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Abstract
The Brazilian electric sector is undergoing a structural transformation due to the ex-
pansion of the free energy market (ACL). The migration from the regulated market
(ACR) to the ACL has led many electricity generation companies to seek profitable and
less uncertain markets than the Short Term Market (STM), where differences between
the generated and consumed amounts of electricity are negotiated. At the same time,
the benefits offered to companies participating in the ACR market, such as priority
access to transmission lines, contribute to the joint participation of companies in the
ACR and ACL markets. Thus, models for the investment appraisal of electricity gene-
ration projects should take into account and incorporate the different characteristics
of both markets. Considering the Brazilian potential for wind energy generation, this
work studies the viability of wind energy projects that participate in these two elec-
tricity markets together. With this in mind, we carried out three studies focusing on
the following: i) identification and analysis of recent publications on the financial eva-
luation of renewable energy projects; ii) economic evaluation of wind energy projects
for different price scenarios using the traditional discounted cash flow approach com-
plemented with Monte Carlo simulation; iii) viability analysis of wind energy projects
assuming the possibility of postponing the investment from the year of the ACR mar-
ket auction and using a real options approach. The reviewed literature showed that
the traditional methods of evaluating projects, based on discounted cash flow, are very
widespread in the evaluation of renewable energy projects. The research allowed also
to conclude that the use of prices disclosed as a reference by the Brazilian authorities
can signal important information for the economic evaluation of wind energy projects
in the country. Finally, the results indicate that the volatility in the ACL market is not
sufficiently high to indubitably justify a strategy of postponing the construction of the
wind farm under the assumed future conditions.

Key-words: Renewable energy. Wind energy. Projects evaluation. Real options theory.
Brazilian electrical system.



Resumo
O setor elétrico brasileiro está passando por uma transformação estrutural devido à
expansão do mercado livre de energia (ACL). A migração do mercado regulado (ACR)
para o ACL tem levado muitas empresas de geração de energia elétrica a buscarem
mercados rentáveis e menos incertos do que o Mercado de Curto Prazo (MCP), onde
são negociadas diferenças entre as quantidades geradas e consumidas de energia elétrica.
Ao mesmo tempo, os benefícios oferecidos às empresas participantes do mercado ACR,
como o acesso prioritário às linhas de transmissão, contribuem para a participação
conjunta das empresas nos mercados ACR e ACL. Assim, os modelos de avaliação
de investimento em projetos de geração de eletricidade devem ter em consideração e
incorporar as diferentes características de ambos os mercados. Considerando o potencial
brasileiro de geração de energia eólica, este trabalho estuda a viabilidade de projetos
de energia eólica que participam desses dois mercados de eletricidade em conjunto.
Nesse sentido, realizamos três estudos com enfoque nos seguintes temas: i) identificação
e análise de publicações recentes sobre avaliação financeira de projetos de energias
renováveis; ii) avaliação econômica de projetos de energia eólica para diferentes cenários
de preços usando a abordagem tradicional de fluxo de caixa descontado complementada
com simulação de Monte Carlo; iii) análise de viabilidade de projetos de energia eólica
pressupondo a possibilidade de adiamento do investimento desde o ano do leilão de
mercado do ACR e utilizando uma abordagem de análise de opções reais. A literatura
revisada mostrou que os métodos tradicionais de avaliação de projetos baseados no
fluxo de caixa descontado são muito difundidos na avaliação de projetos de energia
renovável. A pesquisa permitiu também concluir que a utilização de preços divulgados
como referência pelas autoridades brasileiras pode sinalizar informações importantes
para a avaliação econômica de projetos de energia eólica no país. Por fim, os resultados
indicam que a volatilidade no mercado de ACL não é suficientemente elevada para
justificar indubitavelmente uma estratégia de postergar a construção do parque eólico
nas condições futuras assumidas.

Palavras-chaves: Energia Renovável. Energia Eólica. Valoração de projetos. Teoria
das Opções Reais. Sistema Elétrico Brasileiro.
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Resumo Expandido

Avaliação de investimento de projetos de energia
eólica em um mix de ambientes de mercado livre e

regulado no Brasil

Nas últimas décadas, o fornecimento de recursos naturais tem sofrido pressão

devido ao aumento da demanda decorrente do crescimento econômico e populacional

acelerado. Atualmente, aproximadamente 70% da oferta mundial de energia vem de

fontes não renováveis, como carvão e petróleo (IEA, 2020). Isso tem estimulado o sur-

gimento de novas fontes de energia renovável, alternativas e�cazes aos combustíveis

fósseis (Lei et al., 2020). Uma dessas fontes, a energia eólica, é uma grande candidata

para essa transição, dado seu potencial de redução signi�cativa de custos (Maeda and

Watts, 2019).

O Brasil já possui uma estrutura de geração de energia elétrica baseada em

energia renovável proveniente das grandes hidrelétricas construídas na década de 1960

(Bradshaw, 2017). Além disso, o Brasil possui características favoráveis para o desen-

volvimento de outras fontes renováveis, como a energia térmica obtida pela queima do

bagaço da cana, além das fontes fotovoltaicas e eólicas.

Atualmente, a energia eólica é a fonte de energia de mais rápido crescimento no

Brasil, isso ocorre pelo alto nível de ventos do país, favorável ao desenvolvimento de

usinas eólicas. Além disso, seus baixos custos de produção tornam essa fonte de geração

de energia elétrica uma opção ainda mais atraente (EPE, 2018).

As relações comerciais no setor elétrico brasileiro ocorrem basicamente em três

ambientes de comercialização: Ambiente de Contratação Regulada (ACR), Ambiente de

Contratação Livre (ACL) e Mercado de Curto Prazo (MCP), onde as diferenças entre

os valores gerados com energia elétrica são contabilizadas e utilizam como referência

o Preço de Liquidações de Diferenças (PLD). Os contratos no mercado de ACR são

�rmados entre agentes vendedores e compradores de energia que participam de leilões

públicos. Porém, no mercado ACL, esses contratos são livremente celebrados entre

os agentes. Os leilões no mercado ACR também podem ser categorizados em vários

formatos; no entanto, os principais são os leilões de energia nova e energia de reserva.

Até meados de 2018, esses dois tipos de leilões apresentavam diferenças signi�cativas

no formato de remuneração das empresas que pretendiam vender sua energia por meio

de leilões.

Os contratos de energia de reserva remuneravam as usinas pela quantidade de
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energia vendida por elas para compor uma reserva de segurança do sistema elétrico

brasileiro. Por outro lado, os contratos de energia nova possuíam um modelo de re-

muneração �xa para essas usinas até meados de 2018, e o preço estabelecido no leilão

era utilizado como base para o preço de referência da energia disponível. Enquanto a

modalidade dos contratos de energia reserva recebeu o nome de �modalidade por quan-

tidade�, a modalidade dos contratos de energia nova recebeu o nome de �modalidade

por disponibilidade�. Portanto, o risco de não geração nos contratos de energia nova

era do comprador, e a análise de viabilidade desses projetos era menos suscetível aos

riscos inerentes à variação da capacidade produtiva desses projetos.

Porém, a partir de meados de 2018, os contratos de leilões de energia nova

passaram a assumir a modalidade �por quantidade� até então exercida apenas para

contratos de energia reserva. Além disso, até 2017, as empresas que participavam de

leilões de energia nova tinham que comprometer um mínimo de 70% de sua garantia

física (energia comercializável) para o leilão de que participavam. Porém, a partir de

2017, esse compromisso mínimo passou a ser 30% da quantidade de energia quali�cada,

permitindo às usinas comercializar uma quantidade maior no mercado ACL de sua

energia elétrica produzida.

Essa mudança trouxe uma nova dinâmica ao mercado de energia no Brasil, es-

timulando as empresas a ampliar sua participação no mercado de ACL. No entanto,

como as relações comerciais nesse mercado são bilaterais e indisponíveis para consulta,

a capacidade de construir diagnósticos a partir da viabilidade econômica desses pro-

jetos tornou-se mais complexa. Este cenário evidencia a necessidade de ferramentas

capazes de estimar a viabilidade de projetos que desejam fornecer energia aos dois

mercados simultaneamente. No entanto, estimar a viabilidade considerando duas fon-

tes de receita requer o conhecimento do percentual de comprometimento do projeto

com o fornecimento de energia para cada mercado em que participa.

Com base nisso, esta tese se concentrou em três estudos complementares. No

primeiro estudo, foi realizada uma análise bibliométrica para identi�car as caracterís-

ticas dos métodos utilizados para a análise �nanceira de projetos de energia renovável

nos últimos anos. O primeiro estudo incluiu uma análise quantitativa e qualitativa de

trabalhos publicados entre 2011 e 2020 e utilizou quatro grupos de interesse: (i) méto-

dos tradicionais de avaliação de projetos, com métricas que avaliam a viabilidade dos

projetos por meio do desconto dos �uxos de caixa: Valor Presente Líquido (VPL), Taxa

Interna de Retorno (TIR), e payback; (ii) uma abordagem de análise de custos, repre-

sentada pelo custo nivelado de energia (Levelized cost of energy); (iii) retorno sobre o

investimento (ROI); e (iv) análise de opções reais.

Com a identi�cação da popularidade dos métodos baseados em �uxo de caixa

descontado, foi iniciado o segundo estudo, que utilizou o VPL e a TIR para propor um
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procedimento de cálculo de viabilidade de usinas eólicas que participaram de leilões de

energia em 2018 e 2019. O estudo calculou os resultados determinísticos e estocásticos

usando o método de simulação de Monte Carlo para identi�car a probabilidade de as

taxas de retorno dos projetos serem superiores ao Custo Médio Ponderado de Capital

(WACC) sugerida como referência pela ANEEL. Para tanto, foram utilizadas quatro

premissas de preços para o mercado ACL.

Por �m, o terceiro estudo utilizou um dos quatro preços para o mercado ACL

simulados no Estudo 2 para iniciar a simulação de preços no mercado ACL e calcular

o valor da opção real de adiamento do investimento em projetos representativos dos

leilões ocorridos em 2018 e 2019. Para isso, o estudo utilizou o método de simulação

de Monte Carlo com incertezas nos preços de mercado do ACL e na quantidade de

energia produzida para esse mercado ACL para identi�car a volatilidade dos projetos.

Em seguida, o estudo utilizou o método binomial para construir a árvore de decisão do

projeto. O método das opções reais foi utilizado para identi�car se os empreendimen-

tos analisados teriam uma vantagem no atraso da construção da planta com base na

volatilidade do preço encontrada na parcela do �uxo de caixa do mercado de ACL. A

teoria das opções reais é utilizada como ferramenta em situações de incertezas, e pode

ajudar a melhorar o processo de tomada de decisão sobre a viabilidade do projeto.

Os resultados sugerem que os preços médios do PLD divulgados pela ANEEL

podem ser uma referência a ser considerada no momento da análise de viabilidade dos

projetos que participam conjuntamente nos dois mercados ACR e ACL, conjuntamente.

Além disso, foi constatado que a volatilidade encontrada nos preços do ACL não são

su�cientes para assegurar a existência de oportunidades futuras que justi�quem o atraso

na construção da planta.
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Introduction

Thematic Considerations and the Research Problem

Over recent decades, the supply of natural resources has come under pressure

due to increased demand from accelerated economic and population growth. Currently,

approximately 70% of the world's energy supply comes from non-renewable sources

such as coal and oil (IEA, 2020). This context has stimulated the emergence of new

renewable energy sources (RES), which are e�ective alternatives to fossil fuels (Lei

et al., 2020). One of these sources, wind energy, is a great candidate for this transition

given its potential to signi�cantly reduce costs (Maeda and Watts, 2019).

Brazil already has an electric power generation structure based on RES, which

comes from the large hydroelectric plants that were built in the 1960s (Bradshaw,

2017). In addition, Brazil has favorable characteristics for the development of other

RES, such as thermal energy obtained by burning sugarcane bagasse or photovoltaic

and wind sources.

Currently, wind energy is the fastest growing source of energy in Brazil because

the country's high level of wind is favorable for the development of wind power plants.

Additionally, its low production costs make it an even more attractive energy option

(EPE, 2018).

In 2019, wind energy in Brazil was the third most important RES, accounting for

8.3% of the total electricity generated in the country that year. This represented a 15.5%

increase compared to 2018, reaching a total of 56 TWh (EPE, 2020). Currently, Brazil

has more than 640 wind power generation plants, more than 7,700 generators, and the

country reached an installed wind power capacity of 16.45 GW in 2020 (ABEEOLICA,

2020; ONS, 2020).

Despite current developments in Brazil's electrical system, its organization only

started to gain importance at the beginning of the 20th century. The global crisis of

1929 directly in�uenced Brazil's industrial structure. As a result, the national economic

policies, which favored oligarchies of the co�ee economy that prevailed at the time,

began to shift toward large state owned companies and the massive investment into

industrialization (Bennertz and Rip, 2018).

This scenario directly in�uenced the expansion and development of the country's

electrical system, which assumed a more central and less regional role (Ramos-Real

et al., 2009). In 1934, the federal government signed Decree No. 24,643, known as the
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water code, with the objective of regulating water use throughout the national territory.

This combination of factors contributed to the exploitation of Brazil's great electric

power generation potential from hydraulic sources. As in the case of most other Latin

American countries, its potential is enhanced by its geography, which is characterized

by extensive river systems (Lorenzon et al., 2017).

In the 1950s and 1960s, the Brazilian government focused on the electrical

systeḿ s regulation to consolidate the centralized planning of the sector (Junior and

de Almeida, 2007). In 1960, the Ministry of Mines and Energy was created through

Law No. 3,782, and in June 1962, Centrais Elétricas Brasileiras SA (ELETROBRAS)

was o�cially created through Decree No. 1,178, with the mission of coordinating other

companies in the electricity sector.

After the military regime that governed Brazil between 1964 and 1985, the

development of the electric sector remained the task of the state. However, with the

democratization of the country in 1985, as well as the rise of liberal governments from

1990, the electricity sector went through a period of change.

The promulgation of the 1988 Constitution ensured that the potential of hy-

draulic energy was considered a patrimony of the Brazilian state (in item VIII of article

20). In Article 21, the Constitution also ensured the competence of the Brazilian state

in exploiting electric energy services and installations, as well as the use of water courses

to produce energy directly or through authorization, concession, or permission.

In 1990, the government of President Fernando Collor implemented a policy of

opening up imports, reducing the presence of the state, and expanding privatization

programs. However, allegations of corruption culminated in the presidents´ impeach-

ment and contributed to interrupting the national privatization plan (PND) (Campos

et al., 2020). Even so, the two governments that followed this scandal, both the vice

president who took o�ce after the impeachment and the president elected after him,

created an economic environment that was favorable to the privatization process.

The growing debt in the electricity sector, coupled with its low capacity for

generating investments, made it di�cult to attract foreign capital during this period.

For this reason, the country began the process of a normative review of the sector with

a focus on its preparation for receiving foreign investments and boosting the market

(Campos et al., 2020). In this context, Law No. 9,491 from 1997 revised the terms of

Law 8,031 from 1990 (which implemented the PND) and regulated the operational mo-

dalities to be used in the privatization process, including for electric power distributors

owned by the federal government. In this sense, bids in the auction mode were regula-

ted for several operational privatization modalities, such as concessions, permissions,

or authorizations for public services.
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The Brazilian electrical system has evolved as a result of the modernization of

the sector's regulations. To illustrate the dynamics of this modernization, the regulatory

environment can be classi�ed into three periods: i) before 1995, ii) from 1995 to 2003,

and iii) from 2003 to the present. As already mentioned, in the �rst period, the Brazilian

electricity system was composed of a centralized structure and a state monopoly. In

this context, the sector was publicly �nanced.

In the second period, we highlight the emergence of regulatory agencies respon-

sible for the operationalization and management of the sector's privatization process.

Examples of this context are the approval of Law No. 9,427 from 1996, which instituted

the National Electric Energy Agency (ANEEL), Law No. 9,074 from 1995, which eli-

minated the exclusivity of electricity supply by new concessionaires to consumers with

a load equal to or greater than 10 MW, served in voltage equal to or greater than 69

kV. These consumers began to contract their supply from an independent electricity

producer, thus inaugurating the free energy market model in Brazil.

In 1998, Law 9,648 created a company called the National Electric System

Operator (ONS), which assumed responsibility for carrying out activities to coordinate

and control the operation of electricity generation and transmission in Brazil. Later,

Law No. 13,360 of 2016 assigned ONS the action of load forecasting and planning the

operation of systems that were not yet interconnected with the national electricity

system.

The severe electrical crisis in 2001, as well as the rise of a new government in

2003, contributed to the emergence of a new phase in the sector's regulation. As of

2004, the legislation started to prioritize partnerships and covenants between state and

private companies, in addition to creating management entities for these markets, such

as the Electric Energy Trading Chamber (CCEE). The legal framework that opened

this period was Law No. 10,848 from 2004, which created the CCEE and regulated the

new electric energy trading model in Brazil.

The agents responsible for the structure of the Brazilian electrical system ope-

rate in di�erent ways and at di�erent instances. However, it is possible to establish a

hierarchy among them that can delimit their areas of expertise. With this, at least two

levels of performance can be selected: a �rst level that is more strategic, comprising of

agents responsible for the regulation, concession, inspection, planning, and monitoring

of the system, and a second more operational level, with agents responsible for carrying

out the actions that support the electrical system.

At the strategic level, the �rst agent in this hierarchy is the National Energy

Policy Council (CNPM), which was created by Law No. 9,478 of 1997. The CNPM

plays a strategic role in proposing national policies and actions to the President of the
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Republic to promote the rational use of the country's energy resources. The guidelines

on energy policy in the country are the result of CNPM action. However, as it is a

broad and strategic council, it not only addresses issues related to electric energy, but

also to energy derived from fossil fuels and other sources.

With the guidelines of the national energy policy already established, the Mi-

nistry of Mines and Energy (MME) became responsible for the implementation of these

policies. MME also monitors the development of activities for the generation, transmis-

sion, distribution, commercialization, and export and import of energy from di�erent

sources. Considering this, the Ministry is also responsible for assessing the supply con-

ditions and security of supply for energy in the country. Its strategic characteristics also

allow integration with other agents so that they can identify factors that a�ect energy

security, which are linked to the expansion of energy supply across the country. Within

this integration, the MME has a monitoring arm for the electric system (CMSE), a

group that monitors and assesses the security of the electric supply in the national

territory.

The formulation of studies and projections with the objective of subsidizing the

planning and development of national energy policy is an attribution of the Energy

Research Company (EPE), another agent linked to the MME and created by Law No.

10,847 of 2004.

In the strategic �eld, Law No. 9,427 of 1996 created the National Electric Energy

Agency (ANEEL), an autarchy linked to the MME whose main purpose is to regulate

and supervise the generation, transmission, distribution and commercialization of elec-

tric energy in Brazil. ANEEL's role is essential for implementing policies related to the

exploitation of electric energy in the country and to administer bidding procedures for

the contracting of public service concessionaires for the generation, transmission, and

distribution of electric energy.

In the operational �eld, the two main agents responsible for executing actions

and procedures focused on the management and improvement of the Brazilian electrical

system are linked to ANEEL. The �rst is the National Electric System Operator (ONS),

which, in addition to coordinating and controlling the function of the national electrical

system, also conducts studies on the system and its agents to ensure the safety and

supply of electricity throughout the country.

The second main agent in the operational �eld is the Electricity Trading Cham-

ber (CCEE), which plays an important role in ensuring the security and viability of

the electricity trading environment in the country. The CCEE is also responsible for

accounting for electricity purchases and sale operations throughout the national terri-

tory and is constantly determining the di�erences between the amounts generated and
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those contracted or consumed by market agents.

Commercial relations in the Brazilian electricity sector were established in three

commercialization environments: The Regulated Contracting Environment (ACR), the

free contracting environment (ACL), and the Short-Term Market, where the di�erences

between the amounts generated from electric energy started to be accounted for.

The contracts in the ACR market are signed between selling agents and buyers of

energy that participate in public auctions. However, in the ACL market, these contracts

are freely established between agents and are not public. The ACR market auctions

can also be categorized into several formats; however, the primary ones are the auctions

for additional energy and backup energy. Until mid-2018, these two types of auctions

had signi�cant di�erences between them in the remuneration of the companies that

intended to sell their energy through auctions.

The backup energy contracts remunerate the plants for the amount of energy

sold by them to compose a security reserve for the Brazilian electrical system. On the

other hand, the additional energy contracts had a �xed remuneration model for these

plants until mid-2018, and the price established in the auction was used as the basis

for the reference price of available energy. While the modality of the backup energy

contracts received the name "modality by quantity,� the modality of the additional

energy contracts received the name of "modality by availability". Therefore, the risk of

non-generation in the additional energy contracts was with the buyer, and the viability

analysis of these projects was less susceptible to risks inherent to variation in the

productive capacity of these projects.

However, from the middle of 2018, the contracts for additional energy auctions

started to assume the �by quantity� modality previously exercised only for backup

energy contracts. In addition, until 2017, companies that participated in additional

energy auctions had to commit a minimum of 70% of their physical warranty to the

auction that they participated in, which in turn is the maximum amount of energy

that can be used to prove cargo or for commercialization through contracts. However,

as of 2017, this minimum commitment became 30% of the amount of quali�ed energy,

allowing the plants to sell a greater amount of energy produced in the ACL market.

This change brought about a new dynamic to the energy market in Brazil, en-

couraging companies to expand their participation in the ACL market. However, since

the commercial relations in this market are bilateral and not available for consultation,

the ability to build diagnoses based on the economic viability of these projects has

become more complex.

This scenario highlights the need for tools capable of estimating the viability of

projects that want to supply energy to both markets simultaneously. However, estima-
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ting viability while considering two sources of revenue requires knowing the percentage

of the project's commitment to the energy supply for each market in which it partici-

pates.

Therefore, this thesis focused on three complementary studies. In the �rst

study1, a bibliometric analysis was conducted to identify the characteristics of the

methods used for the �nancial analysis of renewable energy projects in recent years.

The �rst study included a quantitative and qualitative analysis of works published

between 2011 and 2020 and used four groups of interest: (i) traditional project evalua-

tion methods (TPEM) with metrics that evaluate the viability of projects by discoun-

ting cash �ows: Net Present Value (NPV), Internal Rate of Retunr (IRR), and payback

period; (ii) a cost analysis approach, represented by the levelized cost of energy (LCOE);

(iii) return on investment (ROI); and (iv) real options analysis (ROA).

With the identi�cation of the popularity of methods based on discounted cash

�ow, the second study2 used the NPV value and IRR to propose a procedure for

calculating the viability of wind energy plants that participated in energy auctions

in 2018 and 2019. The study calculated the deterministic and stochastic results using

the Monte Carlo simulation method to identify the probability of projects' rates of

return being higher than the Weighted Average Cost of Capital (WACC) suggested as

reference by ANEEL. For this, four price assumptions for the ACL market were used.

Finally, the third study 3 used one of the four prices for the ACL market si-

mulated in Study 2 to calculate the value of the real option to defer the investment

in representative projects of the auctions that took place in 2018 and 2019. For this,

the study used the Monte Carlo simulation method with uncertainties in ACL market

prices and in the amount of energy produced for that ACL market to identify the vola-

tility of projects. Then, the study adopted the binomial method to build the project's

decision tree. The real options method was used to identify whether the projects analy-

zed would have an advantage in the construction based on the price volatility found

in the cash �ow portion of the ACL market. The real options theory used as a tool

in situations where there are uncertainties can help to improve the decision-making

process about project viability.
1 Study submitted to journal Revista de Administração de Empresas (ISSN 0034-7590), status:

submitted
2 Study published in the journal Energies (ISSN 1996-1073)
3 Study to be submitted to journal Business Strategy and the Environment (ISSN 1099-0836), status:

to be submitted
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Objectives

To help decision makers invest in renewable energy, it is crucial to build reliable

alternatives for analyzing the economic interest of these projects. In this sense, the

main objective of this thesis is to contribute to develop a methodology for the economic

evaluation of renewable energy projects participating in a mix of free and regulated

market environments in Brazil, taking into account the underlying uncertainty of this

strategy and considering the market dynamics between the supply and demand of

electricity in the ACL market in Brazil.

To achieve this objective, the following speci�c objectives will be pursued:

ˆ To review and critically analyze methods and performance indicators directed

toward the �nancial assessment of RES projects. This analysis will assess how

these methods are a�ected by RES development and will provide the context

required for the research.

ˆ To propose an economic evaluation of wind energy projects in Brazil with mixed

participation in ACR and ACL markets considering the dynamics between energy

supply and demand in the ACL market.

