $909.78 $909.32 $952.20 $951.43 $1,460.41 $1,456.26 
Reference $2,269.20 $2,268.02 $2,375.60 $2,373.65 $3,650.28 $3,639.86 

High $6,265.99 $6,262.78 $6,557.79 $6,552.47 $10,053.57 $10,025.00 

Geological 
repository: O&M  

Low $22.71 $22.69 $24.01 $23.99 $39.63 $39.51 
Reference $76.67 $76.66 $78.09 $78.06 $95.06 $94.92 

High $202.54 $202.52 $204.22 $204.19 $224.36 $224.20 

Geological 
repository: 

Closure 

Low $235.40 $235.40 $235.40 $235.40 $235.40 $235.40 
Reference $470.80 $470.80 $470.80 $470.80 $470.80 $470.80 

High $1,412.40 $1,412.40 $1,412.40 $1,412.40 $1,412.40 $1,412.40 

Specific 
Transport 

Low $0.02 $0.02 $0.02 $0.02 $0.02 $0.02 
Reference $0.06 $0.06 $0.06 $0.06 $0.06 $0.06 

High $0.16 $0.16 $0.16 $0.16 $0.16 $0.16 
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To deal with variations and uncertainties that may occur in the cost estimate, Monte 

Carlo simulations were used, using the @Risk software by the Palisade Corporation. 

For each cost item shown in Table 22, associated probability functions were created. 

We opted for using triangular distribution functions, shown in Appendix D. Triangular 

functions were chosen given the values calculated for each facility, enough for a three-

point estimate, and because they work for any type of system (132, 148). Furthermore, 

the calculated estimates are off, at best, rough order of magnitude (ROM) fidelity (132). 

For each installation and the total cost, 5,000 interactions were performed and the 

confidence interval, mean values, and standard deviation were calculated. In addition, 

the procedure conducted by SKB was adopted to estimate a supplementary amount 

for costs arising from unforeseen events. This value is determined to be the value of 

P90 minus the average value of the Monte Carlo simulations (108). Additionally, 

sensitivity analyzes were conducted to verify the impact of each installation on the total 

cost of the repository. 

 

4.2.5 –  Levelized Cost of Energy, LCOE 

The last step is to calculate the cost on a level basis for different fuel cycles. A usual 

method of comparison is the LCOE, which is a ratio between the sum of all discounted 

costs of the energy generation stages and the discounted cash flow from energy sales 

at a constant price. In this work, we chose to use the LCOE of the fuel cycle back-end, 

as defined by the OECD/NEA: (124) 

 

𝐿𝐿𝐺𝐺𝐿𝐿𝐸𝐸𝐵𝐵𝑒𝑒𝑒𝑒𝑘𝑘−𝑒𝑒𝑒𝑒𝑑𝑑 =

∑ �
∑ �

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖,𝐼𝐼+𝑂𝑂&𝑀𝑀𝑖𝑖,𝐼𝐼+𝑇𝑇𝑇𝑇𝑇𝑇𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝑇𝑇𝐼𝐼𝑖𝑖,𝐼𝐼+𝐷𝐷𝐼𝐼𝐷𝐷𝑇𝑇𝐼𝐼𝐼𝐼𝑖𝑖𝐼𝐼𝐼𝐼𝑖𝑖𝑇𝑇𝐼𝐼𝑖𝑖𝐼𝐼𝐷𝐷𝑖𝑖,𝐼𝐼
�1+𝑇𝑇𝑖𝑖�

𝐼𝐼 �
𝑇𝑇𝑖𝑖,𝐼𝐼𝐼𝐼𝑒𝑒−𝑇𝑇𝑇𝑇𝐼𝐼𝑟𝑟
𝐼𝐼=𝑇𝑇𝑖𝑖,𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝐼𝐼−𝑇𝑇𝑇𝑇𝐼𝐼𝑟𝑟

∑ �𝐸𝐸𝐸𝐸𝐼𝐼𝐷𝐷𝐼𝐼𝑇𝑇𝑖𝑖𝐷𝐷𝑖𝑖𝐼𝐼𝐸𝐸𝐼𝐼
�1+𝑇𝑇𝐸𝐸�

𝐼𝐼 �
𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁,𝐼𝐼𝐼𝐼𝑒𝑒−𝑇𝑇𝑇𝑇𝐼𝐼𝑟𝑟
𝐼𝐼=𝑇𝑇𝑁𝑁𝑁𝑁𝑁𝑁,𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇𝐼𝐼−𝑇𝑇𝑇𝑇𝐼𝐼𝑟𝑟

�𝐵𝐵𝑒𝑒𝑒𝑒𝑘𝑘−𝑒𝑒𝑒𝑒𝑑𝑑 𝑓𝑓𝑒𝑒𝑒𝑒𝑖𝑖𝑙𝑙𝑖𝑖𝑡𝑡𝑖𝑖𝑒𝑒𝑜𝑜,𝑖𝑖  (19) 
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Where: 

• Tref: The reference year (all cash-flows are discounted from the reference year). 

