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APRESENTAÇÃO

A obra “O Meio Ambiente Sustentável 2” possui 21 capítulos com temáticas 
importantes, que evidenciam a sustentabilidade como a condição de processo viável no 
presente e no futuro. Visando uma harmonia entre as necessidades de desenvolvimento 
e a preservação ambiental, sempre focando em não comprometer os recursos naturais 
das futuras gerações.

A sustentabilidade está atrelada à crescente demanda do avanço mundial, pelo 
surgimento da necessidade de ampliar estudos que apresentem alternativas de uso dos 
recursos presentes no ambiente de maneira responsável, sem comprometer os bens e os 
sistemas envolvidos. Buscando minimizar os impactos, desenvolver a responsabilidade 
ambiental e fortalecer o crescimento sustentável. Pensar em desenvolvimento aliado à 
sustentabilidade, envolve aspectos econômicos, sociais e culturais.

Dessa forma, as pesquisas científicas presentes na presente obra, explanam o 
emprego de sistemas sustentáveis através de levantamentos de consumo, leis, construção 
civil, economia, gerenciamento e educação ambiental, entre outros diversos fatores em 
progresso. Os autores esperam contribuir com conteúdos pertinentes para proporcionar 
auxílio técnico, científico e construtivo ao leitor, como também demonstrar que a 
sustentabilidade é uma ferramenta importante, tornando-se uma aliada do crescimento. 
Desejamos uma boa leitura!

Raissa Rachel Salustriano da Silva-Matos
Analya Roberta Fernandes Oliveira

Samia dos Santos Matos
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ABSTRACT: The demand for reduction of 
carbon dioxide emissions in the processes 
of electricity generation and for base load 
electricity production turns nuclear power into 
a major component of the energy mix of the 
current century. Such an increase on the share 
of nuclear power participation in electricity 
production, particularly in the developing 
countries, will cause an increase on the 
generation of irradiated nuclear fuel. Therefore, 
management policy to deal with that radioactive 

material is necessary for defining the viability of 
either the geological repository or the recycling of 
the used nuclear fuel. That problem, particularly 
important for the environmental management 
and nuclear energy communities, is of interest of 
the whole population and must be approached 
systematically. In this Chapter, we present a 
study of the levelized cost of electricity, which is 
a basic quantitative tool for investigating the cost 
of power production, to perform a comparative 
analysis between the viability of either building 
geological repositories or recycling the used 
nuclear fuel.
KEYWORDS: LCOE; spent nuclear fuel

ANÁLISE DE CUSTO NIVELADO: UMA 

FERRAMENTA DE ESTUDO DE VIABILIDADE 

ECONÔMICA DE USINAS NUCLEARES

RESUMO: A demanda por redução das 
emissões de dióxido de carbono nos processos 
de geração de eletricidade, somada à demanda 
por energia firme (constantemente disponível), 
fazem da matriz nuclear um componente 
central da cesta energética mundial durante 
este século. Esse aumento da participação 
da matriz nuclear, especialmente na cesta 
energética de países em desenvolvimento, 
ocasionará o incremento na quantidade de 
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combustível irradiado. Destarte, é necessário desenvolver uma política de gerenciamento 
resíduo radioativo que defina as condições de viabilidade do armazenamento geológico ou 
a reciclagem do combustível usado. Esse problema, particularmente caro às comunidades 
atuantes em gestão ambiental e energia nuclear, afeta toda a população e deve ser tratado 
sistematicamente. Neste Capítulo, apresentamos um estudo da análise nivelada do custo de 
geração de eletricidade, uma ferramenta básica de análise de custo de produção energética, 
comparando o armazenamento e a reciclagem do combustível irradiado. 
PALAVRAS-CHAVE: LCOE; combustível nuclear usado; 

  

1 |  INTRODUCTION

The increasing demand for electricity by developing countries and the need for 
decarbonizing the global energetic mix will demand an increasing on the use of nuclear 
power. Hence, the amount of used nuclear fuel will be increased and that will lead society 
towards the search of a solution for nuclear fuel management by either storaging or 
recycling. This subject is important to be approached since it has environmental, social 
and economical implications. Naturally, there will be concerns about the destination to 
be given to the spent fuel as nuclear energy generation increases. In a scenary where 
pacific usage is ensured, as widely discussed by International Atomic Energy Agency of 
UN (IAEA-UN, 2008), a central discussion is on the choice between recycling or storaging 
the irradiated fuel.

The search for a solution for the spent nuclear fuel is likely to demand efforts from 
multiple nations to develop technically and economically viable approaches for this issue 
(IAEA-UN, 2008) (EASAC, 2014). The multilateral efforts are expected to reduce concerns 
with proliferation caused by spent fuel management. Another important goal is to maximize 
the benefits obtained from use of natural resources and to reduce the volume of radioactive 
materials to be shielded and safely displaced. The reduction of the volume of spent nuclear 
fuel and their half-life may be achieved by transmutation of the actinides composing them 
by means of economically viable advanced techniques (Soria et al., 2013) (OECD, 1994).