ˆ To use Real Options methodology to evaluate the impact of market uncertainty

on investment timing and assess the value of postponing the construction starting

of wind energy projects in Brazil.

Justi�cation

Although a signi�cant portion of Brazil's electricity production is based on RES,

it still has huge untapped potential to explore other sources of clean energy, mainly

because of its access to sunlight and stable, abundant winds. With the development

of these RES, the regulatory environment of Brazil's electricity sector is changing. Bill

No. 2987 of 2015, for example, proposed expanding the range of consumers in the ACL

market, thereby raising expectations regarding the generation of energy to meet market

demand.

Another factor that reinforces the aspect of regulatory change in the RES sec-

tor in Brazil is the change in the format of participation through auctions in the ACR

market. This e�ectively reduces the minimum percentage of electricity required of pro-

jects participating in auctions, which may contribute to the development of the ACL

market.

However, for investors to be able to assess the projects assertively, the existence

of good tools for the economic assessment of the viability of renewable energy projects
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is essential. Based on bilateral contracts and the low level of information disclosed in

the ACL market, this feature makes the task more challenging.

The construction of a strategy that can analyze the viability of these projects

based on the percentage of energy destined for each market (ACR or ACL) can facilitate

this by adjusting the credit analysis of these projects to speci�c investment decisions.

In addition, changes in the level of risk and volatility in the ACL market price can be

easily adjusted using a mechanism that takes into account the contextual particularities

of each market.

In this sense, the justi�cation for this proposal is the need for a valuation me-

chanism of renewable energy projects in Brazil that is capable of meeting revenue and

cost expectations from the two electric energy contracting environments (ACR and

ACL). In addition, identifying reasonable prices to serve as a reference for these con-

tracts in the ACL market is essential so that viability assessments can be more agile

and automated. Finally, the use of real options is another important tool that can assist

decision makers to deal with market uncertainty and even bene�t from the �exibility

on the investment timing.

Contributions

Given climate change, and the possibility of forecasting rainfall patterns beco-

ming increasingly uncertain, an electrical system based on the generation of a large

hydraulic source, as in the case in Brazil, is directly a�ected by the increased supply

risk. In this sense, the emergence of new sources of renewable energy may become an

important strategy to overcome the uncertainties related to the sustainability of electri-

city generation in Brazil. Wind is one of the most promising and rapidly growing energy

sources in Brazil because of the country's generous wind regime, which is capable of

providing enough constant energy.

Parallelly, the expansion of the ACL market has caused signi�cant changes in

the regulation of auctions since 2018. This allowed a greater supply of energy into

the market, where prices are not public and are subject to the dynamics between the

supply and demand of any commodity market. Therefore, a viability analysis that can

identify these uncertainties and their relationship with joint participation in the two

markets (ACR and ACL) can contribute to a more realistic look at the development

of these plants in this new context. This thesis proposes mechanisms to evaluate the

viability of wind energy projects in Brazil and demonstrated it for the case of 2018 and

2019 auctions. Although there is no public data on prices practiced in the ACL market,

the study tested di�erent scenarios and enabled an analysis based on the percentage

of energy destined for each market.
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Considering a minimum commitment of 30% of the electricity supply by the

wind plant when they participate in ACR auctions, a credit agent or investor will be

able to build a viability analysis of the company based on this chosen percentage by

the plant. On the one hand, this analysis can help draw a minimum viability indicator

for the company based on its market choice; on the other hand, it can also simulate

these minimum pro�tability indicators, suggesting price limits for participation in the

auction that do not compromise the company's viability.

The �rst study of this thesis contributes to a comprehensive analysis of the

mechanisms used to evaluate the economic viability of renewable energy projects. With

this, the results of the study can help investors identify the most widely used and the

most appropriate assessment methods for some energy sources, as well as to identify

where these methods can be applied. The study also contributes to an understanding

of how the methods developed in di�erent regions of the world over time.

The second study, in turn, makes practical contributions to the calculation of

the viability of wind generation projects considering two sources of revenue (ACR and

ACL). This study presents an evaluation proposal for the Brazilian case that allows

the analysis of projects' viability based on the percentage of energy to be o�ered to

each market. From the construction of a deterministic structure, the study performed

a Monte Carlo simulation using 10,000 simulations from four price scenarios. This pro-

posal is intended to help credit agents or �nancial advisors gain a more comprehensive

view of the risks involved in the project from the moment they have information on

the percentage of energy that the company allocates to each market. The uncertainties

in the prices and quantities practiced in the ACL market are re�ected in the adap-

tation of the model to simulate the results using the Geometric Brownian Motion or

Mean Reversal process. They also re�ect the microeconomic dynamics between supply

and demand from �ve levels of price elasticities distributed over four �ve-year periods.

Thus, in addition to capturing the uncertainties in prices in a market where prices

are not public, the study also allows for possible changes in the relationship between

supply and demand in the future market.

The third study allows the analysis of the plant's viability by considering its

construction timing. Until they have to deliver energy for the contracts established in

the auction, the investor can choose to start the plant construction immediately after

the announcement of the result of that auction, or up to three years before this dea-

dline, in order to ful�ll the contract on time. To do this, this study uses the theory of

real options to analyze the option of deferring the construction based on the volatility

that ACL market prices can cause in project NPVs. This analysis can also help cre-

dit managers and �nancial advisors identify the best time to start construction. This

analysis can contribute to the construction of credit solutions that facilitate this cons-
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truction process, as well as creating mechanisms of �nancial incentives considering the

best moment to begin construction. Finally, considering the possible development of

Brazil's ACL market in the coming years, this proposal seeks to contribute to a better

method of market analysis. This contribution includes practical elements of viability

calculation and simulation scenarios that can facilitate decision-making.

Methodology and Structure

The three studies were organized based on a logic that could be integrated with

the main objective of this thesis: to contribute to a better viability analysis of renewable

energy projects in two di�erent markets in Brazil.

The detailed methodology of the �rst part was based on a qualitative and quan-

titative bibliographic analysis of studies related to the �nancial evaluation of renewable

energy projects. The objective of this study was to identify the most suitable methods

to evaluate the performance of renewable energy projects, and to contribute to a clearer

perception of these tools. The data collected in July 2020 was treated in �ve steps.

Step 1: Initial research carried out in the Scopus database with the keywords:

�RENEWABLE ENERGY,� its variation in the plural form, and the other keywords

chosen as selection criteria; that is: i) �Net Present Value� OR �Internal Rate of Return�

OR �Payback� OR �NPV� OR �IRR� OR �PBP�; ii) �Levelized Cost of Energy� OR

�Levelised Cost of Energy� OR �levelized cost of electricity� OR �Levelised Cost of

Electricity�; iii) �Return on Investment� OR �ROI� AND NOT �EROI� AND NOT

�Energy Return on Investment�; iv) �Real Option.�

Step 2: The selection of completed documents published in journals (in English)

from 2011 to July 20, 2020.

Step 3: Detailed quantitative bibliometric analysis of the articles of each sepa-

rately researched group, in addition to an analysis of the intersection of these articles.

Step 4: Qualitative analysis of the content of the �ve most relevant articles

based on the number of citations.

Step 5: Critical analysis of the research.

In the second part, the methodology is based on the construction of a cash�ow

proposal that considers weighted revenues from the ACL and ACR market. For this,

we used information from the 95 wind energy projects that participated in auctions

28, 29, and 30, which took place in 2018 and 2019, in addition to the identi�cation

and information about these projects. In the second step, a metric of the energy load

generated and another one available in the ACR market were used to identify the

energy percentage of each market. In the third step, we de�ned four possible price
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scenarios for the ACL market, and in the fourth step, the representative cash �ows

of each auction were calculated. Finally, we inserted assumptions of uncertainty into

the price of the ACL in order to carry out a Monte Carlo simulation and identify the

viability of projects in each scenario.

In the third part, we used the reference price assumption identi�ed in Chapter

2 to calculate the valuation of the representative projects for each auction in 5 steps.

Step 1) We calculated the NPV and the representative IRR for each auction

considering the anticipation of plant construction.

Step 2) A stochastic analysis of price was carried out in the ACL market and

the amount of energy o�ered to that market.

Step 3) We performed a Monte Carlo simulation to identify the volatility of the

projects based on previous assumptions.

Step 4) We built the project binomial tree, calculating the up and down move-

ments at each node in the tree.

Step 5) We built the project decision tree based on the results found in the

binomial tree.

Figure 1 illustrates the construction of the adopted procedures.

Figure 1 � Thesis operational procedures
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Abstract

The �nancial evaluation of renewable energy sources (RES) projects is well explored in

the literature, but many di�erent methods have been followed by di�erent authors. It

is important, then, to understand if and how these methods have been changing and

what factors may have driven new approaches. Therefore, this part of the study aims to

explore the publications on �nancial evaluation of RES projects from 2011 to 2020 and

to present a critical analysis of the reviewed literature. The methods for evaluating RES

projects were grouped into four categories: (i) traditional metrics based on net present

value, internal rate of return, and payback period; (ii) levelized cost of electricity; (iii)

return on investment approach; and (iv) real options analysis. A quantitative analysis

was carried out considering aspects related to the relevance of the authors, productivity

by country, and most relevant journals for each of these groups. Then, a qualitative

analysis of the main characteristics of the �ve most cited articles in each group was

conducted. The results show that the more traditional methods are still widely used

for the �nancial evaluation of RES projects. However, indicators of cost of electricity

and real options have been growing in importance to tackle the complex features of

�nancial evaluation and comparison of RES projects.

38
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1 Introduction

The accelerated economic and population growth in recent decades has put

pressure on the limits of the planet's natural resources, emphasizing the need for a

change in the current energy matrix (Lei et al., 2020). In 2014, the energy sector

was responsible for around 35% of greenhouse gas emissions on the planet, and the

electricity segment accounted for more than 70% of these (IPCC, 2014). After three

years of stabilization, emissions from the energy sector increased in 2017 and 2018.

However, in 2019, energy-related CO2 emissions decreased by around 33 gigatons (Gt)

thanks to the growing role of renewable energy sources (RES) in developed economies

(IEA, 2020b).

Currently, 72% of the energy supplied globally comes from nonrenewable sources,

such as coal, oil, and nuclear energy (IEA, 2020a). The substitution of fossil fuels, re-

sponsible for the emission of a large volume of greenhouse gases, with RES has become

an important strategy for sustainable economic development accompanied by a lower

risk of energy interruption (United Nations, 2015, 2020).

BP (2019) indicated an average increase of more than 16% per year between

2008 and 2018 in non-hydro RES generation and 2.6% for hydro RES generation world-

wide. The share of RES (including hydro) in the world electricity production reached

25% in 2018. Particularly remarkable is the growth of non-hydro RES, which in 2018

represented 9.3% of total generation, up from only 1.3% 20 years ago.

However, the intermittency and high �uctuation of renewable sources limit their

development as an e�cient alternative to nonrenewable sources. Considering their in-

teraction with the transmission and distribution networks in addition to the storage

systems, renewable sources require greater e�ort to develop solutions capable of guar-

anteeing their viability (Nian et al., 2019).

In addition, the viability of power-generation plants also depends on positive

externalities linked to the availability of resources, technological environment, integra-

tion of the transmission network, and labor developed. Also, it is necessary a normative

framework that promotes a safe environment for investments in renewable energy (So-

vacool and Dworkin, 2015).

Despite the global increase in RES investments associated with economic and

population growth (Ellabban and Alassi, 2019), few studies have presented a com-

prehensive evaluation mechanism for RES projects, mainly due to the multiplicity of

variables capable of in�uencing the viability of these endeavors. Therefore, building
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models that allow an e�cient and, at the same time, holistic measurement is a di�cult

task (Liu et al., 2018).

The development of tools for valuing renewable energy-generation projects are

essential to encourage the undertaking of these initiatives. The study of RES represents

a relevant �eld of research not only because of the foreseen technical developments but

also because of the multidisciplinary approach needed to assess these projects from

the social, environmental, and �nancial perspectives. The doubts about the viability of

continuous investments in energy infrastructure based on fossil fuels have contributed

to stimulating new frontiers for studies related to renewable energy projects (Li et al.,

2013; Detert and Kotani, 2013).

Despite the speci�c characteristics of energy-investment projects, such as non-

reusable assets and the high uncertainty in an increasingly liberalized market (Santos

et al., 2014), the viability analysis of these projects follows the logic of exploring their

�nancial capacity to generate returns that outweigh the amount invested in the busi-

ness.

To help decision-makers invest in RES technologies, it is essential to have reli-

able indicators capable of measuring a project's total performance, comparing it with

other alternatives. The optimal combination of risk and return can be used to assess the

viability of investments in general. In terms of investments in renewable energy, exter-

nalities and environmental uncertainties tend to add risk to the investment, implying

an increase in the required minimum rate of return (Salm et al., 2016).

Several tools are used to measure the viability of RES projects. For example,

Ramadan et al. (2018) applied net present value (NPV) combined with an annual

Return on Investment (ROI). NPV can also be used as a standalone tool or combined

with the Internal Rate of Return (IRR) (dos Santos et al., 2016). Carneiro and Ferreira

(2012) also explored the use of NPV associated with IRR and Payback Period (PBP)

while Talavera et al. (2007) applied NPV with IRR and Levelized Cost of Electricity

(LCOE).

Although most of the current studies on the viability of RES projects are based

on the use of more than one indicator, the classic NPV is the most popular indicator

for evaluating investments in general (Marchioni and Magni, 2018). The popularity of

NPV is also re�ected in its use in the evaluation of renewable energy projects (Shimbar

and Ebrahimi, 2017). However, the long-term investment characteristic of RES projects

can compromise the reliable application of traditional indicators to measure viability

(Shimbar and Ebrahimi, 2017; Espinoza, 2014)

In a comparative analysis on the evaluation mechanisms of renewable energy

projects, Menegaki (2008) presented four approaches: (i) economics based on well-
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being, (ii) �nancial options, (iii) ecological analysis, and (iv) economic analysis without

the bias of well-being. The author underlined that the economic method based on

well-being is the most appropriate for the assessment of RES projects when using

economic valuation techniques. However, the importance of the �nancial assessment

and, in particular, of deriving a �nancial value of the RES �exibility using real options

theory is also recognized.

Based on the Life Cycle Assessment (LCA) concept as a model to quantify the

environmental impacts of the energy sector supply chain, Kourkoumpas et al. (2018)

presented a review of environmental and energy performance indicators for a holistic

approach to RES technologies. According to the authors, these could be classi�ed as

(i) PBP; (ii) cumulative energy demand, expressing the necessary amount of energy

invested in relation to the amount of delivered energy; (iii) gross energy requirement,

indicating the energy inputs necessary to deliver a product/technology or service the

point of interest; (iv) energy incorporated from the materials; and (v) global warming

potential.

Another approach to measure the viability of RES projects is based on the

perspective of cost analysis. In this approach, it is possible to identify the concepts of

Cost of Electricity, also called Cost of Energy (COE) (Upadhyay and Sharma, 2016) or

or Levelized COE (LCOE) (Bahrami et al., 2019), de�ned as the average cost ($) per

KWh of energy produced by the system (Elkadeem et al., 2019). Aussel et al. (2018)

claimed that the LCOE indicator is widely used for energy projects, and Siddaiah and

Saini (2016) highlighted LCOE as the preferred indicator for minimizing the lifecycle

cost of a project.

The ROI, de�ned as the annual cost saving over the invested capital (Elkadeem

et al., 2019), or as the annual average net pro�t over the invested capital (Do et al.,

2014), is also a common criterion used for analyzing the economic viability of RES

projects (Elkadeem et al., 2019). Although ROI is strongly linked to NPV in invest-

ment valuation (Marchioni and Magni, 2018), some studies use these two indicators as

complementary metrics (Do et al., 2014). Other papers highlight that the ROI param-

eters may not incorporate the time value of money (Jana and De, 2015) and, for this

reason, the metric could be used as an independent �nancial parameter. A variation

of ROI is the Energy ROI (EROI), de�ned as the proportion of the plant's usable en-

ergy over the energy invested in the plant (Weiÿbach et al., 2013), which will not be

considered in this paper.

Given the need to value the managerial �exibility of projects in light of a future

of uncertainty and change, some tools can be explored. Real options analysis (ROA),

which seeks to price the future uncertainty of these projects, can be used as an indicator

that complements traditional metrics based on a �xed cash �ow (Kozlova, 2017). The
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real options theory has been applied with increasing frequency to the evaluation of

RES projects (Martín-Barrera et al., 2016; Santos et al., 2014).

Methodologies that consider factors other than economic dimensions, such as en-

vironmental, technical, and social dimensions, can contribute to expanding the analysis

beyond a traditional �nancial perspective. For instance, multi-criteria decision-making

(MCDM) methods have been widely used for RES project assessment, allowing the

analysis of problems involving con�icting and comprehensive criteria (Zhang et al.,

2019). The issue of MCDM for RES analysis has been the focus of several reviews

that highlight the role of MCDM in dealing with distinct criteria and the diversity of

methods commonly used (Campos-Guzmán et al., 2019; Ilbahar et al., 2019; Siksnelyte-

Butkiene et al., 2020).

Despite the existence of important research focused on the theory of evaluating

RES projects (Schachter and Mancarella, 2016; Jeon and Shin, 2014), the literature

does not fully explore a combined analysis of quantitative and qualitative elements

or discuss the methodologies most used by a given technology or in a speci�c region.

In addition, there are a few studies that focus on critical reviews on the evaluation

of RES projects (Colla et al., 2020; Dranka et al., 2020), but the complementarity of

the evaluation approaches and its relation to RES development still require further

analysis.

To contribute to �lling this gap, this paper will seek to answer the following

research question: Is it possible to discern a change in the use of �nancial methods to

assess the viability of RES investment projects over the last decade? Thus, this work

will contribute to a better understanding of the methods and performance indicators

directed towards the �nancial assessment of RES projects. The proposed �nancial per-

spective in this study will reveal important insights for investors. This study contributes

to RES project practitioners to identifying the most used evaluation methods and those

most suitable for their particular case. Moreover, the analysis contributes to a better

understanding of the development of these methods over time and in di�erent regions

of the world. By doing this, we aim not only to present the state of art in what concerns

the �nancial appraisal of RES projects but also to show how these methods are a�ected

by the RES development and devise some possible paths for future research.

Though addressing other perspectives and dimensions is important, methods

that go beyond the �nancial indicators (e.g., social or environmental criteria) are con-

sidered beyond the scope of this research. Speci�cally, the paper aims to review the

so-called economic and �nancial e�ciency measures for managerial purposes applied

to the case of RES projects. An eventual multidimensional approach would be a major

expansion of the proposed review and may be undertaken in a future research. Despite

the relevance of MCDM models for the evaluation of RES projects, such models propose
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an analysis that frequently goes beyond the �nancial aspect, including technological,

environmental, and social aspects which are not the focus of this work.

This paper is organized as follows: section 2 reviews the di�erent project evalu-

ation methods, providing a brief explanation of their calculation; section 3 presents the

methodology used to obtain the paper database and its analysis; section 4 addresses

what is coined as the quantitative analysis; and section 5 addresses the qualitative

analysis of a set of papers. Section 6 presents the critical analysis of the results, and,

�nally, section 7 draws the conclusions and gives directions for further research
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2 Evaluation Methods

Renewable energy production can contribute to not only combating climate

change but also reducing energy price volatility when compared with nonrenewable

sources, which are vulnerable to political instabilities, trade disputes, and embargoes,

among others (Su et al., 2018).

Despite the existence of many methodologies for valuing projects or companies,

Siziba and Hall (2019) emphasized three categories: (i) discounted cash �ow (DCF)-

based methodologies, (ii) non-DCF-based methodologies, and (iii) alternative methods.

According to the authors, what distinguishes these three approaches is the way they

deal with the time value of money and business uncertainty.

Aussel et al. (2018) classi�ed the economic criteria for valuing projects in four

groups: (i) NPV methods, (i) rate methods, (iii) ratio methods, and (iv) return meth-

ods. The �rst and second methods are linked to discount rates and return rates, re-

spectively, while the third relates to the concept of ROI. The fourth method relates

to the PBP. According to the authors, the choice of economic and environmental in-

dicators for RES projects is made after the analysis of technical optimization based

on the energy e�ciency of these projects. In this context, economic and environmental

indicators would assume the role of reinforcing their attractiveness.

Wu and Sun (2015) analyzed the case of wind energy projects and divided the

valuation methods into �ve groups: (i) income methods, (ii) market methods, (iii) cost

methods, (iv) real options methods, and (v) strategic value methods.

A more recent review from Dranka et al. (2020) called attention to the possi-

bility of using traditional DCF methods or a combination of several indicators for the

evaluation of RES projects. The authors also underlined the relevance of real options

to deal with uncertainty and managerial �exibility.

This paper will discuss four groups of �nancial evaluation methods for RES

projects in the context of a bibliometric analysis: (i) Traditional Project Evaluation

Methods (TPEM), expressed by metrics that evaluate the viability of projects by dis-

counting cash �ows: NPV, IRR, and PBP; (ii) Cost analysis approach, represented

by LCOE; (iii) ROI; and (iv) ROA. The proposed grouping ensures, on one side, that

methods referred to in the literature are properly considered in this revision and, on the

other hand, that their diversity is recognized, which should allow better establishing

the changes in the use of these �nancial methods and their complementarity.
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2.1 Traditional Project Evaluation Methods (TPEM - NPV, IRR,

and Payback)

The indicators that form the group of tools named TPEM are rooted in a

common characteristic: the reference to a project's cash �ow (Chang and Starcher,

2019).

The NPV represents the total value of a project at current value, considering a

discount rate that re�ects the risk at which the investor demands to be remunerated

(šiºlavský, 2014). NPV is considered the most theoretically reliable tool from a �nancial

perspective since it measures value creation (Marchioni and Magni, 2018).

Along with cash-�ow estimation, the discount rate emerges as a fundamental

parameter for the NPV calculation. Failure to select an appropriate discount rate for

a project can distort its viability (Hatata et al., 2019). According to šiºlavský (2014),

the discount rate ranges from 10% to 15% for corporate projects and from 25% to 30%

for investments in high-tech companies.

However, Hatata et al. (2019) argued that this rate varies depending, for ex-

ample, on the in�ation rate for each region or country where a project is developed.

They suggest that this rate generally varies between 5% and 12% for small hydro-power

plants. Also, Thornton and Pipeline (2018) shows how the discount rate is a�ected by

the hosting country and its market characteristics. In contrast, Oxera (2011) report on

discount rates for RES technologies supports that the maturity level of deployment of

a technology may be the most important factor for the risk perception with signi�cant

impact on the discount rate. The NPV formula can be represented by equation (2.1).

NPV =
NX

i =0

0

@ CFi

(1 + k) i

1

A (2.1)

where:

CFi = Cash Flow in year i

k = Annual discount rate

N = Project lifetime, in years.

In the �eld of RES projects, NPV has great popularity and is being used in

various studies focusing, for instance, on (i) analysis of the viability of small hydro

plant projects (Hatata et al., 2019), (ii) investigation of the viability of renewable

energy on domestic systems (Frangou et al., 2018), or (iii) analysis of renewable energy

systems in rural areas (Arranz-Piera et al., 2018).
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Another indicator widely used in RES projects is the IRR, expressed by the

interest rate for which a project's NPV is zero. When the future cash �ows of a project

are discounted using the IRR, the present value of cash out�ows equals the present

value of cash in�ows (McAllister, 2013). IRR is generally used with the NPV in the

evaluation of projects (Arranz-Piera et al., 2018). Mellichamp (2017) discussed the

IRR and argues that, joint with NPV, it represents the second measure of project

pro�tability. It is based on a nondimensional scale while NPV represents a monetary

quantity. The IRR can be obtained solving the equation �gure (2.2).

0 =
NX

i =0

CF(1 + IRR )� i (2.2)

where:

CF = Cash Flow in year i

N = Project lifetime, in years.

Despite considering the value of money over time, IRR has some disadvantages

in being used as a sole indicator. IRR lacks the information on monetary project values

and may be hard to calculate when cash �ows are not conventional Belyadi et al. (2019).

The advantages and limitations of IRR are extensively discussed in the literature, such

as by Mellichamp (2017).

Finally, the PBP is an indicator that aims to express the time to recover the

investment in a project. The PBP is the number of years or months necessary for the

gross value of the inputs and outputs to be equal (Talavera et al., 2007). PBP can be

used with or without considering the time value of money. When this is considered,

the method is called the Discounted PBP; otherwise, it is frequently called the Simple

PBP. Despite its easy understanding and usability, PBP disregards existing cash �ows

after investment is recovered and is a very limited tool for decision-making Cucchiella

et al. (2018). The discounted payback can be obtained with equation (2.3).