In this work, Tref is 2019. 

• Ti,start: first year of the lifecycle of a facility “i.” 

• Ti,end: Final year of the lifecycle of a facility “i.” 

• TNPP,start: Starting-operation year of NPPs. 

• TNPP,end: Shutdown year of NPPs.  

• rE: Annual discount rate for electricity cash flow. 

• ri: Annual discount rate for the cash-flows associated with construction and 

operation of the facility “i.” 

• Electricityt: The amount of electricity produced at NPPs in year “t.” 

• Investmentt: Investments associated with the fuel cycle back-end, in year “t.” 

• O&Mt: Operations and maintenance costs at various steps of the fuel cycle, in 

year “t.” 

• Transportt: Transportation costs associated with the fuel cycle in year “t.” 

• Decommissioningt: Decommissioning of the back-end facilities, with costs in 

year “t.” 

 

Equation 19 allows the comparison among different generation scenarios and fuel 

cycles on a common basis, resulting in the cost of this part of the cycle expressed in 

terms of the unit of currency per unit of energy produced. This output is useful for 

estimating disposal costs compared to the generation cost of current Brazilian NPPs. 

Regulatory authorities can use these values to calculate the minimum sale value of 

energy that supports the payment of waste disposal activities.  

 

The use of LCOE as a critical element. As it is a present value analysis, the relative 

contribution of installations close to the start date of the analysis is greater than that of 

installations that are implemented late, for any non-zero discount rate. The greater the 

discount rate and the more distant from the present, the greater the effect.  
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The discount rate to be used varies with the country and industry and with the period 

considered. For long-term projects in the nuclear area, OECD/NEA recommends the 

use of low discount rates, so as not to mask the costs to be paid in the distant future 

(124). In Brazil, the EPE established the discount rate at 8 % to be adopted in energy 

projects (149, 150). An alternative, for intergenerational projects, such as those 

considered here, some analysts, as the French economist Christian Gollier (151), 

Oxera Consulting Ltd. (152), and the Lebègue report (153), argue in favor of the 

utilization of a varying discount rate that decreases over time for long-term projects 

(over 30 years), as shown in Table 23 and Figure 50, which illustrates the variation of 

discount rates over time for a period of two hundred years. To deal with the 

uncertainties about the discount rate, a sensitivity analysis was performed using fixed 

discount rates, ranging from 0-10%, and by decreasing discount rates, associated with 

Monte Carlo simulations. In simulations, each discount rate was considered 

independently and, as in the earlier step, with 5,000 interactions. For simplicity, this 

work assumed that the discount rates ri and rE are the same (124). 

 

Table 23 – Varying discount rates (151–153). 
Christian Gollier t ≤ 30 years, ri=5% and t ≥ 31years, ri = 2%  

Oxera Consulting 

t ≤ 30years, ri=3.5%  
31 years ≤ t ≤ 75 years, ri = 3%  
76 years ≤ t ≤ 125 years, ri = 2.5%  
126 years ≤ t ≤ 200 years, ri = 2% 
201 years ≤ t ≤ 300 years, ri = 1.5% 
t ≥ 301 years, ri=1%  

Lebégue Report 
t ≤ 30years, ri=4%  
t > 30 years, 𝑟𝑟𝑖𝑖 = �(1.0430 1.02(𝑡𝑡−30))𝐼𝐼 − 1 
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Figure 50 – Varying discount rates over two hundred years. 

 

 

RESULTS AND DISCUSSION 

4.3.1 – Total costs 

The results of the calculation, with a 0% discount rate, are represented in a boxplot in 

Figure 51 and Figure 52. The total back-end fuel cycle costs calculated for the 

reference case are lower for the OFC route than that of the CFC route, as expected. 