Two options for managing spent fuel have recently been highlighted: deposition in 
long-term geological repositories (open fuel cycle) and reprocessing (closed fuel cycle). 
The choice of one of the two alternatives depends on their economic viability (Soria et 
al., 2013) (Idaho National Lab, 2010) (Harvard University, 2003). One element of that 
comparison is the establishment of a cut-off criteria to determine the threshold at which 
uranium reprocessing becomes attractive in comparison with its deposition in geological 
repositories (Harvard University, 2003). The literature has some example of analysis 
investigating the most preferable destination to the spent nuclear fuel. Therefore, this 
manuscript reports our efforts to understand the comparative analysis of multiple energy 
sources based on levelized cost of electricity generation. Our analysis considers the   
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aiming to establish a method for evaluating the economic viability of different destinations 
to spent nuclear fuel. 

2 |  LEVELIZED COST OF ELECTRICITY

Here we are interested on learning how to evaluate the economical differences 
between recycling or storaging used nuclear fuel accordingly with Ref. (Penalonga et al. 
2016). For that evaluation we consider the levelized cost of electricity (LCOE).  In brief, 
LCOE is an economical approach for depreciation that allows us to compute the cost 
per MWh of a given power source based on its whole lifetime, from construction through 
operation until decommissioning. It is a standard methodology for evaluation of economical 
viability of new power plants. However, because it assumes a deterministic scenario along 
3 decades, alternative approaches are necessary to quantify the unavoidable externalities 
common to all power sources or specifi c to each one of them (Guimarães, 2019). Such an 
analysis is beyond the scope of our contribution as it is an ongoing research project. Hence, 
in this Chapter we give an introduction to the LCOE as a starting point for comparative 
analysis of among power sources. 

The levelized cost electricity is the net present value of the unit-cost over the lifetime 
of a given facility and it is denoted L. Here L is decomposed into two components the 
front-end and back-end levelized costs. The front-end elements are the fuel used by the 
facilities. Let us consider the case of nuclear power plant, then, the enriched uranium is 
the front-end component. After being used for electricity generation, the uranium will go 
through several stages until it is permanently stored. These steps are back-end fl ames 
and include: temporary storage, reprocessing, recycling and fi nal disposal. The front-end 
levelized cost is related with the costs of mining, converting, enrichment and manufactoring 
uranium into nuclear fuel and is denoted by L1.  The back-end costs are related with the 
initial investment and maintainence of the facility and will be indicated by L2. Then we set 
L as 

To compute L1 we consider the cost of obtaining the assembled fuel for usage by the 
nuclear power plant per amount of generated power, namely $/MWh. That demands the 
calculation of the costs of natural uranium mining (denoted by n1), conversion (denoted by 
n2), enrichment (denoted by n3) and fuel manufacturing (denoted by n4) and the costs of 
recycled uranium enrichment (denoted by r1) and manufacturing fuel (denoted by r2) when 
it is the case. Then L1 becomes
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where the quantities cn and cr are the factors that have units kg/MWh and is used for 
converting the costs from $/kg to $/MWh.  

We now compute L2 and consider the calculus of net present values of investments, 
closure, maintainence and transport. We consider the following investments and costs 
related with the operation of a given power facility all given in monetary units $. The 
investment of a given facility is the amount of capital initially employed to make it 
operational, it is denoted by I. The closure cost of the facility is the capital necessary for 
decomissioning the facility and is denoted by C. This analysis considers the following 
investments and costs generated by the facility with levelized present cost given by L with 
back-end costs denoted by  L1 and front-end costs, L2. We indicate the investment, costs 
of closure, operation/maintenence and transport of a facility, respectively by I, C, M and T. 
Back-end investments are precifi ed accordingly with a discount rate i. The capital recovery 
factor (CRF) of invested capital on starting and closure of the facility is denoted by r and 
the discount factor for computing the present values of investments is indicated by d. And 
last the conversion factor of periodical costs for operating the facility are denoted by s. We 
write L2 as  

and L2 as the summation of the costs of the fuels used for power production 
considering their price per kg and their electricity generation capacity in kg/kWh. r
is computed considering that the return of the investiment is done by means of yearly 
periodical payments during the whole period N during which the facility generates profi t 
and it is given by 

and notice that one may compute the limit of r as i goes to zero considering the 
binomial of the component (1+i)N. At this limit we have:

and r0 is inversely proportional to N. The CRF is used to compute the present values 
of both the initial investments and operational costs of the facility. Now we consider the 
discount factor is a factor given by 
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which is used for computing the present value related to the complete time during 
which the power plant remains operational, which is indicated by t0. And last we consider 
the costs during which the facility is operational which present value is computed using the 
conversion factor given by:

and those expenditures are mainly spent with operation, maintenance and 
transportation. 