PBP =
I

P Np
i =1

 
CF i

(1+ k) i

! (2.3)

where:

I = Initial investment

CF = Cash Flow in year i

k = Annual discount rate

Np = Number of years until the investment is recovered.

Regardless of its limitations, the PBP method is widely used to analyze di�erent

types of RES projects. Chang and Starcher (2019) used this mechanism to evaluate
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wind energy projects in the USA, estimating an average time of 13 years when tax

incentives are used. Uhunmwangho et al. (2018) used PBP to support the viability

of di�erent types of hydroelectric turbines in Nigeria whereas Cucchiella et al. (2018)

explored this indicator as an auxiliary tool to evaluate di�erent sizes of biogas plants.

According to de Andrés et al. (2015), despite the preference of using NPV in the

academic area, practitioners prefer to use such tools as PBP and IRR to analyze project

viability. Although, as discussed by Galli (2020), NPV has superior characteristics over

IRR and PBP, their di�erent rationale justi�es the inclusion of all these metrics in a

bibliometric analysis.

2.2 Levelized Cost of Electricity (LCOE)

The viability of RES projects can also be analyzed from a lifecycle cost per-

spective. LCOE is a comparative measure widely used for this purpose (Aussel et al.,

2018).

Basically, the objective of LCOE is to identify the unit COE over the life of a

project, dividing all costs generated by the energy system by the amount of energy pro-

duced by that system (Aldersey-Williams and Rubert, 2019). LCOE can be represented

by equation (2.4).

LCOE =
Lifecycle Cost

Lifetime Energy Production
(2.4)

This indicator is a measure of performance evaluation used in several RES

projects, such as wind energy (Bahrami et al., 2019), solar energy (Gürtürk, 2019),

biomass-based energy (Abdelhady et al., 2018), among others. While some authors

consider LCOE to be estimated at the present value of all costs incurred during the life

of a project (Abdelhady et al., 2018), others consider that the indicator is composed

of the annualized cost of the project (Lai and McCulloch, 2017).

Aldersey-Williams and Rubert (2019) highlighted that these two approaches

re�ect two distinct views, one suggested by the Department for Business, Energy and

Industrial Strategy (BEIS, UK) based on the present value of costs and the other pro-

posed by the Department of Energy's National Renewable Energy Laboratory (NREL,

USA) relying on annual energy cost.

Although several studies adopt the present value view of project costs, Loewen

(2019) demonstrated that LCOE represents not a discounted metric but, rather, an

undiscounted metric. Moreover, the author argues that the present value approach of

costs excessively penalizes projects with a longer lifecycle. However, LCOE remains a
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fundamental metric widely disseminated among the energy industry, academics, and

organizations (see, for example: (IRENA, 2020a; IEA, 2019)).

2.3 Return on Investment (ROI)

Despite the similarities between NPV and ROI, there are important di�erences

that justify their inclusion in di�erent categories. More speci�cally, in NPV, future cash

�ows are discounted by a discount rate that re�ects the opportunity cost of capital.

This mechanism of adjusting a project to a risk rate is not used in the ROI metrics

(šiºlavský, 2014).

Copeland Thomas et al. (1994) compared the ROI and the indicators based

on the DCF. Although the DCF-based indicators were important tools, companies

adopting this method could postpone the expenses of capital to improve its cash �ow

in the short term, making it impossible to reliably portray project performance. In this

context, �nancial indicators like ROI could provide a more reliable panorama, helping

to set short-term goals and evaluating a project or company over time.

According to Siziba and Hall (2019) ROI has increasing importance as a mech-

anism of capital budgeting techniques and is used especially in the United Kingdom,

USA, South Africa, and India. ROI is considered a complementary method for analyz-

ing the viability of di�erent types of RES projects.

The ROI rate can be de�ned by the percentage ratio between the annual net

pro�t (net cash �ow) over the life of a project and the total capital investment in the

project Jana and De (2015), and can be represented by equation (2.5).

ROI =
Annual Return

Investment
� 100 (2.5)

According to Gamel et al. (2016), ROI is one of the most important investment

criteria adopted to analyze investments in RES projects. ROI can be identi�ed in

studies focused on the economic viability of energy generation by biomass plants (Do

et al., 2014; Jana and De, 2015), wind power plants (Ederer, 2016), photovoltaic systems

(Elkadeem et al., 2019), among others.

2.4 Real Options Analysis (ROA)

In the traditional analysis of investments through DCF, decisions are assumed

to be �xed, not allowing managers to expand or retract investments beyond the initial

project estimate (Kozlova, 2017).
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The term �real options� is used to express the options embedded in investment

opportunities, such as suspending, postponing, or abandoning the investment, and

reducing or expanding the scale of operations (Lambrecht, 2017). The real option is a

tool focused on �nding solutions to the uncertainties found in a project, contributing to

the identi�cation of present and future investment opportunities(Zhang et al., 2014).

A real option gives the right, but not the obligation, for a company to undertake

a strategy depending on a given future scenario. Thus, a real option has to be included

as part of the investment cost. Real option theory has been applied with increasing

frequency in the evaluation of RES projects (Martín-Barrera et al., 2016).

For instance, in wind power generation, in addition to the intrinsic uncertainties

due to variation of wind levels and direction (Martinez-Cesena and Mutale, 2012), some

studies explore uncertainties arising from changes in product prices (Munoz et al., 2009)

and costs of producing energy (Wesseh and Lin, 2016).

Kozlova (2017) pointed out that 40% of the studies related to real options

applied to wind power generation are concentrated in a single source of uncertainty,

most frequently the price of electricity. However, other uncertainties may be considered.

For example, Barroso and Iniesta (2014) used real options to analyze investment in

wind power generation in the German market. The authors modelled the primary

uncertainties that a�ect a project besides cost including investment, electric power

produced, and consumer price index.

In a case study, Martinez-Cesena and Mutale (2012) highlighted the need to

improve the valuation of wind energy projects. The existing uncertainties in this sector

should motivate the use of real options theory as a tool for improving the valuation of

energy projects. The authors concluded that, in most scenarios, the use of real options

theory results in greater value for wind energy projects.

Gazheli and van den Bergh (2018) also explored real options to investigate three

cases with investment possibilities between wind and photovoltaic energy. The authors

concluded that the uncertainties regarding future prices and energy costs indicate that

the most viable strategy is to invest only in one source of energy due to the initial

costs and the learning rates of each technology. In this case, the authors suggested that

diversifying a project using di�erent energy sources could be the wrong strategy.

The use of ROA has been expanding with application to di�erent RES projects

and considering di�erent uncertainties due to di�erent market organizations or resource

conditions. Several studies addressed these issues�for instance, in Brazil (Dranka et al.,

2020), Portugal (Santos et al., 2014), and the USA (Maeda and Watts, 2019). The ROA
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formula can be represented as follows in equation (2.6).

NPVexpanded = NPVDeterministic + NPVF lexibility (2.6)

where:

NPVDetermistic = Tradicional NPV

NPVF lexibility = Uncertain cash �ow value to be added, due to the existence of

a real option within the project.

Finally, ROA is considered a complementary tool in analyzing project viability.

Santos et al. (2014) compared the traditional NPV method to the expanded NPV

method that considers the �exibilities of a speci�c project. The authors concluded, as

expected, that the value of NPV using ROA is greater than the traditional calculation

since a real option gives �exibility and then adds value to the project.
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3 Methodology and data

According to Haddaway and Macura (2018), a literature review needs to gener-

ate some relevant scienti�c evidence, which goes beyond the collection of studies and

their respective syntheses. In this sense, this study brings elements capable of assisting

decision-makers in the valuation of RES projects, highlighting the main uses and limi-

tations on the methodologies used in this �eld and where they would more suitably be

applied.

Some limitations may be assigned to a literature review study, such as (i) lack

of detailed methods enabling reproducibility, (ii) inclusion of studies based on authors'

familiarity, and (iii) di�erent decisions based on the individual options of the review-

ers, among others (Haddaway and Macura, 2018). This work seeks to overcome these

limitations by presenting a detailed method of analysis based on four speci�c groups

using a systematic and replicable approach.

3.1 Quantitative analysis

The quantitative analysis of the articles follows a bibliometric approach. There

are at least two main procedures in building a bibliometric analysis. The �rst, perfor-

mance analysis, seeks to evaluate groups of authors and the impact of their activities.

The second, scienti�c mapping, aims to express the cognitive structure of a study,

presenting its structural and dynamic aspects (Zupic and ƒater, 2014; Cobo et al.,

2011).

The most in�uential authors in a research area can be identi�ed using indicators

that measure their in�uence on a given theme from the amount of published works.

The h index proposed by Hirsch (2005) is de�ned by the largest number h of papers

by an author that received at least h citations. The h index considers both the number

of publications and their impact on individual authors' performance measurement,

summarizing citations and publications into a single reference number (Alonso et al.,

2009; Schreiber, 2010).

However, the di�culties in capturing the contribution of authors with common

names, the existence of di�erences between research �elds in the typical values of

h, as well as their insensitivity in situations where articles are rarely placed or very

frequently cited, have contributed to the proposal of new alternative metrics (Alonso,

S., Cabrerizo, F. J., Herrera-Viedma, E., Herrera, 2010; Egghe, 2006). For instance, the

g index proposed by Egghe (2006) and the hg index proposed by Alonso et al. (2009)
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sought to improve the performance measurement of the authors in publications of a

particular �eld of research.

The g index is an indicator that expresses the most cited articles by an author

in a rank of articles arranged in descending order with the most cited g-articles having

at least g2 citations altogether (Egghe, 2006). However, these indicators focused on the

authors' performance analysis, besides their relations in a certain thematic �eld, have

little analytical scope in terms of the performance of the research �elds themselves, in

a conceptual way (Cobo et al., 2011). The thematic analysis requires, then, the iden-

ti�cation of keywords that express the structure of relationships among the researched

themes.

In addition, Lotka's law, which indicates an inverse exponential scale of the

number of articles per author, can be used to further measure scienti�c productivity.

Few authors tend to publish a large number of articles in a given area of knowledge

while most authors publish a small number of papers (Henrique et al., 2020). Potter

(1981) pointed out that, when there is a coverage period of 10 years or more, Lotka's

law can be a useful metric.

3.2 Qualitative analysis

The qualitative analysis of the study was based on the four main groups of

�nancial evaluation methods, previously identi�ed (TPEM, LCOE, ROI, and ROA).

The discussion presents the main sources of RES studied in the most relevant studies

of each group. It will also discuss a regional view, indicating the main authors' a�lia-

tion, as well as a temporal approach, addressing the years in which these works were

published.

Following the example used by Geng et al. (2017), the frequency of keywords

in each group was analyzed. With this, it was possible to identify the most important

topics in the �eld of the �nancial evaluation of RES projects. It was also possible

to identify the focus of the most relevant papers in what concerns the most used

methodologies and even the RES cases/technologies addressed. For the four groups

of methods, a critical analysis of the �ve most relevant works, selected as those with

higher number of citations, was undertaken to better understand the use of �nancial

project appraisal methods and the combination of these methods. The geographical

coverage of the studies and their technical focuses were also analyzed to discuss the

alignment of scienti�c studies with market conditions.
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3.3 Research Method

The data for this research were collected in July 2020 using a �ve-step approach:

Step 1: Search was conducted in the Scopus database with the keyword �Re-

newable Energy,� its plural variation, and the keywords chosen as selection criteria for

this research, detailed in Table 1.

Step 2: In the step 2, �lters considered only articles in English, �nalized, pub-

lished in journals, in the period from 2011 until the date of the search (07/20/2020).

In addition, conference papers, editorials, books, and reviews were excluded.

Step 3: Within the database selected in step 2, a detailed quantitative biblio-

metric analysis of the articles in each researched group was performed separately. This

step also included an intersection analysis of the reviewed papers.

Table 1 � Group of Keywords

Groups Keywords

TPEM
�Net Present Value� OR �Internal Rate of Return� or
�Payback� OR �NPV� OR �IRR� OR �PBP�

LCOE
�Levelized Cost of Energy� OR �Levelised Cost of
Energy� OR �levelized cost of electricity� OR
�Levelised Cost of Electricity�

ROI
�Return on Investment� OR �ROI� AND NOT
�EROI� AND NOT �Energy Return on Investment�

ROA �Real Option�

Step 4: The �ve most relevant articles were selected based on the papers most

cited for a qualitative analysis of their content.

Step 5: Based on both quantitative and qualitative analysis, a critical analysis

of the research is proposed. The operational procedures are summarized in �gure 2.
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Figure 2 � Operational procedures

These operational procedures ensure, then, that this study is transparent in the

sense that all activities are reported, it may be reproducible, the reviewed papers were

included according to their relevance for the �eld of study, and the eligibility choices

are based on a priory protocol from the de�nition of keywords selected according to a

previous analysis of the literature.
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4 Results ans Discussions

4.1 Quantitative Analysis

Following the proposed methodology, this section will present the main results of

the quantitative analysis, including the analysis of the intersections of articles included

in the four groups of �nancial evaluation methods for RES projects and the individual

analysis of the papers included in each group. For the individual study, we focused

on the annual rate of publication and analysis of most preeminent authors, institutes,

countries, and journals in terms of publications and citations.

4.1.1 Intersection analysis

The analysis was carried out without excluding any article from each group.

Therefore, due to their scope, articles may appear in di�erent groups, as shown in

�gure 3.

Figure 3 � Intersections of articles in di�erent groups

Figures 2 and 3 show that LCOE and TPEM represent the two most important

categories of papers including close to 85% of the papers included in step 2.

Figure 3 highlights the intersection of di�erent groups, which may be seen as

a proxy for the complementarity assessment of the di�erent methods. The following

points can be derived from the intersection analysis:

ˆ ROI is frequently used independently of other methods. The initial search iden-
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ti�ed 156 paper using ROI for RES evaluation, and, of those, only one was com-

bined with TPEM, four were combined with LCOE, one included both LCOE

and TPEM, and one included both ROA and TPEM.

ˆ The initial search identi�ed 512 papers for LCOE. Of those, 455 did not include

other methods for �nancial evaluation, but 51 were combined with TPEM, four

with ROI, one with both ROA and TPEM, and one with both ROI and TPEM.

ˆ The initial search identi�ed 921 papers for the TPEM, but, of these, 185 combined

these methods with ROA (97), LCOE (51), ROI (34), both ROA and LCOE (1),

both ROI and LCOE (1), or both ROI and ROA (1).

ˆ ROA is never used independently. All papers are always combined with TPEM

either alone (97) or with both TPEM and LCOE (1) and with both TPEM and

ROI (1).

Figures 2 and 3 demonstrate the importance of TPEM as independent metrics

or as metrics that support other analysis. In particular, and as expected, the articles in

the ROA and TPEM group should have a certain type of intersection. In this case, all

articles in the ROA group were also inserted in the TPEM group; this is explained by

the fact that the theory of real options can be seen as a complementary (or extended)

approach to the traditional NPV, as previously demonstrated in equation 6.

4.1.2 Individual analysis

4.1.2.1 TPEM

The annual production of this category of articles had an annual growth rate of

18.8% in the analyzed period. In 2019, the total number of articles published was 185.

The fall in publications in 2020 refers to the date of this search, which was conducted

before the end of the �rst semester. Figure 4 shows, then, that, although based on

traditional and well-recognized methods, the use of DCF approaches in scienti�c papers

addressing RES project evaluation has not declined or even slowed during these 10

years.
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Figure 4 � Annual Scienti�c Production (TPEM)

In table 2, it is possible to identify the 15 most relevant authors in the group.

The list of authors was ordered based on the h index; however, it is possible to verify

that the g index also tracks the relevance of authorship in the researched �eld and

presents a similar trend.

Table 2 � Authors Impact (TPEM)

Author h_index g_index NC Year*

Cucchiella F. 9 11 305 2014

Gastaldi M. 6 8 123 2015

Zhang X. 5 8 103 2012

Gheewala H. 5 5 77 2013

Manan A. 5 5 53 2012

Li J. 4 6 54 2013

Li X. 4 6 38 2014

Fleten S. 4 5 218 2012

Kleme J. 4 4 44 2015

LI H. 4 4 115 2016

Wan Alwi Sr. 4 4 69 2015

Li Z. 3 5 72 2014

Zhang Y. 3 5 34 2016
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Table 2 � Authors Impact (TPEM)

Author h_index g_index NC Year*

Madlener R. 3 5 25 2014

Hagspiel V. 3 4 19 2018

NC = Number of Citations, July (2020)

* = Year of the �rst publication on the topic

Among the articles in this category, various common words were found, rep-

resenting the intersection of topics and interests among the papers, i.e., investment,

renewable energy, economic analysis, and alternative energy. Considering the 15 most

frequent words, an analysis was carried out focusing on referenced energy sources.

Words related to solar energy are more frequent than those related to wind

energy. These two sources of energy were the only ones found among the 15 most

frequent words. It is worth mentioning that words related to the same source (e.g.,

solar energy, photovoltaic, etc.) were grouped under the word �solar.� In the 15 most

frequent words, words related to both solar and wind energy appeared 479 times, as

shown in Figure 5.

Figure 5 � Occurrence of �wind� and �solar� in Most Frequent Words (TPEM)

Regarding the most cited articles in the dataset, only 2 of the 15 most cited

publications were not published between 2011 and 2015, which was to be expected,

since the longer since the article was published, the greater the period to accumulate

citations. Table 3 lists these most cited articles.
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Table 3 � Most Cited Papers (TPEM)

Author Year Citations

Espinosa et al. (2012) 2012 345

“engül et al. (2015) 2015 182

Bradbury et al. (2014) 2014 168

Boomsma et al. (2012) 2012 157

Schelly (2014) 2014 122

Jouny et al. (2018) 2018 110

Beal et al. (2015) 2015 114

Dincer and Zam�rescu (2012) 2012 104

Blum et al. (2011) 2011 98

Ju et al. (2016) 2016 92

Gude et al. (2012) 2012 91

Daud et al. (2013) 2013 87

Arnold and Yildiz (2015) 2015 85

Erb et al. (2012) 2012 81

Harder and Gibson (2011) 2011 78

Regarding the most relevant publication outlets, Table 4 reveals that, among

the 15 main journals,Renewable Energy, Energy, Applied Energy, Energies, and Energy

Policy contain 30.5% of all papers in the sample of 921 papers.

Table 4 � Papers by Source (TPEM)

Sources Articles

Renewable Energy 75

Energy 67

Applied Energy 52

Energies 45

Energy Policy 42

Journal of Cleaner Production 40
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Table 4 � Papers by Source (TPEM)

Sources Articles

Energy Conversion and Management 36

International Journal of Renewable Energy Research 22

Solar Energy 19

Energy and Buildings 18

Sustainability (Switzerland) 17

Energy Economics 13

Applied Thermal Engineering 10

International Journal of Hydrogen Energy 10

Journal of Energy Storage 10

Figure 6 depicts the geographical distribution of the scienti�c production in

this group, de�ned by the �rst author's a�liation country. Considering the 15 most

relevant countries, the leader is the USA with 15.6% of scienti�c production followed

by China, 12.6%; Italy, 8.6%; the UK, 7.4%; and Spain, 7.0%. Altogether, these �ve

countries accounted for half of the total scienti�c production of the 15 countries

Figure 6 � Country Scienti�c Production (TPEM)

Table 5 shows a geographical analysis of the most cited papers, de�ned also by

the �rst author's a�liation country, it is possible to see that outside Europe, only USA

and China are among the �ve most cited countries. On the European continent, the

most cited papers come from the UK, Italy, and Turkey.
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Table 5 � Most Cited Countries (TPEM)

Country Total Citations

USA 1329

UK 658

Italy 612

Turkey 581

China 525

Korea 511

Germany 498

Canada 410

Denmark 391

Spain 347

Austria 230

Brazil 216

Greece 211

Hong Kong 207

Malaysia 182

Despite being the main countries for producing scienti�c articles, China and

Spain occupy lower positions when analysis focuses on the quantity of citations with

USA leading these values.

4.1.2.2 LCOE

In the LCOE group, the annual production of articles had an annual growth rate

of 37.7% in the period under analysis. In 2019, the total number of articles published

was 147. Literature on speci�c metrics for analyzing the cost of electricity related

to LCOE had a more expressive growth than the literature on traditional �nancial

metrics grouped in the TPEM category. This growth rate also re�ects the very low

number of articles in the beginning of the analyzed period and a remarkable number

of publications in 2019.
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Figure 7 � Annual Scienti�c Production (LCOE)

The most in�uential authors in this group are listed in Table 6. Results show

that 60% of the most relevant authors published their �rst paper on the topic in 2017 or

2015. This evidence re�ects another di�erence when comparing the LCOE and TPEM

groups with this last one showing that, for most authors, the �rst publication included

in this analysis dated from 2014 or before. Although a well-recognized method in the

industry, LCOE academic literature is more recent, and results suggest the topic is still

gaining attention in scienti�c studies about energy projects.

Table 6 � Authors Impact (LCOE)

Author h_index g_index NC Year*

Breyer C. 15 23 537 2015

Bogdanov D. 14 20 500 2015

Aghahosseini A. 7 13 218 2017

Gulagi A. 5 6 191 2017

Adaramola MS. 4 4 233 2014

Goel S. 4 4 33 2016

Ghenai C. 3 4 60 2018

Zhang X. 3 4 57 2015

Caldera U. 3 4 56 2017

Taylan O. 3 4 39 2017

Wang S. 3 4 31 2019
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Table 6 � Authors Impact (LCOE)

Author h_index g_index NC Year*

Zhang Y. 3 4 29 2015

Child M. 3 3 141 2018

Kim J. 3 3 36 2017

Kumar A. 3 3 24 2017

NC = Number of Citations, July (2020)

* = Year of the �rst publication on the topic

In the 512 articles included in the LCOE group, common words that represented

the intersection of interests, such as renewable energy resources, renewable energies,

economic analysis, and electricity generation, were also identi�ed. When the 15 most

frequent words were analyzed, �wind� and �solar energy� were also identi�ed with 323

occurrences, as detailed in Figure 8. Within this group, no other source of energy has

been identi�ed.

Figure 8 � Occurrence of �wind� and �solar� in Most Frequent Words (LCOE)

Table 7 shows the list of articles most cited in the LCOE set. Again, this high-

lights that these publications tend to be more recent than those included in the TPEM

group. For the TPEM group, the years of publication were distributed over the anal-

ysis period while, in the LCOE group, most of the most cited papers were published

between 2014 and 2017.

Table 7 � Most Cited Papers (LCOE)

Author Year Citations

Ueckerdt et al. (2013) 2013 209
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Table 7 � Most Cited Papers (LCOE)

Author Year Citations

Darling et al. (2011) 2011 188

Zamalloa et al. (2011) 2011 182

Li et al. (2013) 2013 138

Dalla Rosa and Christensen (2011) 2011 127

Ouyang and Lin (2014) 2014 124

Adaramola et al. (2014b) 2014 102

Halabi et al. (2017) 2017 95

Maheri (2014) 2014 88

Malheiro et al. (2015) 2015 86

Adaramola et al. (2014a) 2014 73

Ramos et al. (2017) 2017 71

Breyer et al. (2018) 2018 70

Barbosa et al. (2017) 2017 66

Isa et al. (2016) 2016 61

Regarding the most relevant sources, table 8 reveals that, among the 15 main

journals, Energy, Renewable Energy, Applied Energy, Energy Conversion and Manage-

ment, and Energies represent 39.1% of the 512 papers.

Table 8 � Papers by Source (LCOE)

Sources Articles

Energy 51

Renewable Energy 50

Applied Energy 38

Energy Conversion and Management 32

Energies 29

Energy Policy 21

International Journal of Renewable Energy Research 14
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Table 8 � Papers by Source (LCOE)

Sources Articles

Renewable and Sustainable Energy Reviews 13

Solar Energy 11

International Journal of Hydrogen Energy 10

Journal of Cleaner Production 10

Sustainability (switzerland) 10

Energy Strategy Reviews 8

Environmental Progress and Sustainable Energy 6

Applied Thermal engineering 5

Figure 9 presents the scienti�c production by country, considering the �rst au-

thor's a�liation. The leader is the USA with 20.6% of the scienti�c production among

the 15 most relevant countries followed by China, 9.6%; Germany, 8.9%; India, 8.6%;

and Spain, 7.1%. Altogether, these �ve countries accounted for 54.8% of the scienti�c

production of these 15 most relevant countries.