The total estimated cost for the CFC is between 2.5 and 3 times greater than the costs 

of the OFC. The difference is primarily the result of the cost of reprocessing facilities. 

According to OECD/NEA (124), the costs of an integrated reprocessing plant, albeit 

large, are “paid back” by the savings in fresh fuel requirements. Given the history of 

difficulties faced by the Brazilian government to support the national nuclear projects, 

it would be preferable, from a purely economic point of view, the signing of international 

agreements for the reprocessing of the Brazilian SNF. This choice would be more 

advantageous for the following reasons: the Brazilian nuclear area faces historical 

financing difficulties, and it is not clear whether there is a political will to implement a 

high-cost facility to supply a small nuclear program. The life cycle costs of an integrated 

reprocessing plant are estimated to be between $19.2 Billion to $57.1 Billion, 
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depending on the scenario chosen. In comparison, the construction cost of CNAAA's 

plants - Angra 1, Angra 2, and Angra 3 - is estimated at $23.5 Billion34 (135). 

Figure 51 – Total back-end costs – OFC route. 

 

Figure 52 – Total back-end costs – CFC route. 

 
 

34 The original amount is R$ 51.3 billion in 2018 and was updated by the IPCA inflation index to the 
value of 12/2019 at R$ 53.6 billion and converted by the 2019 power purchase parity index (PPP) of 
2,281 R$/US$. 
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In addition to the total cost estimate, an additional amount for contingencies was 

estimated, as shown in Table 24. Except for the ANGRA+8 scenario, this amount is 

between  $5.32 - 5.59 billion. For the ANGRA+8 scenario, the amount is between 

$8.90 - 9.77 billion. The histograms for the total cost estimations for each scenario are 

available in Appendix C. 

 

Table 24 – The net present cost of implementation of different back-end strategies is $2019 
Billion. 

 ANGRA1&2 ANGRA3 ANGRA+8 
OFC CFC OFC CFC OFC CFC 

Mean 12.84 31.92 14.29 44.36 27.62 83.71 
Standard 
Deviation 3.66 4.00 3.77 4.13 6.24 7.21 

95% CI (±) 0.10 0.11 0.10 0.11 0.17 0.20 
P90 18.16 37.51 19.66 49.91 36.52 93.48 

Supplementary 
Amount 5.32 5.59 5.37 5.55 8.90 9.77 

 

Figure 53 shows the result of the sensitivity analysis and shows the variation in the 

average cost as a function of the variation in the values of the cycle components. In all 

cases analyzed, the installations with the greatest influence on the cost of the back-

end are the geological repository and the reprocessing plant.  
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Figure 53 – Change in Output Mean Across Range of Input Values at a 0% discount rate. a) 
ANGRA1&2 OFC; b) ANGRA1&2 CFC; c) ANGRA3 OFC; d) ANGRA3 CFC; e) ANGRA+8 

OFC; f) ANGRA+8 CFC. 
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4.3.2 – LCOE 

In addition to the total cost, the LCOE was calculated for the scenarios, shown in Figure 

54 and Figure 55. The LCOE cost is an interesting indicator because it allows 

estimating the full cost of nuclear energy generation in Brazil. As stated before, 

Brazilian law does not require the entity generating the nuclear waste to keep a 

dedicated fund to pay for the disposal of waste. The entity must reimburse the future 

expenditure of the disposal facilities, which is the responsibility of CNEN. Eletronuclear 

currently keeps a fund to cover the decommissioning expenses of the plants based on 

the amount received from the sale of electricity. 

 

The unit variable cost35 (Portuguese: Custo Variável Unitário – CVU) of the Angra 1 

and Angra 2 NPPs is 13.90 $2019/MWh and 8.82 $2019/MWh. The average value 

weighted by the capacity of the plants is 10.46 $2019/MWh. In the OFC route, for a null 

discount rate, only the ANGRA+8 scenario has a flat cost below the average CVU 

value of the current NPPs and the CVU value of the Angra 2 NPP. The ANGRA3 

scenario reaches this level with a discount rate higher than 1% while the ANGRA1&2 

scenario with a discount rate above 1.8%. The LCOEs for variable discount rates are, 

in all scenarios, with values between 1.6 and 3.2%.  

 

 
35 The CVU is the cost per unit of energy produced by a thermoelectric plant. 
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Figure 54 – Sensitivity of the LCOE to the discount rate – OFC Route. 