One inspecting the equation defi ning L2 notices that the CRF is a factor multiplying each 
of its components and governs the value of L accordingly with the value of N. Therefore, 
to understand the behavior of L accordingly with the value CRF one may investigate its 
behavior accordingly with variations on N depending on the value of the discount rate i. 
We evaluate it considering the ratio R between the fi rst order derivatives dr/dN and dr0/dN 
that results 

and another element affecting L is the discount factor, given by d. Let us consider the 
condition for i not null and compare both r and d such that

which enables us to understand which factor between r and d is the most important 
on determining the back-end costs.

3 |  RESULTS

Figure 1:  The values of R are plotted as function of N for multiple values of i, where i =0.03, 0.06, 0.09, 
0.2 for lines of colors blue, red, green and brown, respectively. For R(N,i) < 1 we have that the CRF 

decreases faster when i = 0 than for i ≠ 0. Note that for  i1 < i2 < i3  < i4  and N fi xed one has  R(N, i1) > R(N, 
i2) > R(N,i3) > R(N,i4).  
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Figure 1 shows some scenarios for the ratio R. Each line corresponds to a given 
discount rate and the horizontal axis has a variation on the operational time of the facility.  
R is smaller than one for all values of the discount rate and operational lifetime of the facility 
and it implies that the cost is less affected by a non-null discount rate. Although studies 
evaluating investiments on long term projects in general use a discount rate between 0 and 
3% per year here we also consider the possibility of having i=6%, 9%, and the absolutely 
unrealistic 20% scenario. The latter has didatical purposes and helps us to understand 
how the cost stops being affected as the facility lifetime grows towards 100 years. The 
6% discount rate per year may sound unreasonable but for Brazil it makes sense because 
the basic discount rate is currently 9.25% per year and the inflation acumulated during the 
last 12 months in Brazil is about 3%. Notice that the cost goes down whenever one has a 
longer lifetime for the facility. This analysis confirms that the longer the lifetime of a facility, 
the better it is.

Figure 2: the ratio between the CRF and discount factor for non-null discount rate is shown. We 
consider i=3% per year and three different values for t0=40, 60, 80 years being respectively indicated by 

the blue, red and green lines. Notice that the discount factor is greater than CRF for all values of t0.

Figure 2 shows the comparison between CRF and the discount factor for a non-null 
discount factor i. That comparison helps to understand which of those factors has a stronger 
impact on levelized cost. Note that for the time range that we considered for the lifetime of 
the power facility and for the values of t0 one has that CRF is always less important than 
the discount factor on determining L2. A second aspect is that the importance of CRF is 
reduced if the value of N becomes greater than the importance of CRF on determining the 
levelized cost grows. Secondly, one may also investigate the importance of having t0<N 
or t0>N and the figure shows that the contribution of CRF falls faster for the first case than 
for the second. For example, if we consider t0=40 years the influence of CRF falls slower 
than for the case when and the operational lifetime is 80 years. Indeed, that can be viewed 
algebraically by evaluating the first derivative of r/d in relation N which results into 
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notice that r/d it is always negative and that term (1 + i)t0-N being greater than one 
increases the absolute value of the derivative for t0>N or reduces it otherwise.

Figure 3: the product between the CRF and discount factor for non-null discount rate is shown. We 
consider i=3% per year and three different values for t0=40, 60, 80 years being respectively indicated 
by the blue, red and green lines. Notice that the infl uence of this component on the levelized cost is 

reduced as t0 increases.

Figure 3 shows the product between CRF and the discount factor and how it infl uences 
the levelized cost. Notice that it falls slowly accordingly with the increase of N. Notice that 
the higher the value of t0 the smaller the cost and it is minimal for the condition when 
t0=N=80 years. This is important because establishes the time for building the back-end 
facility as being the same as the power facility lifetime. However, if the back-end facility 
starts being operational during the power facility’s lifetime, than the longer the power facility 
is operational the smaller is its impact on levelized cost as one may notice by inspection 
of the blue line.  

4 |  CONCLUSION

In this manuscript we presented a study to understand the LCOE method by employing 
it in a comparative analysis of the economic viability of the geological storage and the 
recycling of the nuclear fuel. We considered how the CRF and the discount factor affects 
the levelized cost of a given power facility. We also have implemented the computational 
machinery necessary for a comparative evaluation of economic costs involved on both the 
geological storage and the recycling of spent nuclear fuel strategies. Therefore, a next step 
is to complement our evaluation by means of real world data and inclusion of externalities.
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