Figure 9 � Country Scienti�c Production (LCOE)

Table 9 presents the ranking of the most cited countries, considering �rst au-

thor's a�liation. In this analysis, among the 15 most cited countries, the �ve main

countries represent 64.4% of citations, namely, the USA, Finland, Germany, China,

and Australia. It is important to note that, for the LCOE group, both Italy and the

UK are less representative in terms of citation when compared to TPEM.
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Table 9 � Most Cited Countries (LCOE)

Country Total Citations

USA 680

Finland 468

Germany 404

China 346

Australia 208

Belgium 190

Denmark 181

Canada 156

Italy 132

UK 112

Korea 106

Spain 77

Chile 76

Sweden 72

Brazil 63

4.1.2.3 ROI

In the ROI group, article publication had an annual growth rate of 11.2% in

the period. In 2019, the total number of articles published was 21. Unlike the TPEM

and LCOE groups, the ROI group showed a �oating trend throughout the years.
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Figure 10 � Annual Scienti�c Production (ROI)

The most in�uential authors in this group are listed in Table 10. The results

show that 53.4% of the 15 most relevant authors published their �rst papers in 2014

or 2017, in equal shares.

Table 10 � Authors Impact (ROI)

Author h_index g_index NC Year*

Do, T. X. 3 3 56 2014

Lim, Y. I. 3 3 56 2014

AL Shari� S 2 2 15 2013

McMeekin S. G. 2 2 115 2011

Stewart B. G. 2 2 115 2011

Li Y. 2 2 58 2017

Jokisalo J. 2 2 57 2017

Kosonen R. 2 2 57 2017

Niemel² T. 2 2 57 2017

Yeo H. 2 2 40 2014

Yang J. 2 2 31 2014

Radzi M. A. M. 2 2 27 2015

Liu X. 2 2 24 2015

Atieh A. 2 2 15 2013
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Table 10 � Authors Impact (ROI)

Author h_index g_index NC Year*

Ali D. 2 2 6 2013

NC = Number of Citations, July (2020)

* = Year of the �rst publication on the topic

In the ROI group, words that represented the intersection of interests, such as

�renewable energy resources,� �renewable energies,� �economic analysis,� and �elec-

tricity generation,� were also identi�ed. Among the 15 most frequent words, the only

expressions related to energy sources were �wind power� with 24 references and �Pho-

tovoltaic Cells� with 19. However, despite being in the 16th and in the 17th position

among the most cited words, the group of expressions �Photovoltaic Cells,� �Solar

Power Generation,� and �Solar Energy,� when added together, result in a total of 50

references.

Figure 11 � Occurrence of �wind� and �solar�
in Most Frequent Words (ROI)

The 15 most cited papers for the ROI group are listed in table 11. In the analysis,

60% of these were published in 2013 or 2015.

Table 11 � Most Cited Papers (ROI)

Author Year Citations

Jenner et al. (2013) 2013 156

Schelly (2014) 2014 128

Eriksson and Gray (2017) 2017 84
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Table 11 � Most Cited Papers (ROI)

Author Year Citations

Cherrington et al. (2013) 2013 83

Muhammad-Sukki et al. (2011) 2011 66

Calvert et al. (2013) 2013 51

Li, Y., Wu, M., Li (2018) 2018 49

Muhammad-Sukki et al. (2014) 2014 49

Barsanti and Gualtieri (2018) 2018 44

Jacobs et al. (2013) 2013 42

Niemelä et al. (2017) 2017 37

Hou et al. (2017) 2017 36

Tokunaga et al. (2015) 2015 36

Al Garni et al. (2018) 2018 34

Salm et al. (2016) 2016 34

The 15 most relevant sources can be seen in table 12. In this list, the �ve top

journals represent 30.8% of all 156 papers in the sample.

Table 12 � Papers by Source (ROI)

Sources Articles

Energy Policy 11

Energies 10

Renewable and Sustainable Energy Reviews 10

Renewable Energy 10

Energy Conversion and Management 7

Joural of Cleaner Production 6

Energy 5

Sustainable Cities and Society 5

Applied Energy 4

Solar Energy 4
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Table 12 � Papers by Source (ROI)

Sources Articles

Biomass and Bioenergy 2

Energy and Buildings 2

Energy Research and Social Science 2

Environment Systems and Decisions 2

IET Renewable Power Generation 2

The most productive countries in terms of �rst author's a�liation are listed in

�gure 12. The leader is the USA with 29.5% of the scienti�c production among the 15

most productive countries, followed by the UK with 12.9%. As for China, it represents

7.6%. Altogether, these three countries accounted for 50% of the publication of these

top 15 countries.

Figure 12 � Country Scienti�c Production (ROI)

Table 13 presents the most cited countries, considering �rst author's a�liation.

In the sample with the 15 most cited countries, the �ve top countries represent 69.6%

of these citations. Moreover, half of the citations are related to authors a�liated in

American and British institutions.

Table 13 � Most Cited Countries (ROI)

Country Total Citations

USA 318

UK 271
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Table 13 � Most Cited Countries (ROI)

Country Total Citations

Germany 183

Canada 126

Australia 84

Korea 75

Finland 67

Brazil 49

China 44

Italy 44

Spain 39

Denmark 36

Switzerland 34

Turkey 31

Netherlands 30

Table 13 shows that some of the countries that are very representative in terms

of productivity can be less cited. China, for example, is the 3th country in terms of

publications but is 9th in terms of citations.

4.1.2.4 ROA

The annual production of articles in the ROA group presented an average yearly

growth of 23.12% in the period. Unlike all other groups, the number of papers published

in the ROA group in 2020 is already higher than in each of the three preceding years,

which seems to indicate an increasing interest in this method.
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Figure 13 � Annual Scienti�c Production (ROA)

Considering the more in�uential authors, the most frequent year of the �rst

publications on the topic was 2014 with 33.3% of the publications, as indicated in

table 14.

Table 14 � Authors Impact (ROA)

Author h_index g_index NC *Year

Fleten S. E. 4 5 218 2012

Hagspiel V. 3 4 19 2018

Madlener R. 3 5 25 2014

Boomsma T. K. 3 3 205 2012

Zhang M. M. 3 3 107 2016

Linnerud K. 3 3 85 2014

DI Corato L. 3 3 35 2011

Ferreira P. 2 3 64 2014

Fuss S. 2 2 135 2012

Bartolini F. 2 2 40 2012

Gazheli A. 2 2 24 2013

Barroso M. M. 2 2 22 2014

Iniesta J. B. 2 2 22 2014

Ashuri B. 2 2 19 2015
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Table 14 � Authors Impact (ROA)

Author h_index g_index NC *Year

Glensk B. 2 2 5 2019

The analysis of the most frequent words in the ROA group also demonstrated

that wind energy was the only source with occurrences among the 15 main keywords

with 25 occurrences. The most cited papers included in the ROA group are listed in

Table 15. Results indicate that 53.3% of these listed studies were published in the years

2015 and 2016.

Table 15 � Most Cited Papers (ROA)

Authors Year Citations

Boomsma et al. (2012) 2012 157

Fuss et al. (2012) 2012 68

Reuter et al. (2012) 2012 67

Zhang et al. (2016b) 2016 54

Wesseh and Lin (2016) 2016 53

Ritzenhofen and Spinler (2016) 2016 53

Santos et al. (2014) 2014 49

Monjas-Barroso and Balibrea-Iniesta (2013) 2013 48

Jeon et al. (2015) 2015 45

Zhang et al. (2016a) 2016 43

Wesseh and Lin (2015) 2015 41

Kim and Lee (2012) 2012 41

Bruno et al. (2016) 2016 36

Hach and Spinler (2016) 2016 35

Detert and Kotani (2013) 2013 35

Table 16 shows the most relevant journals for this set of articles. The �ve main

journals concentrate more than 47% of the publications of all 99 works in the sample.
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Table 16 � Papers by Source (ROA)

Sources Articles

Energy Policy 11

Applied Energy 10

Energy Economics 10

Energies 8

Energy 8

Renewable Energy 5

European Journal of Operational Research 3

Journal of Cleaner Production 3

International Journal of Greenhouse Gas Control 2

Journal of Construction Engineering and Management 2

Agricultural Finance Review 1

Aims Energy 1

Biomass and Bioenergy 1

Canadian Journal of Agricultural Economics 1

Chinese Journal of Population Resources and Environment 1

Figure 14 describes the scienti�c production for the top 15 publishing countries.

The authors a�liated with Chinese institutions account for 21% of these publications.

Germany lies in second with 9.1% followed by Norway, South Korea, and the UK, all

of them representing 8.1% of these publications.
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Figure 14 � Most Cited Countries (ROA)

Table 17 shows that China is also a relevant country when it comes to articles

cited by authors linked to their institutions. In this group, the USA has no leadership

either in the production of articles or in citations.

Table 17 � Most Cited Countries (ROA)

Country Total Citations

UK 296

China 168

Austria 143

Germany 140

Korea 130

Spain 101

USA 80

Portugal 49

Brazil 40

Italy 40

Japan 35

Iran 27

Sweden 26

Canada 23

Denmark 20



Chapter 4. Results ans Discussions 76

4.2 Qualitative Analysis

For the qualitative content review, the �ve most cited studies from each of the

four groups previously analyzed were addressed.

4.2.1 TPEM

In the most cited articles in the TPEM group, Espinosa et al. (2012) combined

PBP with LCOE to evaluate simpli�ed photovoltaic cells. The authors proposed a

polymer solar cell technology capable of generating very low-cost solar energy, capable

of being paid for during a day of use; in this sense, the PBP is considered an indicator to

assess the daily payback of the investment. The authors highlight the scalability factor

as a preponderant to guarantee a scale production to the point that the generation is

su�ciently compensable to this one-day payback.

“engül et al. (2015) used PBP as a criterion for the classi�cation of renewable

energy supply systems in Turkey. However, the use of the traditional PBP method

is only peripheral and is set as one of the criteria included in the proposed MCDM

approach.

Bradbury et al. (2014) applied the IRR indicator to assess the economic viability

of implanting di�erent energy-storage systems responsible for the greater stability and

e�ciency of the renewable energy system. The authors concluded that, among the

storage systems compared in the study, the most viable are Pumped Hydro Storage,

Sodium Nickel Chloride batteries, and compressed air energy storage.

Boomsma et al. (2012) examined the sources of uncertainty related to the choice

of support schemes, namely, feed-in tari�s, and negotiation of renewable energy cer-

ti�cates. Although addressing TPEM, the focus of this paper is related to real option

analysis, and it cites NPV as a starting point.

Schelly (2014) presented an empirical study to identify the factors that moti-

vate the residents of Wisconsin (USA) to adopt residential solar electric technology.

The author points out that PBP, considered a popular way of referring to ROI, is

an important economic calculation tool capable of contributing to decision-making by

investing in residential photovoltaic energy projects.

An important outcome of the works most cited in this TPEM group is the

presence of studies combining two or more tools for economic evaluation. For exam-

ple, Espinosa et al. (2012) combined the LCOE and PBP methodologies to price the

manufacture of simpli�ed photovoltaic cells. In this case, LCOE was mostly related to

the evaluation of the project while the PBP demonstrated that the scalability of the

photovoltaic cell production line can support its viability. Schelly (2014) also referred
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to PBP and ROI to demonstrate ways of valuing RES projects. Also remarkable is

the use of these metrics as part of MCDM studies showing the importance of TPEM

individually but also as part of more integrated approaches for project evaluation or

energy planning.

4.2.2 LCOE

In the LCOE group, it is possible to identify that the tool is also widely used for

the economic valuation of RES projects. However, Ueckerdt et al. (2013) highlighted

some weaknesses in this methodology. According to the authors, LCOE does not cap-

ture the variability and integration between energy sources, which are common in the

�eld of renewable energy. Therefore, Ueckerdt et al. (2013) proposed a new metric sys-

tem based on LCOE that handles variability and integration and used the example of

wind energy.

Darling et al. (2011) also emphasized the misuse of LCOE as a method of com-

paring electricity-generation technologies. According to the authors, the use of LCOE

as a deterministic parameter can reveal an unfounded and potentially misleading sense

of certainty. Instead, the authors proposed considering input parameter distributions

based on available data so that an LCOE distribution can more accurately re�ect the

cost uncertainty associated with renewable-energy projects.

Other applications for economic evaluation of RES projects can also be used in

the most cited articles of the LCOE group. Zamalloa et al. (2011) combined the use of

LCOE with other traditional valuation metrics and proposed a lower-cost alternative

to produce energy using microalgae as a raw material.

Li et al. (2013) carried out a techno-economic viability study of a hybrid and au-

tonomous energy system combining wind and photovoltaic sources with an energy stor-

age system in a residence in Urumqi, China. For the case study, the authors concluded

that the autonomous hybrid system is economically more interesting than systems that

use only one of the sources associated with storage.

Dalla Rosa and Christensen (2011) also used LCOE as a methodology for calcu-

lating energy e�ciency applied to homes. In view of the high demand for electricity for

heating systems in regions in northern Europe, the authors demonstrated that heating

systems based on RES are reliable in supply security for users in Denmark. LCOE was

used to show that investment costs represent up to three quarters of total expenditure

over a 30-year period.

The use of LCOE is recurrent for the viability analysis of domestic renewable

energy systems for both electricity and heat generation. This factor may be related

to the use of software specialized in this type of approach and which uses LCOE as
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an indicator of viability of the projects, such as the HOMER software (Hybrid Op-

timization Model for Electric Renewables) (see for example Sen and Bhattacharyya

(2014)). The simplicity of the method allied to the industrial acceptance to compare

energy technologies must be underlined. Regardless of the criticisms, the reviewed pa-

pers demonstrated the relevance of the metric and opened routes for possible extensions

and improvements.

4.2.3 ROI

Jenner et al. (2013) used ROI as a dependent variable in a panel data model to

con�rm that policies to support renewable energy are important tools to drive capacity

development in this sector in Europe. The authors found that incentive policies drive

RES investments via the e�ect on the expected ROI.

The work of Schelly (2014) addressed ROI in general terms for assessing the

rationale and economic impacts of residential solar electricity adoption. Eriksson and

Gray (2017) reviewed the transition to electricity for transportation including battery

and fuel cell electric vehicles. The authors' critical analysis is focused on the integration

between hydrogen energy technologies and hybrid energy systems. When referring to

ROI, the authors encompassed several economic metrics with the main objective of

showing the need to evolve and give way to more comprehensive mechanisms with a

holistic view including environmental and social considerations.

Cherrington et al. (2013) analyzed the impact of the revisions of solar pho-

tovoltaic tari�s in the UK. They applied a �nancial analysis for two installations to

identify the impact of these tari� cuts on the ROI and simple PBP of the photovoltaic

system. The authors concluded that, even with a lower tari�, micro-installations for

photovoltaic power generation can still be viable. However, they highlighted the need

for these investments to focus on more e�cient modules while considering the costs

related to the disposal of materials at the end of their useful lives.

Likewise, Muhammad-Sukki et al. (2011) also analyzed the deployment of elec-

tric power photovoltaic systems for both domestic and nondomestic uses in Japan and

computed ROI and the simple PBP. The authors also considered the impacts of the

implementation of a new tari� model in the country, which includes speci�c prices for

solar photovoltaic installations. The authors concluded that, given the new model of

renewable energy incentive tari�s, any nonresidential installation with a size of 100

KW in Japan could have an ROI of 7.43% per year, exceeding the return on value in

European countries.

The studies addressing ROI showed that the term is frequently used under a

broader view to assess the economic viability of an investment. As for the studies
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applying ROI metrics, we should highlight the simplicity of the approach as most of

them rely on non-discounted approaches frequently based on accounting pro�t metrics

and metrics combined with simple PBP.

4.2.4 ROA

In the most cited articles of the ROA group, it is possible to identify examples

of applying real options to support the decision-making process. As mentioned before,

Boomsma et al. (2012) analyzed the behavior of investment in renewable energy in

the face of tari� support and renewable energy certi�cates. In view of the sources of

uncertainty existing in these investments, the authors focused their analysis on a Nordic

case study based on wind energy and concluded that, as the investment is made, the

trade in renewable energy certi�cates creates incentives for larger projects.

Fuss et al. (2012) highlighted the role of uncertainties in the decision-making

process for investments based on renewable energy. Considering the probability of the

occurrence of certain events, the authors used the real options model to optimize the

decisions for these investments.

Reuter et al. (2012) used the theory of real options to analyze the decisions of

an electric energy producer to invest in a new generation capacity. This mechanism

was used based on the uncertainty related to future energy prices and environmental

variables. The authors pointed out that the uncertainties existing in this type of project

a�ect the distribution of pro�ts and demand mechanisms such as incentive rates to

make investments viable and enable the entry of new investors.

Zhang et al. (2016b) used the concept of real options to evaluate an investment

in renewable energy considering the existence of uncertainty in factors such as the

price of CO2, the cost of non-renewable energy, the market price of electricity and

the cost of investment. The authors applied the ROA to a photovoltaic solar power

generation project in China and concluded that the high volatility of electricity and

CO2 prices makes the country's market unfeasible to attract immediate investments in

these projects. The authors also pointed out that greater subsidies and greater market

stability are factors that can overcome these barriers.

Finally, Wesseh and Lin (2016) used the concept of real options to evaluate an

investment in renewable energy considering the existence of uncertainty in factors such

as the price ofCO2, the cost of nonrenewable energy, the market price of electricity, and

the cost of investment. The authors applied the ROA to a photovoltaic solar power-

generation project in China and concluded that the high volatility of electricity and

CO2 prices makes the country's market unfeasible to attract immediate investments in

these projects. The authors also pointed out that greater subsidies and greater market



Chapter 4. Results ans Discussions 80

stability are factors that can overcome these barriers.

The works using ROA con�rm the close relation of this approach with TPEM

as it can be seen as an important extension of traditional discounted cash-�ow metrics.

ROA can support the risk analysis of the RES projects in light of the market changes

and technological advancements and can help assess and quantify the managerial �exi-

bility of these projects. However, it is also obvious that this is still considered a complex

approach that requires more data and more sophisticated mathematical models. If, on

one hand, this poses important challenges for industrial acceptance, on the other hand,

it also shows the promising potential of the applied academic studies.

4.3 Critical Analysis

The geographical coverage of the papers shows the dominant role of publications

from the USA, China, and Europe. This is not an unexpected outcome and also re�ects

the development of RES in these countries/regions, which altogether represented 63%

of the total installed RES power in the world in 2019 (IRENA, 2020b,a). Particularly

remarkable is the case of China, which represented 30% of the total installed RES power

in the world in 2019 against 19% 10 years ago. This somehow justi�es the increasing

number of papers coming from China and the number of citations particularly evident

for LCOE and ROA groups. As for the USA, although showing a growth rate of almost

7% per year, it still lags behind China and Europe in installed RES power. Nevertheless,

the number of papers and citations shows a promising interest from the USA scienti�c

community in the topic of RES project evaluation.

Regarding technology concerns, wind and solar are still the main paper targets.

Once more, this may be explained by the increased adoption rate of these technologies

globally between 2011 and 2019, reaching more than 13% per year for wind power and

more than 30% for solar power. The growth in China must be highlighted with almost

70% per year for solar power. In fact, solar power has been growing signi�cantly for all

countries, and the low initial values (with 2011 as a reference) justi�es this high growth

rate, especially in China, the USA, and Canada. Both LCOE and TPEM address both

technologies, but it is still wind that captures most attention of the reviewed papers for

ROA. This may be due to the perceived variability of the wind power output and of the

market conditions that calls for further studies allowing the integration of uncertainties

on the �nancial project appraisal.

China assumes a more in�uential position in both scienti�c production and

citations on ROA. This may be linked to concerns about the uncertainties related

to the expansion of the electricity system based on RES, the increasing interest of

the academy in dealing with risk and managerial �exibility in project evaluation, and
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increasing importance of RES for Chinese investors in di�erent countries.

In summary, some critical points can be highlighted based on the study and

should contribute to answering the research question:

ˆ The scienti�c studies seem to be well aligned with the RES growth with the

reviewed papers re�ecting a high interest in well-established RES technologies

and in countries or regions with high RES share.

ˆ Traditional models based on DCF still play a dominant role in the scienti�c com-

munity. Although the studies recognize the limitations and discuss, in particular,

the importance of the assumed discount rate, the use of NPV, PBP, and IRR

still seem to guide most investment decisions.

ˆ The use of LCOE is far from universal, but that did not reduce its interest from

the scienti�c community. The viability analysis of residential projects focused on

distributed generation is a good example of the extensive LCOE application, and

specialized software in these studies contributed to the high popularity of this

indicator.

ˆ As for ROA, the results suggest that this methodology is yet not as popular as

might be expected for authors in American institutions. However, its populariza-

tion among authors from institutions located in Europe, where renewable energy

systems are more developed, as well as among authors from institutions located

in China, where there is a great potential for the development of this sector, can

demonstrate its usefulness as a tool to analyze the viability of projects, albeit in

a complementary way. The ROA does not replace the NPV but, rather, improved

it by explicitly accounting for risk and managerial �exibility.

ˆ Both LCOE and ROA papers demonstrate the need to bring together indus-

trial practitioners and the academic community by turning simpler metrics into

scienti�cally robust ones and disentangling complex approaches to respond to

industrial needs.

ˆ Regarding the methodology, the use of a revision based on previous established

groups allowed for a better understanding of the methods and how they relate

to di�erent countries and technologies. The proposed intersection analysis also

showed how di�erent methods are related and may complement each other, which

is also evident in the reduced set of journals that concentrate most of the pub-

lications. As for this last aspect, it is important to highlight that this revision

included only articles that illustrated the application of �nancial evaluation meth-

ods for RES projects, and, as such, review articles were excluded, which may have

limited the inclusion of papers from journals dedicated to reviews.
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5 Conclusion

This article contributes to a better understanding of tools that support the

economic evaluation of RES projects by presenting the results of a review based on

scienti�c production on the subject. The study identi�ed that, in the context of scienti�c

papers, the most widespread RES projects are related to wind and solar energy.

The most traditional tools used to evaluate RES projects are more popular in

solar energy than wind energy while more complex mechanisms such as ROA are more

widespread in studies related to wind energy. The dissemination of instruments and

techniques to measure the uncertainties related to the incidence of winds can explain

this empirical evidence.

From a geographical point of view, looking at author a�liations, the most tra-

ditional techniques are more common in publications from countries such as the USA,

Italy, Spain, and Germany while Asian countries, such as China and South Korea, have

higher scienti�c production involving the technique based on real options.

The critical analysis provided some future research directions. Future research

could analyze how these RES evaluation techniques vary and how they can be associ-

ated with other techniques to build more reliable and e�ective performance indicators.

In fact, only about 23% of the reviewed studies seem to show some interlinkage be-

tween studies with the others somehow overlooking the complementarities of these

indicators. In particular, the use of TPEM with ROA is well established, but LCOE

is still frequently used as an independent metric that could bene�t from integration in

more holistic studies, for example addressing uncertainties of the energy markets and

technology development.

Although the linkage between the �nancial studies and well-established RES

technologies is evident, additional research is required to address promising new RES

technologies or emerging enabling technologies.

For these innovative projects, risk and �exibility-related approaches are partic-

ularly relevant, and ROA can bring important insights. However, the use of ROA is

still limited, which may derive from the perceived complexity of application and in-

terpretation. As such, future studies should focus on identifying factors that prevent

greater dissemination and usability of more complex techniques and even promote a

�user-friendly� approach to these methods.
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Abstract

The electricity market in Brazil is basically organized under two parts: the regulated

market (ACR), where energy is traded through auctions, and the free market (ACL),

where agents freely negotiate the price and quantity of electricity. Although ACR's

revenues tend to be lower than ACL's, the auction shows that investors still value

the lesser uncertainty and additional bene�ts brought by the regulated market. At

the same time, it is possible to see a growing interest in the ACL since the price of

electricity tends to be higher. This study investigates four ACL market price scenarios

to analyze the expected return for investors given the uncertainty of this market. We

used the traditional discounted cash �ow approach complemented with Monte Carlo

simulation to assess this viability. The study breaks new ground by capturing the

weekly �uctuations and including the price elasticity of demand of the ACL market.

The results indicate that the disclosure of the ceiling and �oor price limits for the spot

price can signal important information about the agents' price expectation in the ACL

and can be used for the project evaluation. Furthermore, additional revenues related

to the possibility of anticipating electricity supply and sales should not be disregarded.
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1 Introduction

Currently, 72% of the world's energy supply comes from non-renewable sources

(IEA, 2020). The environmental consequences of this exploitation have led to a steady

growth in the use of renewable sources of energy over the last few years (BP, 2019;

United Nations, 2020).

In addition, the pressure to reduce carbon dioxide emissions in the electricity

generation process, caused mainly by burning coal, may hasten the replacement of

non-renewable energy sources by renewable energy sources (RES) in the coming years

(de Queiroz, 2016; United Nations, 2020).