 

 

In the case of the CFC route, all scenarios present an LCOE higher than the average 

CVU, while the discount rate is less than 9.5%. The ANGRA+8 scenario is discarded 
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ANGRA+8 scenario, it is seen that from a discount rate of 2% to 6%, the calculated 

LCOE showed an increase. This occurs with the increase in the contribution of the 

facilities that are built at the beginning of the scenarios, such as the interim storage 

facilities and the reprocessing plant, as shown in Figure 55. 
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Figure 55 – Sensitivity of the LCOE to the discount rate – CFC Route. 
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a stabilization of values for higher discount rates, as observed by the ANGRA 1&2 OFC 

and ANGRA 3 OFC scenarios in Figure 56. The second behavior is similar to the first, 

there is LCOE values decrease with increasing discount rates, as observed by the 

ANGRA +8 OFC scenario (Figure 56) and by all scenarios shown in Figure 57. 

However, instead of stabilizing, the LCOE values grow again with the increase in the 

discount rate. These behaviors are linked to the decrease in energy generated in the 

future, associated with the increase in the discount rate, as well as the influence of the 

construction costs of facilities built in the initial period of the analysis, which is 

insensitive to the discount rate. 

 

Figure 56 – Sensitivity of the LCOE for the electricity generation beginning in 2019 to the 
discount rate – OFC Route. 

 

 

0 1 2 3 4 5 6 7 8 9 10
0.0
2.5
5.0
7.5

10.0
12.5
15.0
17.5
20.0
22.5
25.0
27.5
30.0
32.5
35.0
37.5
40.0

G

O L

G

O L

G LO

OFC

LC
O

E 
(U

SD
20

19
/M

W
h)

Discout rate (%)

 ANGRA 1&2   ANGRA 3    ANGRA +8
G - Gollier               O - Oxera         L - Lebégue

Angra 1 NPP
($13.9)

Mean ($10.46)
Angra 2 NPP
($8.82)



CHAPTER 4. COST ESTIMATION OF THE BRAZILIAN NUCLEAR FUEL CYCLE 
BACK-END   146 

Figure 57 – Sensitivity of the LCOE for the electricity generation beginning in 2019 to the 
discount rate – CFC Route. 
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CONCLUSION 

This chapter sought to estimate the costs of the nuclear fuel cycle back-end associated 

with the uncertainties of the Brazilian fuel cycle. To deal with the lack of concrete 

predictions, different options for expanding the Brazilian nuclear energy system were 

considered.  

 

The net present cost of implementation increases as the size of the systems increase. 

However, despite the higher uncertainty ranges in the costs of small-sized systems, 

they have higher LCOE when compared to larger-sized systems, which become more 

evident as the discount rate decreases. The CFC has a higher LCOE due to 

reprocessing, which always presents the highest costs of the back end. For the OFC, 

the highest back-end costs are due to the repository or interim storage depending on 

the discount rate applied. Long-term facilities costs, such as the repository, decrease 

with the increase in the discount rate since they are implemented later.  

 

The Monte Carlo analysis and the sensitivity analysis resulted in a ROM estimate of 

the implementation costs and specific costs to deal with the uncertainties of the 

scenarios. A well-planned nuclear policy considering the results presented could 

reduce the costs of the fuel cycle back-end. Also, such results can be useful for 

strategies and planning of the nuclear sector in the country. 
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5 – CONCLUSION 

This thesis aimed to analyze holistically the disposal of Brazilian SNF. For that, studies 

were carried out related to the thermal design of a Brazilian DGR, selection of an 

adequate area for further studies for the installation of a DGR, and, finally, the 

estimation of the related costs. 

 

Regarding the simulations of heat transfer processes, this thesis contributed to the 

determination of the minimum spacing between each SMOX canister for a range of 

temperature values for the Brazilian subsoil. Even in the case of simplified simulations, 

these results are important for the area selection processes. With the advance of 

research in the area and with the choice of a site for the construction of the Brazilian 

DGR, more complex simulations can then be carried out. 

 

The investigation of a suitable location for a DGR in Brazil used a method proposed 

for Brazil, due to the lack of criteria for the selection of a repository for HLW and SNF. 

An area of interest for future studies was identified in the municipality of Ponto Belo, 

Espirito Santo, with an area of 99 km². However, the method was designed exclusively 

for DGR in hard rocks. It is understood that for other types of rocks, a new expert 

consultation must be carried out to determine new weights. In addition, popular opinion 

must be considered, since, as described, state legislation can prevent the construction 

of a DGR and there are social movements that actively work against the 

implementation of NPPs in Brazil. It should be kept in mind that more criteria may be 

considered by ANSN in the future, and this would alter the suitability values found in 

this work. 

 

A crucial part of this work was the estimation of back-end costs in Brazil. Currently, 

Eletronuclear, despite having the responsibility to indemnify CNEN for the final 

disposal of the tailings, does not maintain a specific fund for the final disposal. There 

are two reasons: The first is that SNF is not considered nuclear waste. The second is 

that CNEN still does not have a plan for the construction of a Brazilian DGR. Funds 

accumulated for decommissioning will be insufficient for SNF or HLW disposal 
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activities as they were not created for this purpose. In the power generation and fuel 

cycle scenarios considered, it was estimated that the total cost of the back end in Brazil 

will cost between $2019 12.84 billion to $2019 83.71 billion, with the cost of the OFC being 

between $2019 12.84 billion to $2019 27.62 billion, while the CFC will cost between $2019 

31.92 billion to $2019 83.71 billion. Given the significantly higher costs of the CFC and 

the historical difficulties in financing nuclear activities in Brazil, it is expected that, at 

least, the reprocessing of the fuel to be carried out entirely in Brazil may be abandoned. 

Considering that the OFC is officially adopted in Brazil, it is estimated that the energy 

generation cost of present and future NPPs, which are sufficient to cover the disposal 

costs, is 40% to 60% higher than the average costs of the current generation. 

 

Despite being considered a strategic area, the Brazilian nuclear sector suffers from a 

lack of definition concerning its future, as in many countries around the world. The 

costs associated with the construction of NPPs, changes in the way of planning the 

electrical system, and the fear associated with nuclear accidents are obstacles for the 

sector. Although the Brazilian government is still planning and considering the use of 

nuclear energy, the sector faces financing data, making it impossible to predict the 

number of NPPs to be built by the end of the century. In addition, there are gaps in 

Brazilian legislation related to the backend of the nuclear fuel cycle caused by political 

inaction, such as the formal and legal definition of the fuel cycle to be adopted, since 

so far there are only indications about the adoption of SNF reprocessing. It was, 

therefore, necessary to adopt a series of assumptions, such as the type of rock to be 

adopted by the nuclear waste disposal program or the type of SNF to be disposed of, 

so that this work could be carried out. Consequently, the conclusions of this study must 

be carefully analyzed given the various assumptions made and the uncertainties 

related to the Brazilian civil nuclear program. 
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APPENDIX A – CALCULATION OF THE SUBSURFACE TEMPERATURE 

 

An important part of the SNF heat transfer simulation is the determination of the 

thermal and temperature properties of the host rock. As shown in Figure 21, for a given 

geometric configuration of the SNF disposal panel, at each every 1ºC of enhancement 

in host rock temperature, is observed an increase of 1ºC maximum temperature at the 

surface of the canister. In this way, locations with a lower geothermal gradient and, 

consequently, lower rock temperatures in the depth of the repository are preferable. 

 

Therefore, the temperature of the Brazilian subsoil rocks at the depth, 500m, of the 

repository was calculated. The calculation was made with the help of the work by 

Hamza et al, who compiled data on the thermal properties of the Brazilian subsoil. This 

work has the temperature gradients, thermal conductivity, heat flux, and radiogenic 

heat production of 406 sites in Brazil. Figure 58 shows the location of the measurement 

points. In addition, data on the average surface temperature observed in 2020 were 

used, from a total of 700 meteorological collection stations throughout Brazil, as shown 

in Figure 59 

Figure 58 – Location of the heat data source. Adapted from (64). 

 



APPENDIX A – CALCULATION OF THE SUBSURFACE TEMPERATURE 166 

Figure 59 – Location of the surface temperature data source. Adapted from (65). 

 

 

With the raw data, interpolations were performed to estimate the distribution of thermal 

properties in Brazil. It should be noted that especially for the Midwest and North, there 

are large regions without direct measurement of properties, which affects the quality of 

the interpolation. The interpolation was performed with the help of ArcMap 10.60.1 and 

geostatistical analyst tools. The Empirical Bayesian Kriging tool was used for all cases. 

We chose to use this tool for the following reasons (154): 

• Requires minimal interactive modeling. 

• Standard errors of prediction are more accurate than other kriging methods. 

• Allows accurate predictions of moderately nonstationary data. 