In Brazil, almost 50% of the power generated in 2019 came from large-scale

hydro plants, followed by thermoelectric plants (25%) heavily relying on biomass ob-

tained from large sugar cane plantations, and wind power plants (nearly 13%) (ANEEL,

2020b). Even so, Brazil still has enormous potential to generate energy from other re-

newable sources, which needs to be explored. To achieve this, signi�cant regulatory

and technological innovations are needed.

Although wind power is not the main RES technology in Brazil, in 2020, its

installed capacity reached 16 GW (ABEEOLICA, 2020). Thus, wind power is one of

the most promising technologies in the country, especially in the northeastern region,

mainly due to the favorable wind conditions (de Jong et al., 2017). Brazilian winds are

characterized by positive factors related to stability, little variation in direction, and

good intensity, which results in a high-capacity factor. In Brazil, the average capacity

factor is nearly double that of the world average (ABEEOLICA, 2020).

The wind power generation sector in Brazil has grown exponentially and become

an important alternative source of energy that can help reduce the environmental im-

pact with low production costs. Another important advantage of wind power relates to

the existence of more favorable winds during periods of drought, which warrants using

wind farms in complement with the hydroelectric plants (EPE, 2018a). In addition to

the reduced taxes by the government and the possibility of additional revenues in the

negotiation of the carbon market, the high supply capacity of wind power due to the

emergence of new technologies with more e�cient turbines has made wind generation

increasingly competitive in Brazil (da Silva et al., 2013; Pereira et al., 2012).

Wholesale electricity trading in Brazil is based on two markets schemes: Reg-

ulated Market (ACR) and Free Market (ACL), both are expressed in the Portuguese

abbreviation. In ACR, the purchase and sale of energy is formalized through auctions
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by contracts between the generating agents and distributors. In ACL, the agents are

free to negotiate bilateral contracts to agree upon the volumes of energy and prices

between themselves (CCEE, 2019).

Until 2018, renewable energy supply contracts in the ACR market were subject

to the availability concept. Then, the company that won the auction would receive a

�xed remuneration for supplying energy, regardless of the amount generated. As of the

second half of 2018, companies started to be remunerated according to the amount

of energy they were able to supply. However, companies accepted in the auction are

required to allocate at least 30% of the electricity production capacity of the project

to the ACR.

The 2018 regulatory change tends to increase the risk in these projects as no

�xed remuneration for availability is foreseen. Moreover, if the plants are unable to

supply the amount of energy agreed upon at the auction, they need to cover the dif-

ference by buying energy at a spot price (PLD, in Portuguese) that is higher than the

values in the ACR (CCEE, 2019).

Although the ACR tends to o�er lower prices than the ACL, the auction results

show that companies remain interested in participating in the auction and allocat-

ing the required minimum generation share to the ACR. This is because of the other

bene�ts o�ered to participants, which go beyond selling electricity. For example, com-

panies participating in auctions enjoy the bene�t of using transmission lines granted

by government plans (Dalbem et al., 2014).

The lower remuneration o�ered by the ACR is expected to be compensated by

electricity sold under contracts in the ACL market, which usually results in higher

revenue. It is, therefore, worth exploring how companies can operate in both ACR and

ACL markets and what the expected return of such a strategy will be. Accordingly,

this study seeks to better understand the premises that lead producers to invest in the

wind power industry under this mixed free-regulated market environment in Brazil.

This paper presents and illustrates a methodological procedure for investment

analysis of wind power projects that considers the possibility of selling energy in both

markets. We argue that although lower prices in the ACR market can make participa-

tion in the auctions less interesting, a guarantee of revenue from that market associated

with additional transmission line access bene�ts for auction participants should main-

tain the interest of companies in that market. We used the Di�erence Settlement Price

(PLD) as a proxy for the ACL market prices and assessed whether the price limits

released by the Brazilian regulatory agency in the sector (ANEEL) can be used as a

reference to estimate the economic viability of the projects.

The main objective of this study is to estimate the viability of wind energy
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projects in Brazil that participate in both markets (ACR and ACL) considering the

dynamics between energy supply and demand in the ACL portion. In addition, the

study seeks to present evidence on the best use of price scenarios to estimate the via-

bility of projects in the ACL Market, since bilateral and non-public contracts between

agents in this market do not allow the analysis of historical price series.

This study used information from the last three wind energy auctions in Brazil

that occurred in 2019 and the second half of 2018. For this, the traditional Net Present

Value (NPV) and the Internal Rate of Return (IRR) indicators are used for a deter-

ministic analysis. Then, for a more comprehensive evaluation, a stochastic analysis is

performed using Monte Carlo Simulation (MCS) in a weekly price period that follows

a Brownian Motion. Then, we calculated the annual average of these simulations for

the construction of the annual cash �ows of the projects.

The paper is organized as follows. Section 2 presents a review of evaluation

of renewable energy projects. Section 3 provides a brief literature review about the

wind energy sector in Brazil. Section 4 presents the material and methods. Section 5

describes the main economic assumptions. Section 6 presents the results and discussion,

and lastly, Section 7 establishes the main conclusions of the paper and provides some

insights for future research.
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2 Evaluation of renewable energy projects

In addition to combating climate change, renewable energy production con-

tributes to reducing energy price volatility as compared to the non-renewable sources,

which are vulnerable to political instabilities, trade disputes, and embargoes, among

others (Su et al., 2018). Thus, identifying ways of evaluating renewable energy projects

is crucial to better assess the more e�cient mechanisms in this environment.

There are many methodologies used to evaluate investment projects or compa-

nies. However, Siziba and Hall (2019) emphasizes that they can be classi�ed into three

main groups: (i) discounted cash �ow (DCF)-based methodologies, (ii) non-DCF-based

methodologies, and (iii) alternative methods. According to the authors, these three

categories are distinguished by two concepts: the value of money over time and the

uncertainty of the business. DCF-based methods assume the value of money over time,

as opposed to non-DCF-based methodologies like Return on Investment (ROI). The

alternative methods such as real options analysis (ROA) incorporate concepts of time

value of money and business uncertainty.

According to Kim et al. (2018), the DCF has been used as an important tool for

analyzing the economic viability of energy projects. In this methodology, most invest-

ment projects use a weighted average cost of capital (WACC) approach, which assumes

using the Capital Asset Pricing Model (CAPM) to obtain a minimum acceptable rate

of return (MARR) for investors (Brandão and Dyer, 2005). Indicators such as NPV,

IRR, and Payback Period are included in this category. According to de Andrés et al.

(2015), these three indicators can e�ciently express the degree of viability of projects.

Since there is a wide acceptance of DCF-based methods in the literature, this paper

will use the indicators NPV and IRR as the main measure of viability analysis.

Moreover, it should be noted that the correct valuation of renewable energy

projects depends on numerous factors that are not always exclusively linked to the

economic analysis of the project. Factors such as environmental impacts and non-use

value, which is based on the fact that people enjoy living in a cleaner atmosphere as a

result of reduced emissions from fossil fuels, are also worth considering in such projects

(Tsukamoto et al., 2006). As Lai and Locatelli (2021) discussed, the evaluation of energy

projects can follow a policymaker's perspective and include these social bene�ts, or an

investor's perspective and examine the monetary value of the project.

In addition, many variables used for valuing renewable energy projects are sub-

ject to uncertainties of di�erent natures. Some examples include the uncertainty related

to wind variability (Onar and K�lavuz, 2015), the price of energy (Balibrea-Iniesta et al.,
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2015), the investment costs (Zhang et al., 2016), or the market regulation (Eissa and

Tian, 2017; Eryilmaz and Homans, 2016). In response to this, MCS techniques may

be employed to assess the risk by using probabilistic approaches to combine di�erent

variables and analyze the projects under di�erent scenarios.

Some recent examples include the use of MCS for valuing renewable energy

projects. Fleten et al. (2016) examined the behavior of the investor in hydroelectric

projects in Norway, for this, the authors used the NPV as a measure to verify the

viability of the investments. Given the uncertainty of electricity prices in their study,

the authors applied the MCS method to assess the expected value of real options in the

project. Aquila et al. (2020) studied the viability of wind energy investments in Brazil

by using the MCS method to complement the deterministic analysis of the results.

Carvalho et al. (2020) also analyzed the viability of Brazilian wind and photovoltaic

projects, while also analyzing the risk associated with anticipating or delaying projects

in the Brazilian energy market. The authors used the NPV method for a deterministic

evaluation and the MCS for a stochastic evaluation of the results.

DCF methodologies have been very important in guiding investment decision-

making. However, its deterministic nature is not capable of capturing future uncertain-

ties related to the projects. Thus, the complementary use of tools capable of working

with these uncertainties, such as MCS, are fundamental to appropriately analyze the

viability of projects. Without incorporating these uncertainties and presenting proba-

bilistic scenarios, the viability analysis is compromised and subject to events that can

render the projects unfeasible, even if their viability analysis has been positive.

This representative analysis of previous papers showed that the use of traditional

DCF and MCS for renewable projects evaluation is well established, but to the best of

the authors'knowledge, its use on the complex mixed regulated-free market environment

to support investors decision making is still an open �eld for discussion. That is the

case of Brazil which will be brie�y presented in the following section.
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3 The Brazilian electricity system

3.1 Electricity market organization

The Brazilian electric system gained importance in the 1960's with large hy-

draulic constructions and large transmission and interconnection systems for hydroelec-

tric power, which enabled increased e�ciency and cost reduction (Bradshaw, 2017).

However, the characteristics of state monopoly regarding the country's elec-

tricity sector began to change in the second half of the 1990's. In August 1996, the

government implemented the RESEB Project (Restructuring of the Brazilian Electric

Sector), as it sought to ensure the economic e�ciency of the sector and inviting invest-

ments to expand the energy supply. This project was the basis for the new model of

the electric sector that would appear in 2004 (de Souza and Legey, 2008).

The energy crisis that hit the country in 2001 prompted the Brazilian govern-

ment to implement a new regulatory framework for the sector (Juárez et al., 2014).

With the enactment of the �Law of the new electric sector model� (Law nº 10,848/04),

the electricity market was segregated into the following segments: generation; transmis-

sion; distribution; and marketing/commercialization. This disentangled the activities

of the companies operating in the electricity sector (Brazil, 2004).

The new regulation of the sector also created the electricity trading system

with two main markets: the ACR and the ACL. In addition, it authorized creating

the Electric Energy Trading Chamber (CCEE), to make the sale of electricity more

e�cient, among other functions.

As previously mentioned, in the ACR market, auctions for the purchase and

sale of electricity were characterized by contracts that remunerated producers with a

�xed revenue regardless of the quantity of energy o�ered. As of 2018, these contracts

started to remunerate the companies considering the amount of energy o�ered by them.

The new remuneration format started to follow a rule described by Equation (3.1).

RVi;m =

2
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PotT otal i

1

A � Pdelay i;m +

0

@1 �
Potdelay i;m

PotT otal i
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#

� CEi;m (3.1)

Where:

RV( i; m) = Revenue of the plant i, calculated in the month m for the ACR market

CEi;m = Contracted energy of the plant i in MWh, in the month m
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Potdelay i;m = Installed power referring to generating units committed to the contract,

which are not in commercial operation after the respective expected dates of granting

the power plant i, ascertained in the monthm

PotT otal i = Installed power referring to the complete motorization of the plant i, in the

plot committed to the contract

SPi;m = Sale price for the plant i, in the month m, de�ned in auction

Pdelay i;m = Resale price, de�ned according to normative resolution n. 595/13 or another

rule that will replace it, in the month m

Table 18 describes the electricity contracting models in Brazil and compares

the main characteristics of ACR and ACL markets.

Table 18 � Electricity contracting models in Brazil

Characteristics ACL ACR

Participants
Generators, traders, free

and special consumers
Generators, distributors,

and traders

Contracts
Free negotiation between

buyers and sellers

Energy auctions promoted

by CCEE, delegated by

the regulatory agency

(ANEEL)

Kind of Contract
Freely established agreement

between the agents

Regulated by ANEEL.

Called Electric Energy

Trading Contract in the

Regulated Environment.

(CCEAR)

Price Freely agreed between the agents Given in the auction

Whenever the producer is unable to supply the contracted amount to the ACR,

it will need to resort to the short-term market (STM) or di�erences market, to comply

with the purchase and sale agreement. The prices of this STM are established by the

CCEE and are coined as Di�erence Settlement Price (PLD). The price of energy in the

STM tends to be higher than the prices established by agents at the auction, which

leads to higher costs for the non-compliant producer CCEE (2019).

It is notable that although CCEE calculates the PLD, the maximum and mini-

mum limits for the price are de�ned by regulations. Between 2015 and 2019, the ANEEL

normative resolution N. 633/14 de�ned these limits.
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The main criterion adopted to classify the winners in an auction in Brazil is

based on the principle of the lowest bid price per MWh of electricity to ensure reason-

able tari� rates. In the recent past, the values of wind energy prices o�ered in auctions

showed a relative downward trend. Concomitantly, the growth of ACL in the country

has attracted the attention of many power producing companies.

Figure 15 shows the evolution of the bid prices in wind energy auctions from

2017 to 2019. In the �gure, the auctions with the sign A-6 (A minus 6) represent a

deadline for delivery of the contracted energy within six years of the auction. Similarly,

A-3 and A-4 follow the same logic and have a contractual delivery deadline of three and

four years, respectively. The quotation of values in US dollars followed the exchange

rate average exercised in the auction year. Auctions 2018 (A-6), 2019 (A-4), and 2019

(A-6) are called auctions 28, 29, and 30, respectively, and are used as a database for

this study.

Figure 15 � Average Bid prices in Brazilian auctions (US$/MWh)

The average price established in the auctions, that included 95 projects, was

23.46 US$/MWh. The average value was 23.31 US$/MWh for Auction 28 (2018 � A-6),

19.32 US$/MWh for Auction 29 (2019 � A-4), and 23.85 US$/MWh for Auction 30

(2019 � A-6).

The Brazilian electricity system is highly in�uenced by hydropower plants. As

such, the PLD is calculated using mathematical models that seek an optimum balance

between hydroelectric plants and the thermal energy usage when rainfall is scarce. Thus,

factors related to the demand for electricity, prices of fuels used in the generation of

thermal energy, and the emergence of new projects and transmission lines in�uence

the determination of an optimal price for the system, as speci�ed by submarkets. The

location distribution of submarkets of the electrical system in Brazil across 4 regions:
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North (N), Northeast (NE), Southeast and Midwest (SE/CO) and South (S). The PLD

prices are updated weekly for each regional submarket.

Figure 16 shows the location distribution of submarkets of the electrical system

in Brazil across 4 regions: North (N), Northeast (NE), Southeast and Midwest (SE/CO)

and South (S).

Figure 16 � Regions of the Brazilian electrical system
source:CCEE (2020a)

Figure 17 shows the evolution of PLD price using monthly averages.

Figure 17 � PLD Price in Brazilian Market (US$/MWh)
source: CCEE (2020c)

The prices stipulated for the SE/CO and S submarkets are overlapping in Figure

17.
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The internal restrictions of each region are not considered for the PLD calcu-

lation. However, energy transmission restrictions between regions are accounted for in

the PLD calculation model (ABEEOLICA, 2020), which results in di�erent prices for

each region. For example, in January and February 2019 the prices in the S and the

SE/CO regions peaked, which was due to the forecast of deteriorating water in�ows for

the system in the region. In contrast, the combination of lower consumption and higher

rainfall in the N region maintained PLD at lower values. In 2018, the price values in

the N region also followed the rising trend of the other regions due to the shortage of

rainfall for all markets and delay in commencing the Belo Monte hydroelectric plant's

operations, which is the fourth largest hydroelectric plant in the world. This market

splitting requires a regional adjustment of the expected revenue of the projects as PLD

will be used as a proxy for the price in the ACL. Given that the projects that won

auctions 28, 29 and 30 were all located in the NE region, the PLD for the NE will be

considered in the analysis.

3.2 Wind power in Brazil

The environmental impacts generated by the energy sector in Brazil have been

a concern since the 1970s, which has boosted the development of research and new

technologies aimed at generating renewable energy (da Silva et al., 2013; Pao and Fu,

2013).

In 2019, the supply of electricity in Brazil reached a total of 651.3 TWh and

registered an increase of 2.3% as compared to 2018. The share of renewable energies in

Brazil's electric matrix reached 83% in 2019, and in this total, wind energy occupied the

third place in the order of importance, representing 8.6% of the total electric production

matrix (EPE, 2020).
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Figure 18 � Brazilian electricity production matrix 2019
source: (EPE, 2020)

The wind energy industry in Brazil has grown considerably since 2009, becoming

a highly attractive Latin American market for this type of investment (Simas and

Pacca, 2014). In 2019, Brazil generated 56 TWh of electricity from wind energy, a 15.5%

growth as compared to 2018 (EPE, 2020). By 2029, the expansion of installed wind

power capacity in Brazil is expected to be approximately 163% of the total recorded

in 2019 (EPE, 2019).

Figure 19 shows that installed capacity of wind power in Brazil has grown

steadily since 2010, surpassing 15GW in 2019, representing an expansion of 6.9% as

compared to 2018.

Figure 19 � Brazilian wind power installed capacity (MW)
source: (IRENA, 2020)
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The large majority of Brazil's wind power capacity is installed in the Northeast

region due to the high energy generation potential of the region. In 2019, Brazil had

more than 7,000 generators distributed in 601 wind farms and 80% of them were located

in the Northeast (Abraceel, 2019).

In addition, the Brazilian Ministry of Mines and Energy (MME) estimated

that by 2029, the total installed capacity of wind power in Brazil will reach 39,475

MW (EPE, 2019). The development of wind energy in Brazil is considered one of the

most promising options by the Ministry of Mines and Energy, which has reinforced

the industry's competitive advantage to ful�l the demand for electricity in the coming

years. The trend of expansion of wind power generation in Brazil shows that in 2029

this source of energy will correspond to about 17% of the installed capacity of the

national electric matrix (EPE, 2019).
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4 Material and methods

Figure 20 summarizes the methodological procedure followed in this study.

Figure 20 � Methodological procedures

In the �rst step, we investigated the number of participating companies in the

Brazilian energy auctions during the second half of 2018 and the entire year of 2019.

The �rst auction of 2018 was not considered as it was based on availability and tari�

�xed remuneration and not on e�ective energy supplied.

Table 19 describes the data that was used to perform the analysis of the �nancial

viability of wind energy projects in Brazil.

Table 19 � Dataset description

Year Auction number Number of companies

2018 28 48

2019 29 3

2019 30 44

Total 95

In the second step, we calculated the percentage of energy committed to the

regulated market by each project in the auctions, according to Equation (4.1).
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pr =
T ES
tsh

Wr
(4.1)

Where:

pr = Percentage committed to the regulated market

TES = Total energy supply in the regulated market (KWh)

tsh = Total supply hours, considering 20 years (175,320 hours); and

Wr = Physical warranty (maximum available power of the plant (MWh/h).

The variable Wr corresponds to the maximum amount of energy that can be

traded through contracts, measured in (MWh/h). Wr was established by MME Ordi-

nance N. 258, of July 28, 2008, and replaced by MME Ordinance N. 101 of March 22,

2016 (MME, 2016).

Table 20 shows that the companies' commitment to the supply of energy in

regulated contracts underwent a considerable reduction in 2019 as compared to 2018.

Moreover, the frequency distribution presents a rather dispersed pattern for the �rst

auction in 2018, with almost half of the companies committing less than 50% to the

ACR and the remaining ones committing more than 50% to this market. In this auction,

10 out of the 48 companies committed more than 90% to the ACR. As for 2019, close

to 70% of the companies committed 42% or less to the ACR and only 3 out of the

44 participants committed more than 90% of their production to the ACR. Thus, the

companies seem to be using a strategy of o�ering a low share of energy produced to

the ACR market and relying mainly on the ACL market for their operations.

Table 20 � Share committed to the ACR

Year Number of Companies Auction % Standard Deviation (%)

2018 48 28 54.69 27.03

2019 3 29 30.24 0.17

2019 44 30 36.27 17.13

Total 95 Average 40.04% -

In the third step, four price scenarios for the ACL were de�ned. These scenarios

di�er in the price used as a proxy for the ACL Market. In the �rst scenario (Scenario

A), the price used was the minimum limit of the PLD allowed by ANEEL. While for

the second scenario (Scenario B) the price used as a proxy was the maximum limit

allowed for the PLD. In the third scenario, (Scenario C) the price used as a proxy was
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an average between these limits. Finally, in Scenario D, the price used as proxy was

an average of the real PLD market prices. In this sense, the average price of Scenario

C was called ex-ante, while the average value used in Scenario D was called ex-post.

We assumed that the electricity price follows a Geometric Brownian Motion (GBM),

as shown in equation 4.2, with the initial price (t = 0) given by the price from each

scenario.

Although there are di�erent methods to simulate electricity prices, the GBM

process is widespread in the literature (Lai and Locatelli, 2021). One of the advantages

for this acceptance is that it is easy to be modeled. For commodity prices Pindyck

(2001) point out that the use of GBM is unlikely to lead to substantial errors.

Pt+1 = Pt + �P tWt (4.2)

Where, Pt is the electricity price at time t, � is the standard deviation andWt

is the standard Wiener process.

The PLD price was used as a reference to analyze the viability of projects in

the ACL market since accessing information about the real value of these prices is not

public as they are freely determined between the parties that negotiate energy. PLD

prices were used as a proxy for two main reasons. For logical reasons, it would not make

sense for a power plant to migrate to the free market if its revenue obtained were not

higher than that in the regulated market. This suggests that the price of energy in the

free market should be higher than the minimum PLD price stipulated making selling

electricity in the free market more lucrative than selling in the STM. In contrast, the

price values in the ACL cannot signi�cantly exceed the PLD price limits because, if

that were the case, the buyers would remain in the regulated market, even if it meant

buying energy in the short-term market. This suggests that the prices exercised in the

ACL may be related to the expectation of prices in the electricity STM.

Table 21 shows the prices used as a proxy for each scenario.

Table 21 � Prices Short Term Market (US$/MWh)

Price\Year 2018 2019

Min. (A) 10.37 10.23

Max. (B) 130.53 124.12

Average (C) 70.45 67.17

Average (D) 70.78 40.39

Source: (ANEEL, 2018a, 2019b; CCEE, 2020c)
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In the fourth step, based on individual data from each of the 95 projects, we

calculated what we called a representative cash-�ow per auction. We considered two

sources of revenues in the cash �ow calculation, namely, the energy sold on the free

market (ACL), assuming the free prices scenarios, and the energy sold on the regulated

market (ACR), accounting for the results of the auction including the committed share

of each project and auction price. In the �fth step, a deterministic analysis for each of

the representative projects was carried out using a discounted cash �ow approach and

�xed scenario prices for the 20 periods.

In the sixth step we used the weekly prices obtained in the 10,000-iteration

simulated to obtain an average of annual prices for each 52-week period. After that,

we programmed the existence of a gradual elasticity every �ve years so that the price

evolution could re�ect in the amount of energy sold. This way, Uhr et al. (2019) studying

the price elasticity of demand among individuals in Brazil identi�ed that the price

elasticity of demand varies between -0.45 and -0.56 in the country. We will use this

reference to trace an evolution of the correlation between price and quantity in the free

market in four periods of 5 years (-0.15; -0.30; -0.45 and -0.6). With this, it is expected

that this readjustment may represent, even partially, the dynamics of the migration of

the energy supply to the ACL market and its impact on the reduction of prices. The

NPV simulation process can be represented as follows:

for i in range (number of simulations):

First Price = Normal Distribution (price scenarios)

for i in range(1040):

Add Next Price = Brownian Motion

Actual Price = Next Price

for i in range (20):

Calculate the average for annual Prices

for i in range (20):

First Quantity = Normal Distribution (Given by database)

Calculates price elasticity vs quantity

for i in range (20):

Calculate Cashflow

Calculate NPV and IRR

Finally, we used the NPVs and IRRs obtained through the MCS to perform a

stochastic analysis.
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4.1 Model application

This section presents the economic model used to calculate the annual cash �ow

of the 95 wind energy projects that participated in energy auctions in the ACR market

in 2018 and the entire year of 2019. In the following paragraphs, the parameters used,

and the assumptions made related to the cost of investment, revenues, operation and

maintenance costs (O& M), transmission fees, leasing, sectoral fees, taxes, depreciation

costs, the project's lifespan, and the discount rate, are explained in detail.

We emphasize that the assumptions used to compute the cash �ows of wind

energy projects were based on information from 95 projects that won the last three

auctions of the ACR (Auctions 28, 29, and 30). Tables 22 and 23 describe some of the

main characteristics of the projects presented in these auctions, including the installed

power and investment values.