• More accurate than other kriging methods for small datasets. 

 

During the interpolation process, the properties shown in Table 25 were used for the 

geostatistical interpolation of the data. 
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Table 25 – Properties for the Empirical Bayesian Kriging tool. 

Properties Conductivity Heat 
Flow 

Mean 
Surface 

Temperature 

Geothermal 
Gradient 

Radiogenic Heat 
Production 

Subset Size 500 
Overlap Factor 5 

Nº of Simulation 1000 
Transformation Empirical 
Semivariogram 

Type K-Bessel Detrended K-Bessel Whittle Detrended 

 

It is important to emphasize that geostatistical interpolation techniques, such as 

kriging, depend on the notion of autocorrelation. Autocorrelation is assumed to be a 

function of distance, taking as a true one of the basic principles of geography: things 

close together are more similar than things that are far apart. Geostatistical techniques, 

therefore, use information from the spatial location of the parameters to calculate the 

distances between observations and model the autocorrelation as a function of 

distance. Even with a considerable number of observations used, the values estimated 

in this work should be used with care, given the large distance between each 

observation and the different lithologies existing between then in the Brazilian territory. 

 

The Brazilian thermal conductivity has values between 1.88 W/mK and 3.16 W/mK. 

The lowest values found are in two anomalies in the North region. The highest values 

are found in the states of Minas Gerais and the interior of Bahia. Figure 60 shows the 

thermal conductivity map of Brazil. 
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Figure 60 – Thermal conductivity map of Brazil. 

 

 

The variation of heat flux in Brazil is exceptionally large. Values range between 36.06 

W/m² and 105.62 W/m². The state of Rio de Janeiro is marked by low heat fluxes, while 

the state of Ceará is marked by high thermal conductivity values. Figure 61 shows the 

thermal heat flux map of Brazil.  
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Figure 61 – Heat flow map of Brazil. 

 

 

The highest values of radiogenic heat production area in the interior of the Bahia, in 

Goiás, and the eastern portion of Rio Grande do Sul. The Bahian anomaly is located 

near the uranium deposit of Caetité. Figure 62 shows the map of radiogenic heat 

production in Brazil. 
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Figure 62 – Radiogenic heat production map of Brazil. 

  
 

Brazil is marked by low values of the geothermal gradient. Most of the country has 

values around 25ºC/km. Rio de Janeiro has the lowest values of the geothermal 

gradient, close to 16ºC/km. Three places are marked by large grids, the state of Ceará, 

the border region between Minas Gerais and Goiás, and the border region between 

São Paulo and Rio de Janeiro. Figure 63 shows the map of the Brazilian geothermal 

gradient. 
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Figure 63 – Geothermal gradient map of Brazil. 

 

 

Another essential piece of information is the average surface temperature in Brazil. 

Brazil can be divided into three regions. The first, concentrated in the north and 

northeast region, has the highest average annual temperatures, with temperatures 

above 26ºC. The second, with intermediate average temperatures, is in the Southeast 

and Midwest regions. The latter in the southern region has the lowest average annual 

temperatures, below 20ºC. Figure 64 shows the map of the 2020 average annual 

temperature of Brazil. 
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Figure 64 – Mean surface temperature of 2020 map of Brazil. 

 

 

 

Based on these data, it is possible to calculate the temperature of the Brazilian subsoil 

at different depths. Temperatures were calculated for the upper limit of the model in 

chapter 01, 475 m; for the repository tunnel depth, 500m; and for the lower limit of the 

model, 532.5m. The temperature is calculated using the formula (155): 

 

𝑇𝑇𝑧𝑧 =
𝑞𝑞0 ∗ 𝑧𝑧
𝜆𝜆

−
𝐴𝐴0 ∗ 𝑧𝑧2

2𝜆𝜆
+ 𝑇𝑇0 (20) 

 

Where Tz is the crust temperature in ºC, q0  is the heat flux in W/m², z is the depth in 

m, λ is the thermal conductivity in W/mK, A0  is the radiogenic heat production mW/m³, 

and T0 is the mean surface temperature in ºC. The results are shown in Figure 65, 

Figure 66, and Figure 67. 

 



APPENDIX A – CALCULATION OF THE SUBSURFACE TEMPERATURE 173 

Figure 65 – Rock temperature at 475 m depth map of Brazil. 

 

 

Figure 66 – Rock temperature at 500 m depth map of Brazil. 
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Figure 67 – Rock temperature at 532.5 m depth map of Brazil. 
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APPENDIX B – DISTRIBUTION CURVES FOR THE INPUT DATA 

 

Figure 68 – Interim storage ANGRA1&2 OFC. 

 
 
 

Figure 69 – Encapsulation plant ANGRA1&2 OFC. 
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Figure 70 – Repository ANGRA1&2 OFC. 

 
 
 

Figure 71 – Transport ANGRA1&2 OFC. 
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Figure 72 – Interim storage ANGRA3 OFC. 

 
 
 

Figure 73 – Encapsulation plant ANGRA3 OFC. 
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Figure 74 – Repository ANGRA3 OFC. 

 
 
 

Figure 75 – Transport ANGRA3 OFC. 
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Figure 76 – Interim storage ANGRA+8 OFC. 

 
 
 

Figure 77 – Encapsulation plant ANGRA+8 OFC. 
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Figure 78  – Repository ANGRA+8 OFC. 

 
 
 

Figure 79 – Transport ANGRA+8 OFC. 
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Figure 80 – Interim storage ANGRA1&2 CFC. 

 
 

Figure 81 – Reprocessing plant ANGRA1&2 CFC. 
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Figure 82 – Encapsulation plant ANGRA1&2 CFC. 

 
 

Figure 83 – Repository ANGRA1&2 CFC. 
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Figure 84 – Transport ANGRA1&2 CFC. 

 
 

Figure 85 – Interim storage ANGRA3 CFC. 
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Figure 86 – Reprocessing plant ANGRA3 CFC. 

 
 

Figure 87 – Encapsulation plant ANGRA3 CFC. 
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Figure 88 – Repository ANGRA3 CFC. 

 
 

Figure 89 – Transport ANGRA3 CFC. 
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Figure 90 – Interim storage ANGRA+8 CFC. 

 
 

Figure 91 – Reprocessing plant ANGRA+8 CFC. 
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Figure 92 – Encapsulation plant ANGRA+8 CFC. 

 
 

Figure 93 – Repository ANGRA+8 CFC. 
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Figure 94 – Transport ANGRA+8 CFC. 
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APPENDIX C - DISTRIBUTION CURVES FOR THE OUTPUT DATA 

Figure 95 – Total cost histogram – ANGRA1&2 OFC. 

 

 

Figure 96 – Total cost histogram – ANGRA3 OFC. 
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Figure 97 – Total cost histogram – ANGRA+8 OFC. 

 

 

Figure 98 – Total cost histogram – ANGRA1&2 CFC. 
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Figure 99 – Total cost histogram – ANGRA3 CFC. 

 

 

Figure 100 – Total cost histogram – ANGRA+8 CFC. 
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APPENDIX D - BACK-END COST BREAKDOWN FOR ALL SCENARIOS 

 
Figure 101 – Back-end cost breakdown for ANGRA1&2 OFC scenario. 

 
 
 

Figure 102 – Back-end cost breakdown for ANGRA1&2 CFC scenario. 
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Figure 103 – Back-end cost breakdown for ANGRA3 OFC scenario. 

. 
 
 

Figure 104 – Back-end cost breakdown for ANGRA3 CFC scenario. 
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Figure 105 – Back-end cost breakdown for ANGRA+8 OFC scenario. 

 
 
 

Figure 106 – Back-end cost breakdown for ANGRA+8 CFC scenario. 
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ANNEX A - STATUS OF NATIONAL WASTE DISPOSAL PROGRAMMES 

Table 26 – Status of national waste disposal programs. Adapted from(156). 
        (continues) 

Country Name of organization Long-term management strategy Status Type of geology 
Argentina N/A No decision N/A N/A 
Armenia N/A No decision N/A N/A 

Belgium 
National Agency for Radioactive 

Waste and Enriched Fissile 
Materials (ONDRAF/ NIRAS) 

No decision Decided to build a deep 
geological repository N/A 

Brazil Comissão Nacional de Energia 
Nuclear (CNEN) No decision N/A N/A 

Bulgaria N/A No decision N/A N/A 

Canada Nuclear Waste Management 
Organization (NWMO) 

Deep geological repository for used 
nuclear fuel 

Active site selection 
process 

Crystalline and 
sedimentary 

China China National Nuclear 
Corporation (CNNC) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Active site selection 
process Crystalline 