Table 22 � Dispersion of project investments (US$)

Auction Min Max Average Std. Dev.

28 9,767,441 89,534,883 31,410,153 16,851,000

29 20,803,442 53,875,657 42,851,585 15,590,391

30 8,115,942 73,043,478 24,642,585 14,161,714

Table 23 � Installed Power (MW)

Auction Min Max Average Std. Dev.

28 8.4 69.3 26.05 15.09

29 21 37.1 31.73 7.59

30 8.4 75.6 23.64 13.83

Tables 22 and 23 reinforce that the auctions attract projects of di�erent di-

mensions. However, when the investments are weighted by the MW, the values are

less dispersed than when the values of the investments are analyzed separately. This

is because the dispersion of investment values per MW is not severely a�ected by the

di�erent dimensions of the projects. Almost all investments per MW vary between US$

845,410.63 and US$ 1,470,419.15 per MW. Only for Auction 28, four projects presented

higher investment values that ranged between US$ 1,909,963.42 and US$ 2,239,350.31

per MW. This could occur due to external factors such as equipment shortage when

constructing the plant at the time of the investment, which directly in�uences its ac-

quisition price.
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The plant's construction period was assumed to be equal to three years from the

auction, that is, including the year in which the auction took place plus two more years.

The investment amount for the construction was assumed to be released in two tranches

of 50% each, with the �rst tranche disbursed in the year in which the auction takes

place and the second tranche in the subsequent year. Although Aquila et al. (2017)

and EPE (2018b) considered a period of two years to be apt for the construction of a

wind plant, in this study, we considered three years to account for potential delays.

The sectoral fees followed the assumptions adopted by Custódio (2013). The

reference of 1% of revenue is the parameter for estimating the fees according to CCEE

and the National Electric System Operator (ONS in Portuguese).

The tax costs for the projects account for 1.65% of revenue with regards to the

PIS/PASEP rate (taxes paid by companies to �nance their employees'social integration

programs), and 7.60% of revenue with regards to the Co�ns rate (a federal tax created

to �nance Social Security). In addition, the values of 9% and 15% on the taxable pro�t

regarding Social Contribution and Income Tax, respectively, were also considered. O

& M costs were assumed to be equal to 12.5% of project revenues.

Leasing was also considered in the expense group, and according to COPEL

(2007), the lease of land for wind farms depends on negotiations with the owners of the

leased areas, which may vary between 1% and 2% of gross revenue. Therefore, following

Aquila et al. (2017) and COPEL (2007), this work adopted the premise of 1% of the

value of the revenue as a reference for this expense.

The depreciation rate of the equipment considered in the study was 5% of the

cash-�ow per year, allowing for the total depreciation of the investment over the useful

life of the projects, which was assumed to be 20 years, this parameter is also found

in other studies containing analyzes on the depreciation of wind farms Aquila et al.

(2020).

All cost and revenues values were proportionally assigned to the ACR and ACL

shares. The only exception was for costs related to transmission fees assigned only to

the ACR market. This cost was set at US$1.60/KW in accordance with Technical Note

n. 146/2018-SGT/ANEEL (ANEEL, 2018b), which establishes the tari�s for the use

of the transmission system (TUST) for the 2018/2019 period. As speci�ed in ANEEL,

it is important to mention that wind farms with power up to 30MW are entitled to a

reduction of at least 50% of these tari�s ANEEL (2004). For wind plants larger than

30 MW, the full tari� is due.

Finally, the discount rate of 7.66% in 2018 and 7.39% in 2019 was used based

on the reference WACC rate for the sector released by ANEEL (ANEEL, 2020a). The

fee charged for the inspection of electricity services (TFSEE) established by ANEEL
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according to law n. 9427/1996 was not considered in the calculation because the tax

applies exclusively to the consumer; in this case, the generator agent only acts as the

tax transfer operator (Brazil, 2013).

Table 24 summarizes the data used in this study, including the range of values

for the set of projects used in the analysis. Here, the column titled ACRCF presents the

values that make up the cash �ow of the ACR portion of the project and the column

titled ACLCF presents the same for the ACL portion.

To express price volatility over the years, we adopted the percentage of 34.75,

a value obtained by observing the weekly data provided by CCEE (2020c). The period

consulted was from April 2018 to May 2020.

Table 24 � Composition of Cash Flow by market

Cash Flow Assumptions ACRCF ACLCF

Initial Investment

Auction 28: 31,410,153

Auction 29: 42,851,585

Auction 30: 24,642,585

Duration (Years) 20

Estimated Production

(MWh/year)

Auction 28: 76,668

Auction 29: 44,384

Auction 30: 36,055

Auction 28: 43,556

Auction 29: 102,270

Auction 30: 59,549

(X ) Price (US$/MWh)

Auction 28: 23.31

Auction 29: 19.32

Auction 30: 23.85

Table 21

Weekly Volatility (%) - 34.75

(=) Revenue (US$) Price X Quantity Price X Quantity

(� ) PIS / PASEP (% Revenue) 1.65 1.65

(� ) COFINS (% Revenue) 7.6 7.6

(� ) Operational Costs

(% Revenue)
12.5 12.5

(� ) ONS / CCEE tari�

(% Revenue)
1 1

(� ) Leasing (% Revenue) 1 1
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Table 24 � Composition of Cash Flow by market

Cash Flow Assumptions ACRCF ACLCF

(� ) Transmission cost

(US$/KWh)

Auction 28: 30.12

Auction 29: 43.71

Auction 30: 28.49

-

(=) Cash Flow (US$) (US$)

(� ) Depreciation (% Cash Flow) (% Cash Flow)

(=) Taxable Cash Flow (US$) (US$)

(� ) Social Contribution (% Taxable Cash Flow) (% Taxable Cash Flow)

(� ) Income Tax (% Taxable Cash Flow) (% Taxable Cash Flow)

(+) Depreciation (US$) (US$)

(=) Free Cash Flow (US$) (US$)

Given the information provided in Table 24, ACLCF is obtained through Equa-

tions (4.3), (4.4), (4.5), (4.6) and (4.7). Thus, Equation (4.3) describes the annual cash-

�ow including all revenues (R) minus taxes, leasing, and OPEX costs, which account for

23.75% of these revenues. This value is obtained by adding the percentages of expenses

related to 1.65% (PIS/PASEP), 7.6% (Co�ns), 12.5% (OPEX), 1% (CCEE/ONS Fee),

and 1% (Leasing).

ACLCF = R � 0; 2375� R = R � 0:7625 (4.3)

Where: ACLCF = Cash Flow of the ACL portion; and

R = Revenue

Equation (4.4) describes the ACLCF after the depreciation of 5% to the cash

�ow amount, deriving the taxable cash �ow.

ACLCF T = ACLCF � 0:95 = 0:724375� R (4.4)

Where: ACLCF T = Taxable Cash Flow of the ACL portion.

Equation (4.5) describes the amount of depreciation, which is obtained by sub-

tracting the ACLCF T from the ACLCF.

d = ACLCF � ACLCF T = 0:7625� R � 0:724375� R = 0:038125� R (4.5)
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Where: d = amount of depreciation.

The Free Cash Flow of the ACL portion before depreciation reincorporation,

ACLFCF d, is obtained by subtracting the percentage of taxes regarding Social Con-

tribution (9%) and Income Tax (15%), accounting for a total of 24%, as presented in

Equation (4.6).

ACLFCF d = ACLCF T � (1 � 0:24) = 0:550525� R (4.6)

Finally, the Free Cash Flow of the ACL portion (ACLFCF) is obtained by

adding the depreciation amount discounted previously.

ACLFCF = 0:550525� R + 0:038125� R = 0:58865� R (4.7)

In this way, the project's NPV can be represented by the combination of the

two NPV parts, one part of the ACR Market and the other part of the ACL Market.

The equation for the ACR portion will be obtained from the assumptions described in

Table 24. Since the ACR cash �ow includes the transmission cost as the only monetary

value, the general expression for the ACRCF is not presented as a function of revenues

because it cannot be represented using a constant multiplied by R as was done with

the ACL portion.

Thus, the construction of the complete NPV of the project is expressed in

Equation (4.8):

NPV =

" 1X

i =0

0:5 �
(� I o � pr )

(1 + k) i
+

NX

i =3

 
(ACRCF i )

(1 + k) i

!#

+

" 1X

i =0

0:5 �
(� I 0 � (1 � pr ))

(1 + k) i
+ � N

i =3

 
(Rl � 0:58865)

(1 + k) i

!# (4.8)

Where:

ACRCF i = ACR Cash-�ow portion

I 0 = Initial investment

pr = Percentage committed in the Regulated market

CFi = Cash Flow in the regulated market in the year i

k = Discount rate

N = Project's lifespan; and

Rl = Estimated free market revenue based on average of the Di�erence Settlement

Price.
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Figure 21 illustrates the cash �ows. This �gure summarizes the main assump-

tions and schedule of the project. Periods 0 and 1 correspond to the �nancial disburse-

ment for the investment in equal tranches. Period 2 is reserved for the third year of

construction of the plant. Finally, from Period 3 the project starts to be remunerated

by the project's cash �ow, which extends to the last year of the project's useful life.

Figure 21 � Cash-�ow illustration

5 Results and discussion

This section presents the results obtained with the deterministic approach, and

then by adopting the stochastic approach. Both these results are discussed throughout

this section.

5.1 Deterministic Analysis

Before the deterministic analysis of the scenarios, it is worth recalling that the

rule for the term of supply of energy for the companies in Auction 29 was 4 years. The

other two auctions had, as a rule, a period of 6 years for the supply of energy from the

date the contracts were signed. Moreover, the small number of projects participating

in Auction 29 (only three) and their massive option for allocating as much energy as

possible to the free market is noteworthy. The NPV and IRR were computed for each

representative project and the average values are reported for each scenario.

5.1.1 Scenario A

The results for all auctions under Scenario A presented a negative return, as

shown by both the NPV and IRR values.
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Table 25 � NPV and IRR (Scenario A)

Auction NPV (US$) IRR (%) IRR�WACC (%)

28th -18,993,520 -1.53 -9.19

29th -31,649,641 -5.11 -12.5

30th -16,331,533 -3.04 -10.43

The companies that participated in Auction 29 had the most negative NPV

values. This is because, among the three auctions, the fewer companies that partici-

pated in Auction 29 allocated a higher share of the energy output to the ACL market.

Scenario A assumes the minimum PLD prices as a proxy for the ACL market prices

and this assumption severely a�ects the return obtained for this project. Other factors

that a�ected this result are the changes in the WACC and exchange rate of the national

currency from 2018 to 2019. Over this period, the WACC decreased by 3.65% and this

contributed to improving the values of the projects that started in 2019.

These results suggest that when minimum PLD prices are considered for the

ACL market, the projects tend to show a negative economic performance. Thus, mini-

mum PLD prices can be considered as a pessimistic scenario for the investors.

5.1.2 Scenario B

In contrast to Scenario A, the results of Scenario B suggest that the auctions

with a higher share of electricity allocated to the ACL market showed the best economic

performance, both for NPV and IRR indicators. This is the case for Auctions 29 and

30.

Table 26 � NPV and IRR (Scenario B)

Auction NPV (US$) IRR (%) IRR�WACC (%)

28th 7,761,046 10.33 2.67

29th 29,364,263 14.07 6.68

30th 19,310,951 14.9 7.51

The results in Table 26 also indicate that the use of maximum PLD values as a

proxy for the analysis of the viability of these projects results in IRRs that are much

higher than that suggested by the WACC for these types of projects.

Although Auction 29 generated a higher NPV than Auction 30 because of its
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higher installed power and investment, Auction 30 showed a slightly higher rate of

return. Auctions 29 and 30 had a larger portion of its revenues concentrated in the

ACL market as compared with Auction 28, which bene�ted these 2019 auctions given

the optimistic scenario of PLD prices. .

5.1.3 Scenario C (average ex-ante)

The price used in Scenario C (average ex-ante) scales down the impact of the

extremes of values found in Scenarios A and B because it is computed as the average

of these values for each auction.

Table 27 � NPV and IRR (Scenario C)

Auction NPV (US$) IRR (%) IRR�WACC (%)

28th -5,619,755 5.46 -2.2

29th -1,129,753 7.09 -0.3

30th 1,538,147 8.09 0.70

As shown in Table 27, the results of Auction 30 suggest that the assumed project

is viable, and the values of Auction 29 are slightly below the reference WACC used to

assess the viability of projects. The IRR of Auction 28 is also close to the minimum

acceptable.

The results close to the suggested WACC reinforce the possibility that the

projects may have other sources of revenue that are not being considered in this analy-

sis. Accordingly, the electricity that sells under these conditions could bring nearly sat-

isfactory results for most auctions and additional revenues could increase the economic

performance of the projects. These additional revenues can come from the reduction of

the construction period of the plant and anticipation of the �rst cash-�ows as sales for

the free market could be initiated as soon as the project is concluded. This would be

possible for all auctions, but it is particularly relevant for Auctions 28 and 30 as the

compulsory supply period starts only 6 years from the date the contracts were signed.

5.1.4 Scenario D (average ex-post)

According to the results for Scenario D, all projects presented a negative NPV.
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Table 28 � NPV and IRR (Scenario D)

Auction NPV (US$) IRR (%) IRR�WACC (%)

28th -5,543,244 5.49 -2.17

29th -15,557,752 2.64 -4.75

30th -6,880,476 3.86 -3.53

In this scenario, Auction 28 demonstrated a slightly better result as compared to

Auction 30, even though it had a smaller portion of its revenue from the ACL market.

This is because the PLD prices in 2018 were higher than those in 2019. In addition,

when compared to the prices in Scenario C, both scenarios' prices for 2018 are similar

(the PLD prices are 0.45% higher than the prices used in Scenario C). However, when

we compare two scenarios' prices in 2019, this is not the case. The PLD prices in 2019

are 31% lower than the those of Scenario C, which resulted in the underperformance

of projects in Auctions 29 and 30.

5.2 Stochastic Analysis

The stochastic analysis assumed two main sources of uncertainty for the ACL

market, namely, the market prices and quantity of energy supplied to the free market.

For the choice of the �rst weekly values of price and quantity, we assumed a

lognormal distribution for price with mean in the price itself and standard deviation

of 1% of this value, and a normal distribution for quantity with mean in the quantity

itself and standard deviation of 10% of this value. The generation of random values for

the analysis was obtained by the MCS method, using Python software version 3.8.3,

with 10,000 simulations for each scenario, for the average values of the projects of the

three auctions. When the companies'average data are simulated with the minimum

PLD price (Scenario A), the chance that the IRR will be higher than the WACC was

out of the 90% probability margin. The result of the simulations for the PLD maximum

price (Scenario B) demonstrated a high return value for all scenarios, resulting in a

highly unlikely scenario, given the characteristics of the investment. For this reason, the

scenarios selected for the stochastic analysis were Scenarios C and D. Once simulated,

prices evolve randomly based on the GBM (Locatelli et al., 2020). The annual average

of weekly prices used for work does not fail to capture short-term price �uctuations,

at the same time, the average of these weekly prices minimizes the impact of these

�uctuations.

Tables 29 and 30 present the conditions assumed for the simulation.
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Table 29 � Price conditions for the simulation in the ACL market (US$/MWh)

Auction (Scenario) Average Volatility. Source

28th (C) 70.45 34.75* (ANEEL, 2018a)

29th (C) 71.86 34.75* (ANEEL, 2019a)

30th (C) 71.86 34.75* (ANEEL, 2019a)

28th (D) 70.78 34.75* (CCEE, 2020b)

29th (D) 40.39 34.75* (CCEE, 2020b)

30th (D) 40.39 34.75* (CCEE, 2020b)

* = The volatility for ACL was obtained from the PLD time series

Table 30 � Quantity conditions for the simulation in the ACL market (MWh/year)

Auction (Scenario) Average Std. Dev. Source

28th (C/D) 43,556 30,374.30 (CCEE, 2019)

29th (C/D) 102,270 24,610.80 (CCEE, 2019)

30th (C/D) 59,549.03 43,003.54 (CCEE, 2019)

5.2.1 Ex-Ante average Prices

The results shown in Table 31 suggest that the IRR has a 90% chance of be-

ing between 3.45% and 7.15% for the projects representing Auction 28, 3.92% and

9.92% for the projects representing Auction 29, and 5.19% and 10.96% for the projects

representing Auction 30.

Table 31 � MCS Ex-Ante Average Prices (Scenario C)

Auction IRR (%) Min (%) Max (%)

28th 5.49 3.45 7.15

29th 7.14 3.92 9.92

30th 8.09 5.19 10.96

When Scenario C's prices were used, the results of the three projects suggested

that there are di�erent probabilities for the rate of return to be higher than WACC.

In the projects for Auctions 29 and 30, this probability is the highest. For projects of
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Auction 29 the probability of the rate of return being higher than WACC is 39.8%,

while for those of Auction 30 it is 59.7%. For the projects of Auction 28, the probability

of the rate of return being higher than the WACC is 4.6%. Figures 22 to 24 present the

simulation performed for the projects representing Auctions 28, 29, and 30, respectively.

Figure 22 � MCS Ex-Ante - IRR 28th Auction

Figure 23 � MCS Ex-Ante - IRR 29th Auction
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Figure 24 � MCS Ex-Ante - IRR 30th Auction

From the results of the simulations, it is possible to suggest that projects with

greater participation in the ACL market are more likely to have their rates of return

higher than the WACC rate. This is because ACL market prices are higher than prices

published in auctions. Therefore, it would also be possible to suggest that in order

to seek a greater probability of having a rate of return higher than the WACC rate,

contracts negotiated in the ACL may need to establish prices above the average of the

minimum and maximum prices authorized by ANEEL. These prices could be lower if

the operators were able to obtain sources of revenue other than those estimated.

5.2.2 Ex-Post average Prices

The results of the stochastic analysis using ex-post price averages demonstrate

lower economic performance of the projects analyzed as compared to the simulations

using ex-ante prices. A peculiarity of this simulation is the low prices registered in 2019,

in the results for Auctions 29 and 30. This underscores the fact that the high volatility

found in the behavior of PLD prices can compromise their use as price estimators in

contracts in the free market.

Table 32 � MCS Ex-Post Average Prices (Scenario D)

Auction IRR (%) Min (%) Max (%)

28th 5.49 3.41 7.43

29th 2.69 0.16 4.93

30th 3.86 -1.53 6.03

Figures 25 to 27 present the simulation performed for the projects representing

Auctions 28, 29, and 30, respectively.
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Figure 25 � MCS Ex-Post - IRR 28 th Auction

Figure 26 � MCS Ex-Post - IRR 29 th Auction

Figure 27 � MCS Ex-Post - IRR 30 th Auction

The results of these simulations, when PLD prices are used as a proxy, show that

the probability of projects having a higher rate of return than WACC is considerably
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low. The prices used in 2019 were lower in this scenario than in the previous scenario.

This drop re�ects the high volatility found in the spot market. So, this would justify

the investors' preference of investing in environments with less volatility, such as the

ACL market, which has a greater predictability of revenue through bilateral contracts.

This could also help explain the growing preference for the ACL market since 2018.

In addition, these results justify the argument that estimating the viability of

wind energy projects in Brazil using PLD prices as a reference may not be the most

suitable practice for assessing the �nancial health of the projects. Although the forecast

of future energy prices is generally supported by historical prices, in the case of wind

energy projects in Brazil, using the PLD historical prices can compromise the analysis

of their �nancial viability.

6 Conclusion

The analysis of the economic viability of wind energy projects in Brazil in

2018 and 2019 demonstrated that under the assumed conditions the selected projects

presented low IRR values, which were frequently below the WACC. This signi�es that,

under the assumed conditions, the use of PLD prices as a proxy may not the best

alternative to estimate the viability of wind power projects that participate in the

ACL and ACR markets together. In addition, the existence of complementary sources

of revenue is an important component for the viability of these projects.

The absence of disclosure of electricity prices established in bilateral contracts

in the ACL makes it di�cult to identify the assumptions adopted by companies in

the �nancial evaluations of the projects. However, the reduction in the percentage of

energy committed to the regulated market in 2019 auctions (as close to the minimum

as possible) suggests that the companies had a strong expectation of revenue from the

ALC market. To identify the values that could help to justify this viability, we outlined

4 reference price scenarios for the ACL Market: a) minimum PLD values allowed by

ANEEL; b) maximum PLD values allowed by ANEEL; c) average values of these limits;

and d) PLD values that actually occurred during the project period.

With the development of the ACL market in Brazil, if the analysis of the viabil-

ity of projects accounts for the fact that revenues are related to both ACR and ACL, it

can improve the decision making regarding the shares allocated to each market. Thus,

this paper proposes a method of analyzing the viability for these projects by consid-

ering the percentages invested in the two markets: ACL and ACR. This proposal can

help banks and �nanciers to have a more comprehensive view of the economic interest
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and risks involved in the projects they �nance, since it allows an analysis of the projects

weighted by the percentage invested in each market. MCS was then used to account for

the uncertainties in the prices of the ACL market and the amount of energy produced

by the project. The results indicated that Scenario C produced a higher probability of

the return rates being greater than the WACC.

The model's ability to evaluate the market reaction in four periods considering

di�erent price elasticity indices contributes to the viability estimates of these projects

once it considers the potential of the project associated with the changes in the structure

of the Brazilian electricity market, which is currently preparing to expand the ACL

market model. In a moment when the expansion of the ACL market is a reality for

the near future in Brazil, the use of a tool that can contribute to the analysis of the

viability of projects while identifying this supply and demand dynamics in the market

can improve tools decision-making.

As a way of making the analysis closer to reality, we simulated the prices in

weekly periods, only afterwards that we used the annual averages. As a result, the

short-term characteristics of price behavior have not been disregarded.

Furthermore, the identi�cation of reference values for prices that are capable of

making projects viable in the ACL are an important indicator for agents working in

the regulation of these markets. In this sense, the study showed that using the average

of the maximum and minimum prices announced by ANEEL (Scenario C) results in

a higher probability of project viability than real PLD prices (Scenario D). Thus, it

is possible to suggest that future announcements could in�uence the dynamics of the

choice regarding which market a company would be willing to invest in, that is, the

ACR market or ACL market. The results indicate that, in the absence of information

on contract prices in the ACL market, a disclosure of minimum limits and maximum

limits for the short-term market by ANEEL may signal some information about the

behavior of prices in the ACL market. Although this information is limited, it can

provide some guidelines regarding the expected economic viability of the projects.

Finally, the minimum percentages allowed for the ACR market by the compa-

nies suggests that it is attractive to o�er most of the production to the ACL market.

The simulations demonstrated that other sources of revenue may justify the economic

interest of these wind power projects. Thus, we believe it is important for future studies

to analyze these complementary sources of revenue and identify the best time for the

company to start building its wind farms from the moment it wins the auction. When

the companies win the auctions, a deadline is established to start o�ering energy in

the ACR market. Generally, this interval is longer than the plant construction period.

Given this, we suggest that signi�cant additional revenues of the projects may come

from the sale of energy by anticipating the construction of the power plants.
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Therefore, some tools like real option analysis could be used to improve the

valuation process, such that the sources of uncertainty existing in the prices exercised

in the ACL market are mapped and examined in a more robust viability analysis. In

particular, given the possibility of participating in the ACL market before the delivery

deadline for each auction, the options to anticipate or defer the investment should be

considered .
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Abstract
Brazil changed the remuneration format of supplementary energy auction contracts

in 2018. As a result, companies that win these auctions are now remunerated for the

amount of energy supplied in the contract, whereas before, the risk of power generation

was assumed by the purchasing companies. With this change, companies began to pri-

oritize the free energy market (ACL), where prices paid per KWh are more attractive.

However, many companies still participate in energy auctions in the regulated market

(ACR) to obtain other advantages, such as the priority in the concession of transmis-

sion lines. With greater participation in the ACL market, projects are subject to more

price volatility. Consequently, this volatility tends to a�ect the ideal period for these

companies to initiate the plant construction, since postponing an investment decision

may enable better market conditions in the future. This article used real options anal-

ysis (ROA) to investigate the viability of wind projects installed by companies that

participated in Brazil's energy auctions for the regulated market in 2018 and 2019,

where the same project also supplied electricity for the ACL market. We assumed the

price of electricity in the ACL and the amount of energy generated as the two variables

of uncertainty in the projects. We also inserted a correlation between price and quantity

in order to mirror the market dynamics present in the purchase and sale of electricity in

Brazil. The results show that despite greater exposure to a volatile market, the option

to defer is not always advantageous for projects. In addition, the study veri�ed that

an analysis of the volatility of project returns cannot disregard projects' proportional

participation in each market (ACR and ACL), since a greater participation in the ACR

market will lead to less volatility in the returns of the overall project.
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1 Introduction

Wind power generation in Brazil has grown exponentially since 2007 and has

become an important alternative source of energy for the country. Its reduced envi-

ronmental impact, low production costs, in addition to increased wind speed during

periods of drought, makes it possible to use this energy source as a complementary

alternative to hydroelectric power (EPE, 2018). In 2019, wind power became the third

most important renewable energy source in Brazil, representing 8.3% of the total energy

matrix. When compared to 2018, total wind energy generated in 2019 grew by 15.5%,

reaching a total of 56 TWh (EPE, 2020). In 2020, installed infrastructure exceeded 630

wind farms and 7,700 generators, representing a total installed wind energy capacity

of 16.45 GW (ONS, 2020a).

Brazil is considered a country with high potential for the production of wind

energy because it has areas that experience high volume of winds throughout the

year and with little variation in its incidence(de Jong et al., 2017), especially in the

northeastern and southern regions of the country. The northeastern region of Brazil

alone accounted for more than 92% of the country's total wind energy production

in August 2020 (ONS, 2020b). Most of the wind farms are located in six states in

the region: Rio Grande do Norte (RN), Bahia (BA), Ceará (CE), Maranhão (MA),

Pernambuco (PE), and Piauí (PI).

Like any investment project, remuneration for the generation of wind energy

also seeks to pay all existing costs in the construction and operation of the plant,

plus a rate of return capable of remunerating investors and paying creditors for the

energy generated over the useful lifespan of the project. Generally, these projects have

a useful lifespan of 20 years and have an average construction time of two years (Tol-

masquim, 2016). As a parameter for this remuneration, the Brazilian National Electric

Energy Agency (ANEEL) annually discloses a regulatory capital remuneration rate,

which from the point of view of the electricity generation company, corresponds to the

weight average cost of capital (WACC) used to review the tari� or revenue of distrib-

utors, transmitters, and electric power generators. For the years 2018, 2019, and 2020,

the approved rates were 7.66%, 7.39% and 6.98%, respectively, for transmitters and

generators, whereas for distributors, the approved rate was 7.32% for 2020 (ANEEL,

2020).

In Brazil, the electricity market is based on two trading environments: the reg-

ulated trading environment (ACR) and the free energy market (ACL) (CCEE, 2019).

In the ACR, the government holds auctions through ANEEL and energy is traded be-
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tween generators and buyers through an o�cial government intermediary, the Electric

Energy Trading Chamber (CCEE). In the ACL market, energy is freely negotiated

between agents through bilateral contracts.

In the ACR, there are at least two types of contracts executed between the

generating companies and the buyers of electricity through public auctions. Backup

energy contracts (CER) seek to regulate the commercialization of energy in order to

guarantee the security of electricity supplied to the national interconnected system

(SIN). This energy is generated by contracted plants for this speci�c purpose. Another

type of contract in the ACR is the additional energy contract (CCEAR), concluded

between sellers and buyers supplying additional electricity to the SIN. In addition,

participation in the electricity notices in the ACR allows the successful companies

bidding in the auctions the bene�t of requesting access to the basic grid through a

transmission system use contract (CUST). This bene�t of access to the transmission

system can be considered one of the main incentives for participation in ACR auctions

in recent years (Dalbem et al., 2014).

As a procedure to ensure security in the supply of electricity, the contracts

established in the ACR stipulate that a failure to supply the contracted amount of

electricity requires the generating companies to purchase additional energy in the so-

called short-term market (STM), where the settlement price of di�erences (PLD) is

established based on mathematical models that estimate the capacity of water reser-

voirs and the electric energy production for the subsequent periods. This price is limited

by a minimum and a maximum price in force for each calculation period and set by

ANEEL Normative Resolution No. 633/2014 (CCEE, 2020b).

Until mid-2018, the remuneration of contracts in the ACR was based on a

�xed revenue for the availability of energy. Thus, if any risk were to compromise the

supply of energy, this loss would be paid by the buyer (CCEE, 2020d). However, these

conditions were changed in 2018, so that the bidding companies are now remunerated

for the amount of energy supplied, as established in the contract. Consequently, the

auction in the second half of 2018, called Auction 28, the auction in the �rst half of

2019, called Auction 29, and the auction in the second half of 2019, called Auction

30, all took place based on this new remuneration format. It is worth mentioning that

each auction has a sign that indicates the deadline for the delivery of energy to the

ACR market from the signing of the contract. That is, Auction 28 has the sign A-6 (A

minus 6), meaning that the deadline for delivery of the contracted amount of energy

is six years after the contract's signature date; the sign of Auction 29 is A-4 (A minus

4) and indicates that the deadline for the delivery of the contracted electricity is four

years after the contract signature; and Auction 30 has the sign A-6, just like Auction

28.
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More than that, companies that decide to participate in the auctions are autho-

rized to have a minimum commitment of 30% of their energy generated for the ACR, if

they choose to participate in the auction. Previous auctions required a minimum com-

mitment of 70% of the plant's physical warranty. Despite this minimum commitment,

companies that win the auction can direct all their energy produced to the ACL during

the period that precedes the commitment term established in the contract (six or four

years after the auction). This possibility is seen as a great opportunity to increase the

internal rate of return of the project, since the anticipation of its construction can bring

an additional revenue to the amount expected during the life of the project.

Departing from this change in the Brazilian energy regulatory framework, this

study seeks to answer the following question: What is the impact of market uncertainty

on the possible decision to defer the investment on wind power projects in Brazil?

To answer this question, real options reasoning was applied, since it is recog-

nized that a deferring option might be embedded in the energy investment project. In

particular, this paper will attempt to identify a real option for postponing the con-

struction of the projects up to the deadline of three years before the moment of energy

supply in the ACR, as determined by the signed contract. After this period, an option

to abandon the project will be included. To accomplish this purpose, the paper will

focus on the average values of the results of the last three auctions that took place in

Brazil, in the years 2018 and 2019.

The approach proposed in this study contributes to the literature by presenting

a structure for evaluating wind energy projects that have two sources of revenue: the

ACR and the ACL markets. The work accepts that negotiations between agents in

the ACL market occur based on the relationship between supply and demand and

introduces a negative correlation in the portion traded in that market. The study also

contributes to the improvement of mechanisms that assist in the decision-making of

�nancing agents, since it uses the percentage of commitment of the projects in each

market as a measure for the calculation of net present value (NPV) and internal rate

of return (IRR), and uses the real options method to suggest more favorable timings

for the start of the construction of the plants. It could help the development of credit

products and services that are in line with the optimization of the viability of these

projects.

The remainder of the study is organized as follows. The next section presents an

overview of the literature regarding the wind energy contracts. The use of real options

to incorporate future uncertainties in project evaluation is brie�y addressed in section

3. Section 4 explains the methodology and the database used in the work. Section 5

presents the results obtained and a critical discussion of those results. Finally, Section

6 draws the main conclusions of the study and presents avenues for further research.
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2 Wind energy contracts

The wind energy market in Brazil has several types of contracts used in di�erent

auctions. Among these auctions, the additional energy auctions are the only ones that

negotiate electricity from new generation projects and that can supply energy to the

ACR and ACL jointly. The main objective of these auctions is to meet the demand

for electricity by distributors, which in turn supply the national demand for electricity

from consumers in the ACR market (CCEE, 2020c).

Until 2018, the contracts for the ACR market had two distinct types of re-

muneration modalities: the �by quantity� modality, where the risks of generating the

contracted amount of energy are assumed by the generators; and the �by availability,�

where the distributors assume the possible risks of power generation due to uncontrol-

lable factors (CCEE, 2020a). Additional energy contracts were characterized by the

�by availability� modality. However, as of the 2018, additional they started to assume

the �by quantity� modality.

Previously, the contracts allowed for the remuneration of the project weighted

by the �xed revenue linked to the generating units committed to the contract and that

had not entered into operation until the date foreseen in the grant act (see Equation

2.1).
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where,

RVi;m = Sales revenue from the sale of electricity from plant �i�, in Brazilian currency

Real (R$), calculated in month �m�;

ECi;m = Contracted Energy of the plant �i�, in MWh, in the month �m�;

Potdesc( i;m
= Installed power of the generating units committed to the contract and not

in commercial operation before the respective dates foreseen in the act of granting the

power plant �i� calculated in the month �m�;

Potdelay i;m = Installed power of the generating units committed to the contract and

not in commercial operation after the respective dates foreseen in the act of granting

the power plant �i� calculated in the month �m�

Potoci;m = Installed power of the generating units committed to the CONTRACT and
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in commercial operation of the plant �i� calculated in the month �m�;

Pottotal i = Installed power referring to the complete motorization of the plant �i�, in

the portion committed to the contract.

Pdelay i;m = Transfer price in R$, de�ned according to Normative Resolution No. 165/2005,

or a rule that will replace it, in the month �m�; and

RFUi;m = Fixed revenue per unit in R$/MWh of the plant �i� in the month �m� as

de�ned by the auction.

In the additional energy contract in the �by quantity� modality, �xed remuner-

ation was eliminated and the sale price established at the auction started to be used

as a reference for the installed power that was up to date with the dates foreseen in

the contract. In addition, a lower remuneration started to be applied to the generating

units that had not entered into operation after the dates established in the contract

(see Equation 2.2).
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where,

RVi;m = Sales revenue from the sale of electricity from plant �i�, in Brazilian currency

Real (R$), calculated in month �m�;

ECi;m = Contracted Energy of the plant �i�, in MWh, in the month �m�;

Potdelay i;m = Installed power of the generating units committed to the contract and

not in commercial operation after the respective dates foreseen in the act of granting

the power plant �i� calculated in month �m�

Pdelay i;m = Transfer price in R$/MWh de�ned according to Normative Resolution No.

595 of 2013, or a rule that will replace it, in the month �m�;

Pottotal i = Installed power referring to the complete motorization of the plant �i� in

the portion committed to the contract; and

PVi;m = Sale price, in R$/MWh of the plant �i� in month �m� as de�ned at the auction.

Despite the existence of more than one type of contract to sell electricity from

renewable sources in Brazil's electricity system, contracts for additional energy have

the capacity to decide the amount of energy they will allocate for sale at the auction

and the quantity that will be allocated to the ACL market. For this reason, these

contracts will be those used as the object of this study.
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3 Real Options Overview

The real options theory incorporates the related future uncertainties re�ected

in projects to allow for managerial �exibility to adjust to uncertainties. As a result, it

becomes possible to manage actions capable of adjusting the projects to adapt it to

possible changes. In this sense, Kozlova (2017) points out that traditional literature

classi�es real options into at least seven types: 1) option to defer an investment, 2)

option to divide an investment into several stages, 3) option to abandon an investment,

4) option to change the scale of the project, 5) option to stop and restart operations,

6) option to grow, and 7) option to change inputs/outputs.

In the energy sector, the growing deregulation associated with the high level

of competitiveness in the sector has contributed to the appearance of additional costs

related to market uncertainties that are often not properly measured by conventional

viability analysis techniques (Fernandes et al., 2011; Santos et al., 2014). With this, real

options analysis (ROA) has been applied with increasing frequency to the evaluation

of renewable energy projects, such as hydroelectric, wind, and solar, among others

(Martín-Barrera et al., 2016; Mancini et al., 2016) .

When the energy source of interest is wind, many studies justify the use of ROA

to capture uncertainties related to energy prices and its production costs (Wesseh and

Lin, 2016). In this regard, Kozlova (2017) highlights that 40% of studies related to

real options applied to wind power generation are concentrated in a single source of

uncertainty, namely, the price of electricity. Aquila et al. (2020) used real options to

investigate the viability of a wind farm enterprise with the option to abandon it at

any point throughout the life cycle of the project. The authors analyzed the aspect of

the uncertainties inserted in the revenues from sales of electricity in the spot market.

Zhang et al. (2020) used real options to identify equilibrium prices for wind energy in

China in a scenario where the government plans to reduce or eliminate subsidies; the

authors advocated the gradual reduction of subsidies in much of the country.

With another focus, Maeda and Watts (2019) incorporated the volatility of

the costs associated with the technological evolution of renewable energy projects in

their analysis and highlighted the importance of incorporating correlations between the

di�erent sources of uncertainty in the application of these studies, such as the price of

electricity and the cost of energy generation, for example.

In addition, Gazheli and van den Bergh (2018) used ROA to investigate three

investment possibilities between wind and photovoltaic energy. The authors concluded

that the uncertainties regarding future prices, energy supply costs, initial costs and
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learning rates of each technology are factors that favor investment in only one energy

source. This conclusion suggests that diversifying energy could be a wrong strategy.

However, there are also many other types of uncertainties such as uncertain-

ties related to the consistency of wind sources and climate change (Kim et al., 2018;

Martinez-Cesena and Mutale, 2012), regulated subsidy payments (Barroso and Ini-

esta, 2014; Eryilmaz and Homans, 2016), and technology (Barroso and Iniesta, 2014;

Ritzenhofen and Spinler, 2016) that have been addressed by the use of ROA.

ROA is also used for the economic evaluation of projects integrated with the

storage of wind energy. Liu et al. (2019), for example, for example, included the dynamic

of energy storage costs and analyze some market scenarios. With that, considering a

learning rate of 10% in storage costs, the authors proposed an ideal time window for

investment in a wind power project.

The use of ROA is justi�ed by the existence of uncertainties capable of changing

the expected result of a project. As a result, the managerial �exibility found in these

uncertainties makes it possible to make decisions focused on taking advantage of these

opportunities. Several uncertainties can be analyzed in an investment

Blyth et al. (2007) addressed the uncertainties related to the e�ect of politi-

cal decisions on changing expectations regarding the future price of carbon. Eryilmaz

and Homans (2016) analyzed the impact of uncertainties present in government subsi-

dies that impact the competitiveness of projects, Monjas-Barroso and Balibrea-Iniesta

(2013) identi�ed the uncertainties that a�ected projects in three countries, such as

the cost and production of electricity, investment costs, and the consumer price index.

Wickart and Madlener (2007) analyzed the risk of uncertainties related to the volatility

of energy prices.

Kim et al. (2017) highlights the constant technological innovations in renewable

energy area and the growing process of deregulation of the electricity market in sev-

eral countries to point out that the volatility of the project's cash �ow is much more

important in RE projects than in traditional energy projects.

3.1 Source of uncertainty

The use of real options as a tool for analyzing the viability of projects is based

on the uncertainties associated with these projects, which in turn is identi�ed based

on their volatility. To obtain a project's volatility we need to investigate the volatility

of the uncertainties associated with the cash �ow (Copeland and Antikarov, 2001).

In this case, the price of energy on ACL market would be the main indicator asso-

ciated with a project's uncertainty. This makes the price forecasting process, as well
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as its identi�cation of volatility, important steps in the process of identifying these

uncertainties.

Weron (2014) classi�es the models used to forecast electricity prices in �ve

groups: i) multi-agent models, ii) available models, iii) reduced form models, iv) econo-

metric/statistical models, and v) computational intelligence models. According to the

author, the reduced models are characterized by having statistical properties of elec-

tricity prices over time, with high-risk management and evaluation of derivatives. On

the other hand, Nowotarski and Weron (2018) presented four approaches to the con-

struction of electricity price probabilities: i) historical simulation, considering empirical

forecast intervals for a given sample, ii) adjusted distribution-based probabilities, iii)

bootstrapped prediction intervals, and iv) a quantile regression average (QRA).

For Benth and Paraschiv (2018), there are basically two ways to model future

prices in commodity and energy markets: the use of stochastic models for the analysis of

forward price trends based on the spot price, and alternatively, the direct identi�cation

of forward prices, known as the forward curve.

Regarding the price forecast terms, Weron (2014) points out that there is no

consensus around this de�nition. However, short-, medium-, and long-term references

can be considered important indicators. In this sense, the short-term forecast of these

prices would generally involve a horizon of a few minutes to a few days ahead, while

the medium-term reference would consider a horizon of a few days or months, and the

long-term reference would be forecasts for months or even years ahead. According to

the author, medium-term calculations are preferred for calculating risk management

and pricing derivatives, where the valuation would be based on price distributions in

a given future period.

According to Nowotarski and Weron (2018), the `best guess' for de�ning a prob-

abilistic forecast of electricity prices is to have the spot price as a starting point.

In addition, Nowotarski and Weron (2015) argue that the lack of systematic

evidence of the performance of a speci�c model in relation to other electricity price

forecasting models would motivate the use of spot prices as a good proxy for this type

of forecast.

3.2 Stochastic process

The most popular stochastic process used in real options is the geometric Brow-

nian motion (GBM) (Kitzing et al., 2017). It assumes that the variations in uncertain-

ties in a project are normally distributed. This model was initially used by Black and

Scholes (1973) to represent the evolution of the stock market. Today, the GBM is also
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used as a reference in many studies on real options, both for the simulation of val-

ues related to the value of projects in renewable energy (Liu and Ronn, 2020) and to

electricity prices (Locatelli et al., 2020).

Several papers that study uncertainty variables associated with real option de-

cisions use GBM as a stochastic process. Locatelli et al. (2020) used GBM to simulate

electricity prices. According to the authors, the advantages are related to the ease of

modeling this process in a spreadsheet, in addition to the few parameters necessary for

its modeling. Boomsma et al. (2012) and Ritzenhofen and Spinler (2016) found that

GBM does not bring signi�cant losses because since investments in power generation

are considered long-term investments, the e�ect of reversing the average in the short

term would have less in�uence on the values. Ritzenhofen and Spinler (2016) used the

real options model to evaluate investments in non-renewable energy. To this end, the

authors considered the GBM as stochastic process to analyze investment uncertainties,

in particular CO2 prices and the cost of non-renewable energy.

Wesseh Jr and Lin (2016) argued that the GBM could be considered a real-

istic process and emphasized that energy prices in China do not necessarily re�ect

production costs accurately. Zhang et al. (2016b) assumed GBM as a stochastic pro-

cess forCO2 prices in both China and Europe and concluded that the high volatility

of electricity and CO2 prices generated high investment costs, discouraging immedi-

ate investments. Zhang et al. (2016a) also assumed the use of GBM as a stochastic

process for modeling uncertainties related toCO2 prices and investment costs. Follow-

ing another path, Penizzotto et al. (2019) highlighted that uncertainties in the future

dynamics of electricity tari�s and investment costs can be adequately described by a

mixed stochastic process that combines GBM with jumps considering a Poisson distri-

bution.

Madlener et al. (2019) also used GBM to investigate the expansion and tech-

nological development of wind turbines. The authors concluded that the reuse of wind

turbines by repowering them could be economically viable considering the price dy-

namics of the spot market for electricity. In the same line, Kim et al. (2020) simulated

uncertainties in fossil energy prices and carbon emission rights prices in Korea using

GBM assumptions. According to the authors, the uncertainties in the price of carbon

emission rights on investment in R&D generate positive e�ects in attractive option

values for investment. Sendstad and Chronopoulos (2020) analyzed the impact of tech-

nological, political, and electricity price uncertainties in decisions to invest in renewable

energy. The authors assumed that the price of electricity follows a GBM and that the

uncertainties related to political and technological interventions are associated with an

independent Poisson process.

Yao et al. (2020) used the real options theory to optimize the level of subsidy for
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the development ofCO2 removal technologies. The authors also used GBM to model

uncertainties in operating and investment costs and point out the possibility of using

other stochastic processes to capture the dynamics of the variables' uncertainty. How-

ever, the authors cited Boomsma et al. (2012) to highlight that GBM may be su�cient

for spot energy prices. Fan et al. (2020) also evaluated investments in renewable en-

ergy considering subsidies for the development of technologies for carbon capture and

used GBM as a stochastic process for modeling uncertainties related toCO2 prices and

generation costs.

The use of GBM by the vast majority of works that use real options is con-

�rmed by Pringles et al. (2020) who developed a methodology to evaluate investments

in electricity generation from photovoltaic sources and evaluated the option to defer

investment in the expectation of better conditions or a better location for a project's

installation. For this study, the authors used the GBM associated with Poisson jumps.

Despite the popularization of the use of models based on GBM, the mean rever-

sion process can be considered more appropriate for commodity prices (Mac Cawley

et al., 2020). The justi�cation for this is supported by the microeconomic relation-

ship between agents that, on the one hand, pressures demand when prices are below

a long-term equilibrium level and on the other hand, induces demand reduction when

prices assume values above this equilibrium level (de Lamare Bastian-Pinto, 2015).

Hörnlein (2019) argued that commodity prices have a mean reversion behavior and

modeled electricity and gas prices using mean-reverting Ornstein-Uhlenbeck process.

In this sense, de Oliveira et al. (2019) identi�ed that this stochastic process is the one

that best explains electricity prices in Brazil.

In this way, Scarcio�olo et al. (2018) highlighted that the models of electric-

ity prices must include characteristics related to the occurrence of peaks followed by

a downward movement. According to the authors, the fact that electricity is not a

storable asset implies a price behavior based on the occurrence of these jumps. The

authors therefore used the mean reversion with Poisson jumps as a stochastic process

for electricity prices.

Table 33 explores a recent view of the use of stochastic processes in papers

related to renewable energy.

Table 33 � Stochastic process in renewable energy studies

Study Source Country Process Uncertainties

(Zhang et al., 2016c) Solar China GBM

CO2 Price,

Energy cost,

Investment cost
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Table 33 � Stochastic process in renewable energy studies

Study Source Country Process Uncertainties

(Wesseh and Lin, 2016) Wind China GBM Costs

(Ritzenhofen

and Spinler, 2016) Wind Germany GBM Price

(Zhang et al., 2016a) Solar China GBM
Investment costs

CO2 Price

Scarcio�olo et al. (2018) Wind USA
MR

PJ
Price

(Finjord et al., 2018) Wind
Norway

Sweden
GBM

Price

Green cert. Price

(Hörnlein, 2019) Gas-�red Germany
MR

PJ
Prices

(Madlener et al., 2019) Wind Germany GBM Revenue

(Penizzotto et al., 2019) Solar Argentina
GBM

PJ

Tari�s

Investment Costs

(de Oliveira et al., 2019) - Brazil MR -

(Aquila et al., 2020) Wind Brazil
MR

PJ
Price

(Locatelli et al., 2020) - - GBM

Price

Capital costs

Fuel Price

Greenhouse costs

(Kim et al., 2020) - Korea GBM Fossil energy price

(Sendstad and

Chronopoulos, 2020) Wind -
GBM

PJ

Price

Political

Technological

(Yao et al., 2020) - China GBM
Operational costs

Investiment Costs

(Pringles et al., 2020) Solar Argentina
GBM

PJ
investment costs

(Fan et al., 2020)
Coal-�red

Wind
China GBM

Carbon Price

Capital Costs

Operational Costs

(Liu and Ronn, 2020) Solar China GBM

Price

CO2 Price

Investment Cost
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To model commodity prices, mean reversion can be considered the more suit-

able process (Adkins and Paxson, 2016; Boomsma and Linnerud, 2015; Mac Cawley

et al., 2020; Ritzenhofen and Spinler, 2016). The justi�cation for this is supported

by the microeconomic relationship between agents, which on the one hand pressures

demand when prices are below a long-term equilibrium level and which on the other

hand induces demand reduction when prices assume values above this equilibrium

level (de Lamare Bastian-Pinto, 2015). Andersson (2007) studied about 300 di�erent

commodities over three years to con�rm the clear evidence that commodity prices, in

general, follow mean reversion process patterns.
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4 Methodology

4.1 Methodological procedures

The calculations performed in this study followed a sequence of six steps: the

�rst step was to identify the assumptions used in project cash �ow forecasts. For this,

actual data from 95 wind energy projects that won Auctions 28, 29, and 30 for addi-

tional energy in the ACR Brazilian market were selected. Then, a representative cash

�ow was built for each auction with the data from each project. In the third step, a

representative Net Present Value (NPV) and Internal Rate of Return (IRR) for each

auction were calculated. In the fourth step, a stochastic analysis of ACL energy prices

and the amount of energy supplied by the projects was carried out. The stochastic pro-

cess used for the analysis of energy prices in the ACL market was the mean reversion

process with Poisson jumps as the database used as reference showed these charac-

teristics. In the �fth step, a Monte Carlo simulation to identify the volatility of the

projects based on their return was performed. Finally, in the sixth step, we calculated

the expanded NPV and built the decision tree for the projects.

Figure 28 illustrates the construction of the adopted procedures.

Figure 28 � Methodological Procedures
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4.2 Cash �ow assumptions

Considering that it takes an average of two years to build a wind farm, it was

assumed that the project starts generating revenues in periodt = 3,Moreover, since

both contracts from auctions 28 and 30 have the mandatory power supply in ACR at

t = 6 and the contract from auction 29 has the mandatory power supply att = 4,

the net present value, NPV, for each project is given by Equations (4.1) and (4.2),

respectively.