Croatia   No decision     
Czech 

Republic 
Radioactive Waste Repository 

Authority (SÚRAO) 
Deep geological repository for used 

nuclear fuel and high-level waste 
Early site selection 

process Crystalline 

Finland Posiva Deep geological repository for used 
nuclear fuel Construction underway Crystalline 

France 
French National Agency for 

Radioactive Waste Management 
(ANDRA) 

Deep geological repository for used 
nuclear fuel and high-level waste Site selected Sedimentary 

Germany Bundesgesellschaft für 
Endlagerung (BGE) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Active site selection 
process 

Crystalline, sedimentary, 
and salt 

Hungary 
Public Limited Company for 

Radioactive Waste Management 
(PURAM) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Active site selection 
process Clay 
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        (continues) 
Country Name of organization Long-term management strategy Status Type of geology 

India India Atomic Energy 
Commission (AEC) 

Deep geological repository for high-
level waste 

Active site selection 
process 

Crystalline, sedimentary, 
and basalt 

Iran N/A No decision N/A N/A 
Italy   No decision     

Japan Nuclear Waste Management 
Organization of Japan (NUMO) 

Deep geological repository for high-
level waste 

Active site selection 
process 

Crystalline and 
sedimentary 

Mexico   No decision     

Netherlands Central Organization for 
Radioactive Waste (COVRA) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Decided to build a deep 
geological repository Salt and clay 

Pakistan   No decision     

Romania Nuclear and Radioactive Waste 
Agency (ANDR) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Early site selection 
process 

Salt, clay, crystalline, 
and green schists 

Russia 
National Operator for 

Radioactive Waste Management 
(NO RAO) 

Deep geological repository for high-
level waste Site Selected Crystalline 

Slovakia Nuclear Regulatory Authority of 
the Slovak Republic (UJD SR) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Active site selection 
process 

Crystalline and 
sedimentary 
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        (conclusion) 
Country Name of organization Long-term management strategy Status Type of geology 

Slovenia Agency for Radwaste 
Management (ARAO) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Decided to build a deep 
geological repository N/A 

South Africa National Radioactive Waste 
Disposal Institute (NRWDI) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Decided to build a deep 
geological repository N/A 

South 
Korea 

Korea Radioactive Waste 
Agency (KORAD) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Decided to build a deep 
geological repository N/A 

Spain National Company of 
Radioactive Waste (ENRESA) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Decided to build a deep 
geological repository Crystalline, clay and salt 

Sweden 
Swedish Nuclear Fuel and 

Waste Management Company 
(SKB) 

Deep geological repository for used 
nuclear fuel 

Submitted a licensing 
application to build a 

repository 
Crystalline 

Switzerland 
National Cooperative for the 

Disposal of Radioactive Waste 
(NAGRA) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Active site selection 
process Clay 

Taiwan Institute of Nuclear Energy 
Research (INER) 

Deep geological repository for used 
nuclear fuel 

Early site selection 
process Crystalline 

Ukraine 
State Agency of Ukraine on 

Exclusion Zone Management 
(SAUEZM) 

Deep geological repository for high 
and intermediate level waste 

Decided to build a deep 
geological repository 

Crystalline, 
Clay and Salt 

United 
Kingdom 

Radioactive Waste Management 
Limited (RWM) 

Deep geological repository for used 
nuclear fuel and high-level waste 

Active site selection 
process 

Crystalline, sedimentary, 
and salt 

United 
States Department of Energy (DOE) Deep geological repository for used 

nuclear fuel and high-level waste 
Decided to build a deep 

geological repository N/A 
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ANNEX B - OVERNIGHT AND O&M COSTS OF BACK-END FACILITIES 

 

Figure 107 – Interim storage facility: Overnight investment costs (124). 

 

 

Figure 108 – Interim storage facility: O&M costs (124). 
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Figure 109 – Integrated reprocessing plant: Overnight investment costs (124). 

 

 

Figure 110 – Integrated reprocessing plant: O&M costs (124). 
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Figure 111 – SNF encapsulation plant: Overnight investment costs (124). 

 

 

Figure 112 – SNF encapsulation plant: O&M costs (124). 
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Figure 113 – Geological repository: Overnight investment cost (124). 

 

 

Figure 114 – Geological repository: Annual O&M costs (normalized for 60 years of operation) 
(124). 
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Figure 115 – Geological repository: Closure costs (124). 

 

 

Figure 116 – Specific transport costs (124). 
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