The calculation model of the full NPV for the projects considered two parts:

the �rst part containing the cash �ow exclusively from the ACL market (up to t = 5 in

�gure 29 and at t = 3 in Figure 30) plus a second part containing the cash �ow from

the ACL and ACR jointly, considering the proportion for each market at the time of

the auction. In the calculations, it was also assumed that the investment is made in

two equal parts: the �rst disbursement in the year of the auction and the second in the

subsequent year.

NPV28;30 =
1X

i =0

0:5 �

 
� I

(1 + k) i

!

+
5X

t=3

�

 
CFACL i

(1 + k)t

!

+
25X

t=6

�

 
CFprop i

(1 + k)t

!

(4.1)

NPV29 =
1X

i =0

0:5 �

 
� I

(1 + k) i

!

+

 
CFACL i

(1 + k)3

!

+
23X

t=4

�

 
CFprop i

(1 + k)t

!

(4.2)

Where,

NPV = Net present value of the project (considering the auctions 28 and 30, on the

one hand, and auction 29, on the other hand;

I = Investment projected by the company;

CFACL i = Cash �ow obtained from the sale of energy on the ACL market before the

deadline for delivery at the auction.

CFprop i = Cash �ow obtained from the estimated sale of energy proportionally in the

ACR and ACL markets from the beginning of the energy supply period, according to

the contract.

k = discount rate.

The investment announced for the projects was also divided into two equal parts

betweent0 and t1, assuming the disbursement will not occur in one go. Unlike Auctions

28 and 30, the period considered for the winning companies in Auction 29 is four years

from the date of the auction, that is, they must deliver the energy contracted at the
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auction to the regulated market from January 1, 2023, leaving them only a period of

one year for additional revenue if they choose to anticipate.

Figure 29 � The Cash �ow diagram of successful companies at the auctions 28 and 30

Figure 30 � The Cash �ow diagram of successful companies at the auctions 29

4.3 Stochastic analysis of energy prices and quantities

In Brazil, the formation of the electricity price in the spot market is linked to

the Brazilian electric matrix's capacity for energy generation which is driven mainly

by hydro sources. Thus, rainfall unpredictability becomes an important component of

this uncertainty.

This dynamic can be represented by the high volatility of the spot price in

recent years in Brazil, as shown in Figure 31. Thus, the volatility of the spot price in

Brazil would not be an appropriate reference for the forecast of future energy prices.

As evidenced, this high volatility has been one of the incentives for the migration of

generating companies to the ACL market, where contracts tend to have less volatile

prices de�ned by bilateral contracts. The annual average for the volatility of the spot

price in the country ranged from 20.97% to 51.29%. Overall, the average for the period

was 31.25% (CCEE, 2020d).
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Figure 31 � Spot Price average annual volatility

Contracts traded in the ACR market have signi�cant di�erences when compared

to contracts traded in the ACL market because these two environments have di�erent

risk matrices (Pilipovic, 2007). These di�erences make it di�cult to forecast prices

accurately for the Brazilian electric market. In addition, the lack of a standardized

trading environment for contracts in the ACL market induces agents to negotiate energy

based on the spot price, adding a premium or a discount depending on the behavior of

this price. With this, it is possible to verify that the price of energy in the ACL market

tends to vary more than the price of energy in the regulated market (established at the

auction), but less than the spot price (Dalbem et al., 2014).

Dalbem et al. (2014) also assumed that the volatility parameters of energy prices

in the free market are subjectively de�ned, based on the views of market professionals,

in which case the volatility considered by the authors in Brazil was 30%.

Considering the high variability, the main problem in using models based on the

spot price is that the forward prices would be obtained endogenously from the dynamics

of the spot price, not portraying consistently the prices observed in the forward market

(Koekebakker and Ollmar, 2005). The alternative of modulating prices via the forward

curve would be the most reliable if the information were public. However, in view of

this limitation, one of the alternatives would be the construction of the forward curve

based on information captured from customers by specialized companies for this type

of modeling.

The modeling of the forward energy price curve is made from two dimensions,

temporal, which expresses the time in which the price is measured, and spatial, which

expresses the distance or maturity until the supply of energyF(t;h ) . Thus, it represents

the price of energy quoted at timet for maturity h. It was used a historical basis

provided by the company Dcide LTDA.

To perform the stochastic analysis of energy prices and quantities, weekly prices
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for the ACL market were simulated. Then it was possible to identify the average annual

values of these prices that served as a basis for the construction of the annual cash �ows.

Equations (4.3) to (4.5) are used to assess whether the mean reversion stochastic process

is relevant in the study, considering the price series for the ACL market analyzed (we

used data provided by a company that research prices in the ACL market in Brazil).

Equation (4.6) expresses the data generating process, while equations (4.7) and (4.8)

demonstrate the calculation of the series trend line and the mean reversion speed,

respectively.

Following Aquila et al. (2020) as well as Scarcio�olo et al. (2018) we simu-

lated electricity prices using a mean reversion stochastic process with Poisson jumps.

The simplest representation of the mean reversion process is the Ornstein�Uhlenbeck

process represented by the Equation (4.3).

dx = � (x � x)dt + �dz (4.3)

Where, � is the reversal speed andx is the long-term equilibrium of variable x.

Although electricity prices in Brazil are commonly modeled on the PLD price,

it is important to highlight that the expansion of the ACL market through bilateral

contracts tends to distance it more and more from the high volatility identi�ed in the

price dynamics of the short-term market.

Alternatively, using data provided by a company that conducted price research

in the ACL market, it was possible to identify more congruent behavior of prices in

that market. In this sense, we estimated the parameters of the data generating process

that follows an autoregressive process with one lag, which in its discrete version can

be represented by Equation (4.4).

ln(x t ) � ln(x t � 1) = a + b ln(x t � 1) + � t (4.4)

Where,

x t = is the value of the variable in t

x t � 1 = is the value of the variable in t � 1

a and b = are the estimated coe�cients of the regression equation

� t = is a white noise i.i.d. � N(0, � 2)

One way to identify if prices are better modeled by the GBM or MR precess

is to estimate the coe�cient b of the Equation 4.4 and check if it is signi�cantly

di�erent from zero (Dixit and Pindyck, 1994).The result of this estimation is presented

in Equation (4.5).
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ln(x t ) � ln(x t � 1) = 0 + 0 :15 ln(x t � 1) + � t (4.5)

An alternative method is to perform a unit root test, where the rejection of the

null hypothesis will indicate a mean reversion process (Dixit and Pindyck, 1994). The

results are shown in Table 34.

Table 34 � ADF Test Results

ADF Statistic: -6.454897

p-value: 0

Critical Values:

1% -3.446

5% -2.868

10% -2.57

Unit root tests of the returns of the series analyzed as a price reference have

the characteristics of being stationary, therefore attending to the principle of reversion

to the mean. However, Dixit and Pindyck (1994) warn about possible problems related

to the series analysis and to the need for many years to state the condition of its

reversion safely. For this reason, the authors suggest that the analyses should be based

on the theoretical framework of how the equilibrium mechanism tends to work instead

of focusing exclusively on statistical tests to decide whether or not to model a variable

like a mean reversion process.

Once the stationarity of the data series was identi�ed, we assumed that the series

would follow a mean reversion process with tendency and jumps. Following Monjas-

Barroso and Balibrea-Iniesta (2013), the process was represented by Equation (4.6).

Yt = Yt � 1 � b� [Yt � 1 � (aX + c)] + " �
p

� t � � + �' (4.6)

where

Yt = Simulated value of the variable in yeart.

Yt � 1 = Simulated value of the variable in yeart � 1.

b= Mean reverting speed (assumed as the average of the percentage di�erence between

the Yt represented as the value in the regression line at time t and the value inYt � 1.

Thus, the farther from the average the value ofYt � 1 is, the greater the reversal speed.

aX + c = Straight regression line of the variable capable of capturing the trend of the
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simulated values over time

" = Random value N (0,1)

� t = Time interval, as the data was sent in weekly periods,� t was considered 1.

� = Weekly standard deviation of the observed variable.

� = Represents a bernoulli distribution to identify the probability of the jumps oc-

curence at time t with intensity ' , where:

' = 1 with probability ( � � t);

' = 0, with probability ( 1 � � � t).

Then, there will be a probability of � � t of occurence of a jump of magnitude

' , in the interval � t.

We used the weekly price in the ACL market provided by a company in the

sector during the period from January 2012 to May 2020 and then performed a linear

regression of the straight line to capture the trend of the simulated values over time

(Equation 4.7).

aX + c = � 0:14007X + 306:22 (4.7)

The mean reversion speed calculation was obtained from an average value that

could express the magnitude of this variable throughout the series. To do this, we

subtract the expected value ofYt � 1 eliminated at each period from the value ofYt � 1

and divided this value for the valueYt � 1 (Equation 4.8). The percentage racio of this

operation resulted in an average speed of 0.013.

b=
Yt � 1 � [Yt � 1 � (aX + c)]

Yt � 1
(4.8)

Figure 32 shows the relationship between the series price evolution and the

calculated mean reversion speed (ilustrated in the red line and in the right axis). It

is possible to see that the speed identi�ed by the red line follows a contrary path

comparing with the price (blue line), pressing the values to the average line (Equation

4.7) expressed in green.
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Figure 32 � Price ACL in Brazil (BRZ Real/MWh) x Mean Reversion Speed

After that, we used the weekly price series to run the Monte Carlo Simulation

(MCS) in order to simulate 10,000 iterations of weekly prices for 1040 periods (52 weeks

in 20 years). Then, we extracted the annual sample mean from the results to calculate

the annual cash �ow. Once the stochastic process of the ACL prices were estimated, it

was possible to calculate the quantities for each of the 10,000 scenarios generated and

from there the cash �ows (Table 35).

Table 35 � Parameters used in the data generating process

Parameters Values (Auctions)

Auctions 28 29 30

Initial Prices (BRZ Real) 272.68 278.12 67.18

Initial quantities (KWh) 43,556.06 102,270 59,549.03

b (MR speed) 0.013

� (%) 6.9

� (%) 0.2

' (BRZ Real) (275; 140)

aX + c -0.1414X + 306.22

Variable ' represents the mean and the variance magnitude of the Poisson

jumps and � represents the probability of occurrence of these jumps. Both variables

were calculated based on the historical series.

The existence of a correlation between the price and the amount of energy de-

manded in the ACL market was also considered in this study. To do this we should

analyze the price elasticity of demand for this commodity in order to assess its magni-

tude. However, the use of PLD to identify the existence of elasticity between price and

demand does not re�ect reality since PLD is a value used to settle di�erences between
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the supply and demand of energy in the short-term market. Moreover, the veri�cation

that buyers choose the ACL market mainly because of price advantages reinforces the

argument that there is some correlation between price and demand for these cases

Uhr et al. (2019) studied the elasticity of electricity price in Brazil and found

that it varies between -0.45 and -0.56. We considered these values to stablish the

correlation between price and quantity in the ACL market in four periods of �ve years

(-0.15; -0.30; -0.45 and -0.6). With this, we hope that a microeconomic relationship

between demand and supply will be present, even partially, in the ACL market.

4.4 Monte Carlo Simulation

The Monte Carlo simulation was used to identify the dispersion of project results

based on their volatility. Then, it is important to note that price volatility cannot be

confused with the project́ s volatility itself. The volatility of the project is di�erent

from the volatility of the uncertain variable. Therefore, when one wants to analyze the

managerial decision around the viability of projects based on their uncertainties, the

best proxy is the rate of return of the project itself (Copeland and Antikarov, 2001).

In this sense, Copeland and Antikarov (2001) presented the concept of marketed

asset disclaimed (MAD) arguing that the least biased way of estimating the market

value of an investment project is to start from the present value of the project's own cash

�ow without �exibility. In this way, the authors suggested the use of the Monte Carlo

simulation in the project's NPV rate of return to identify the probability of a return

distribution in a future period, discounted to present value, then the logarithmic ratio

can be calculated. The authors also point out that the standard deviation of interest is

based on the percentage change, Z, in the value of the project from one period to the

next (Equation 4.9).

z = ln

 
PV1 + FC1

PV0

!

(4.9)

Where the present value at time 0, (PV0), is used as the denominator, and the

present value at time 1,PV1, is given by Equation (4.10) (FCF stands for free cash

�ow):

PV1 =
NX

2

FCFt

(1 + WACC)t � 1
(4.10)

The volatility of the project is a fundamental step in the binomial tree construc-

tion and represents the speed of price movements of an asset over time. To calculate
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the volatility of project value returns, we followed the steps proposed by Barroso and

Iniesta (2014) and proceeded as follows:

1. Calculation of the project's present values without �exibility;

2. Modelling of the uncertainties associated with the projects;

3. Identi�cation of the price elasticity of the electricity for the ACL Market portion;

4. Use of MCS to generate the distribution of present values att and t + 1;

5. Calculation of the return on the project using Equation (4.11):

vol = ln

 
PV1

PV0

!

(4.11)

The volatility ( vol) was calculated keeping the present value at timet = 0 (PV0)

constant and iterating the uncertainties inserted in the project's cash �ows causing the

present value at timet = 1 (PV1) to change with each iteration. The Cash FlowFCF1

of Equation 4.10 was not considered because the �rst three periods of a project's

cash �ow do not contain revenues given the grace period for the construction of the

project as shown in Figures 29 and 30. With this, we combined the uncertainties and

the correlation between electricity supply and demand considered in the projects in a

single source of uncertainty, which is the project's volatility.

4.5 Real Option analysis

4.5.1 Binominal Tree Construction

Options to defer can be characterized as an american call option, where the

decision to invest at a given time must occur if the project's NPV is greater than

the calculated option. The calculation of these options can be performed using the

binomial tree method proposed by Cox et al. (1979). This binomial tree method has

been well received as tool for the evaluation of real options, as it has a certain ease

of implementation at the same time that it approaches the Black and Scholes model

(1973) (Zou and Gong, 2017).

From the calculation of the project's volatility, we can calculate the movement

nodes of each period in the decision tree. That is,u = e(�
p

T ) , and d = e(� �
p

T ) .

A binomial tree (Figure 33) can be seen as a network of probabilities with binary

branches, where at each point (node) the up and down movements (u and d) occur
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based on a speci�c probability for each direction. We used the risk neutral probability

method to calculate the option value in the context of binomial tree.

Figure 33 � Binomial tree diagram

The distance between the nodes is one period each, consequently the variable

� T will be equal to 1. The stock price rise or fall probability simulates a GBM and

has as parameters: the risk-free interest rate (rf),� (within the parameters u and d),

and the probability (� ) of each moviment. It can be expressed by Equation (4.12) and

(4.13).

� =
(exprf � � T � d)

(u � d)
(4.12)

q = 1 � � (4.13)

At the moment when the option expires, that is, at the end of the tree, the

values will bemax[(S � X ); 0] for call options, andMAX [(X � S); 0], for put options.

Table 41, in the next section, shows the parameters used for its construction.

4.5.2 Projects Database

This study is based on the analysis of the viability of projects that participated

in additional energy auctions (Auctions 28, 29 and 30) in 2018 and 2019. The calcula-

tions to identify the viability of the projects were made using the local currency (BRZ

Real). This analysis focuses on the projects that were successful in these three selected

auctions, corresponding to 95 contracts, as described in Table 36.
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Table 36 � Project information by region

Region Number of projects
Power

(MW)*

Energy supply

(MWh)*

Investment

(BRZ Real) *

BA 45 24.7 1,069,062 107,655,121

PB 6 35.8 867,834 146,375,133

PI 4 33.4 845,919 180,914,242

RN 40 23.1 1,284,219 110,236,801

Total 95 25.12 1,137,549 114,272,213

(CCEE, 2020c) *Average Values

The values highlighted in the last row of Table 3 refer to the average value of

all the projects.

Table 37 shows a regional overview of the winning companies analyzed in this

study, where it is possible to verify that two states�RN and BA�are the main places

for the installation of wind farms and account for about 90% of all the winning com-

panies analyzed.

Table 37 � Number of companies by region and Auction

Region\Auction 28 29 30

BA 21 24

RN 27 1 12

PI 2 2

PB 6

BA = Bahia; PB = Paraíba; PI = Piauí; and RN = Rio Grande do Norte

The characteristics of the auctions are summarized in Table 38 and show that

despite the small number of existing projects in Auction 29, the average projects'

investment was greater than the average of the winning projects in the other auctions.

Table 38 also shows that the average values of energy supply in MWh in Auction 28

was the highest when compared with other auctions, namely, 72.7% higher than the

average value of projects in Auction 29 and 112.6% higher than the average value of

projects in Auction 30. Despite this higher amount, the average value of investment

in auction 28 (in BRZ Real) only exceeded the value of the investment in projects of

Auction 30 by 19.1%.
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Table 38 � Project information by Auction

Auction
Number of

projects

Enabled power

(MW)*

Energy supply

(MWh)*

Investment

(BRZ Real) *

28 48 26.1 1,534,415 121,557,295

29 3 31.7 888,288 177,405,563

30 44 23.6 721,601 102,020,305

Total 95 25.1 1,137,549 114,272,213

(CCEE, 2020c) *Average Values

Regarding the dispersion of the investment value of the projects, Table 39

presents a regional overview, while Table 40 presents an auction overview. In Table 39

it is possible to conclude that investments in RN had the largest standard deviation,

among the four states. RN and BA were the only states that had winning companies

at Auction 28, so the investment dispersion at this auction was greater than at other

auctions, as shown in Table 40.

Table 39 � Investment information by Region (BRZ Real)

Region Min Max
Standard

Deviation

BA 33,600,000 302,400,000 52,640,527

PB 70,868,000 197,427,000 47,068,330

PI 137,381,610 223,045,220 42,142,634

RN 33,600,000 346,500,000 73,709,725

(CCEE, 2020c)

Table 40 � Investment information by Auction (BRZ Real)

Auction Min Max
Standard

Deviation

28 37,800,000 346,500,000 65,213,371

29 86,126,250 223,045,220 64,544,221

30 33,600,000 302,400,000 58,629,496

(CCEE, 2020c)
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Table 41 presents the parameters used in the binomial tree. The stock price is

the calculated present value of the project (underlying asset) and the exercise price is

the investment value of the project.

The reference risk-free rate for these studies is generally represented by the US

treasury American 10-year bond (ANEEL, 2016). However, ANEEL (Technical Note

212/2016) started to adopt the interest rates of Brazil's public securities that pay real

interest (NTN-B, indexed to in�ation) as a guide, which was also the reference used in

this study.

Table 41 � Parameters used in the Binomial Tree

Parameters Values (Auctions)

28 29 30

Stock Price (S)

BRZ Real
123,700,718 180,539,734 123,264,431

Exercise Price (X)

BRZ Real
121,557,295 177,405,563 102,020,305

Time to Expiration

(years)
3 1 3

vol (%) 5.76 11.8 8.79

u 1.059 1.125 1.092

d 0.945 0.889 0.916

� 0.813 0.556 0.593

q 0.187 0.444 0.407

rf (%) 3.66 2 2

� T 1 year

After determining the parameters, it is possible to construct the asset value of

each node in the binomial tree. Assuming that the option's behavior has a risk-neutral

measure, its expected value is equal to the expected value of its future values discounted

by rf . In other words, the expected value of option can be calculated from the two

values existing in the two scenarios of the future period (Ct+1
u and Ct+1

d ), which can be

determined by their probabilities, expressed by Equation (4.14).

Ct = [ �C t+1
u + (1 � � )Ct+1

d ]=exprf � T (4.14)
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Once the value of the underlying asset (S0) is known at time t = 0, its value will

follow an upward and downward trajectory until the time of maturity (t = 3 for projects

28 and 30 andt = 1 for project 29). Thus, it is possible to identify the option value in

the maturity period by subtracting the values of the underlying asset to the exercise

price and calculating the values of the previous nodes weighted according to Equation

(4.14). The value ofCt represents the expected discounted value of not exercising the

option in period t and waiting until the next period to decide. It is also possible to

assign the name ofNPVexpanded to this value.

Finally, the values calculated in the binomial tree are used as a reference for

the decision for investing or postponing the investment, since the decision that would

make the most sense would be to postpone when the net value of the option to defer

(NPVexpanded � NPVt ) exceeds the NPV of the investment at the periodt (S0ui dj � X t ).

The decision tree could be built considering equation (4.15).

NPVExpanded = NPVt + NVOptionvalue (4.15)

WhereNVOptionvalue expresses the net value of the option. Given the opportunity

cost in the decision to postpone the investment, the investment should be made when

its NPV exceeds the net value of the option to defer (NVOptionvalue ). This happens

because when choosing to invest at timet, the investor loses the opportunity to invest

later, this corresponds the value of the option do defer (Santos et al., 2014).

5 Results and Discussion

This section presents the results obtained in the deterministic analysis of the

representative cash �ows in each auction, the calculation of the volatility of a project's

return (vol) considering the sources of uncertainty, and the construction of the project's

decision tree.

Figure 34 shows the weekly price simulations considering the mean reversion

process with Poisson jumps. Two images are presented for each project, a �rst image

containing 10 simulations for a better visualization and then a second image containing

the 10,000 simulations. In the �gure, it is possible to identify the characteristic behavior

of prices, which after the jumps occur, revert to the average.
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Figure 34 � Weekly Prices simulation

For the calculation of the NPV and IRR displayed in Table 42, it was assumed

that the construction would start immediately after the auction and energy supply to

the ACL market could start on the beginning of year 3.

Table 42 � NPV and IRR

Auction NPV (BRZ Real) IRR (%) IRR�WACC (%)

28 2,143,423 7.87 0.21

29 3,134,170 7.59 0.2

30 21,244,126 9.59 2.2

The WACC rate used as a reference was 7.66% for the 2018 projects and 7.39%

for the 2019 projects.

The anticipation of the construction of the plants with the objective of supplying

the surplus energy from this period to the ACL market contributes to the increase in

the viability of the projects.

5.1 Binomial Tree Analysis

The binomial trees represented in Figures 35, 36 and 37 show the values of the

underlying assets in the yellow cells and the values of the NPV of the projects at time

t with the options to defer embedded in them, represented by the brown cells. The

values of the underlying asset can rise or fall according to the magnitude presented by

the variablesu and d, and the last column of the binomial tree expresses the option's
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maturity date as well as the possible values of the asset on that date.

Figure 35 � Binomial Tree Auction 28

In the binomial tree of the project from Auction 28 (Figure 35), it is possible

to verify that the value of the option at time t = 0 is BRZ Real 13,103,798 and

it exceeds the value of the deterministic NPV of the project (BRZ Real 2,143,423).

This condition suggests that in the year in which the auction takes place (t = 0), the

volatility associated with the project would justify the postponement of the investment

decision for the next period (t = 1). However, from the �rst year after the auction,

opportunities are restricted by low volatility caused by the project's high commitment

to the ACR market, a market that does not involve uncertainty related to prices once

they are established in the auction. So, the results suggest that the decision to invest

in the project at t = 0 could be postponed to the following year (t = 1), when it will

be possible to carry out a new analysis.

Figure 36 � Binomial Tree Auction 29
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The results of the representative project for Auction 29 (Figure 36) di�er from

the other two projects because of the shorter deadline for supplying energy to the ACR

market. Therefore, investors have only one chance to decide whether they want to invest

or postpone the investment. In a deterministic context (table 42), it was possible to

verify that Project 29 has the lowest rate of return among the three projects, which

makes sense since the possibility of obtaining revenue by anticipating the construction

of the plant is restricted to just one year. Considering the uncertainty, it was possible

to verify that the project from Auction 29 has the highest volatility. This is explained

by the fact that the Auction 29 project is the one with the highest revenue commitment

to the ACL market (close to the maximum), this makes the volatility of its cash �ow

more exposed to the uncertain variable (price in the ACL market) than the others.

The results also suggest that the decision to invest in the project att = 0

could be postponed to the following year (t = 1). However, one cannot fail to consider

that the short period of time for the construction of the plant brings a greater risk

of completion than the other projects. In this sense, it would be important to analyze

this type of project from the perspective of other risks besides the risks related to price

�uctuation, such as the risk of completion.

Figure 37 � Binomial Tree Auction 30

The binomial tree of the project referring to Auction 30 (Figure 37) is similar to

the binomial tree for the project from Auction 28. However, the greater commitment

of the project of Auction 30 to supply energy to the ACL market when compared to

the project from Auction 28 makes its volatility slightly higher than the volatility of

the underlying asset of the project from Auction 28.

The project from Auction 30 had an average commitment in the ACR market
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