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ABSTRACT 

 

 
Historically, the selection of electricity generation technologies to expand the capacity of an 

electric system has been based on comparisons between their costs.  Brazil follows this 

worldwide traditional model using the Cost-Benefit Index in the energy auctions. However, 

this method disregards the location of the plants, for example if they are close to important load 

centers, and the temporal variability of the energy productions, in other words if it happens 

during a peak in demand or in a period of drought. These aspects are very important to the 

economic feasibility of intermittent sources like wind. In addition, the transmission cost 

between the main producing region and the most important load center is neglected. In case 

these aspects are considered in the Brazilian energy auctions, the wind plants located in the 

Southeast region may gain substantial competitiveness. In order to evaluate that, the net 

economic value, a metric developed by EIA/DOE (2013), will be used to compare the 

economic attractiveness of wind plants located in the Northeast (the greatest wind energy 

producer region) and Rio de Janeiro (located in the main load center).  The Port of Açu was 

the location chosen to house a hypothetical wind plant in Rio de Janeiro. The study found that 

the Port of Açu’s net value including the avoided transmission cost is significantly higher than 

the Northeast’s. Additionally, the minimum net value for a 90% confidence interval (P5%), even 

when the avoided transmission cost is neglected, is still higher for the Port of Açu than for the 

plants analyzed in Northeast. These results indicate that a wind energy project in Port of Açu 

may face lower economic risks if the avoided cost criteria are used in the Brazilian energy 

auctions and that a wind plant projected to attend the demand in Rio de Janeiro should be built 

in this same region. This methodology is relevant and can be applicable to other large 

interconnected systems like China, Europe and Argentina. 

 

Keywords: Levelized cost of electricity; Levelized avoided cost of electricity; ICB; Wind 

power generation; Renewable energy auctions; Expansion of power generation 
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1. INTRODUCTION  

Brazil's total energy load is expected to increase approximately 40% from 2016 to 2026 

according to studies from the Brazililian Energy Research Office (EPE in its Portuguese 

acronym). In order to meet this growing demand, Brazil needs to plan the capacity expansion 

of its electric system. The Brazilian hydroelectric potential is estimated at 172 GW, of which 

more than 60% is already being used. Approximately 70% of the remaining available 

hydroelectric potential is located in the Amazon and Tocantins - Araguaia basins (EPE, 2018). 

The issue of meeting future demand through hydroelectric plants in the Amazon is the potential 

risk of causing environmental and social negative impacts. Cunha and Ferreira (2012) showed 

that the completion of the Belo Monte reservoir will result in habitat reductions and will 

consequently reduce the richness and diversity of pioneer formations. For Latrubesse et al. 

(2017), the accumulated negative environmental effects of existing dams and proposed dams, 

if constructed, will trigger massive hydrophysical and biotic disturbances that will affect the 

Amazon basin’s floodplains, estuary and sediment plume. In addition to environmental issues, 

exploration of the hydroelectric potential in the Amazon basin finds constraints due to the 

notorious difficulties to build new hydroelectric power plants and, in particular, large 

reservoirs. Thus, most projects do not contain new reservoirs, but are operated as run-of-the-

river power plants. 

Due to limitations in hydroelectric expansion capacity, other sources of energy are being 

considered. The great potential of the country to generate wind and solar energy as well as the 

complementarity between these sources and hydroelectric production allow wind and solar 

generation to be increasingly present in the Brazilian electricity matrix. According to numbers 

from the Brazilian National Operator of the Electric System’s (ONS) website, wind power 

generation in Brazil increased from 559 GWh in 2007 to 42.336 GWh in 2017 (Figure 1), an 

average growth of 67% in the last three years. Solar power is expected to add approximately 1 

GW in the Brazilian power system by the end of 2018, doubling the capacity at 2017 (Portal 

Solar, 2018). 
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Figure 1: Graph of Wind Power Generation (GWh) in Brazil from 2007 to 2017 

 

Source: ONS’s website (2018) 

Despite the strong progress in the insertion of renewable generation in the Brazilian 

Interconnected System (SIN), only one subsystem, the Northeast, receives almost all of the 

investments. Wind generation in 2017 was largely produced by the Northeast, with a small 

contribution from the South region (Figure 2). 

Figure 2: Graph of the monthly wind power generation (MWmed) in 2017 by subsystem 

 

Created by the author. Source: ONS’s website (2018) 
  

The Northeast predominance is also verified in the solar generation in 2017 (Figure 3). 
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Figure 3: Graph of the monthly solar power generation (MWmed) in 2017 by subsystem 

 

Created by the author. Source: ONS’s website (2018) 

Most future generation of wind and solar energy will also come from the Northeast according 

to energy auctions conducted until July 2018 by the Brazilian Chamber of Electric Energy 

Commercialization (CCEE, 2018). 95% of wind farms and 80% of solar projects expected to 

start after the beginning of 2018 (Table 1) are located in the Northeast.  

Table 1: Number of Wind and solar plants winners of Brazilian energy auctions with 

supply start date after 2018 

State 
Future Wind 

Plants 

Future Solar 

Plants 

RN 1456 4 

BA 2127 34 

MA 297 0 

PB 339 1 

PE 215 90 

PI 1236 158 

CE 462 242 

MG 0 111 

SP 0 22 

RS 350 0 

TO 0 3 

Total 6482 665 

Total NE 6132 529 

% NE 95% 80% 

 

Created by the author. Source: CCEE, 2018 
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The hegemony of the Northeast region in the production of wind and solar energy is due to the 

method of investments prioritization used in energy auctions in Brazil, called Cost Benefit 

Index (Índice Custo-Benefício in Portuguese, or ICB). The ICB privileges the Northeast since 

this is the region with the greatest wind and solar potential. However, the ICB has drawbacks. 

It does not differentiate the moment of the day in which the generation of energy takes place, 

whether it is during a peak in demand or in a period of drought, for example. Therefore, the 

energy generated at any time of the day is valued in the same way (Castro, 2015). Additionally, 

the ICB does not consider the benefit to the system as a whole since it analyzes the new energy 

projects individually.  

The southeast region is the largest load center in Brazil. Therefore, a wind plant in the southeast 

region could be potentially more beneficial to the country than a wind plant located in the 

northeast during a peak load moment in the southeast. The wind plant in the southeast would 

avoid operating expensive thermal plants in addition to savings in transmission in case an 

energy exchange is needed. 

Other criteria for the comparison and selection of energy investments have already been 

proposed. The Energy Information Administration (EIA) of the US Department of Energy 

(DOE) has developed an alternative method called LACE (Levelized Avoided Cost of 

Eletricity). This method accounts for all costs avoided throughout the project lifecycle. By 

generating power with the new installed capacity, the system stops activating other plants 

which have a higher marginal cost of operation. The formula proposed by the EIA/DOE does 

not disregard the levelized cost of energy (LCOE), the most traditional criteria to select energy 

investments, but rather it intends to compare the levelized costs with the avoided costs when 

implementing new projects. The net value, the difference between LACE and LCOE, can be 

thought of as the potential profit (or loss) per unit of energy production for the plant (EIA/DOE, 

2013). 

There is a tradeoff that potentially affects large interconnected systems like Brazil, China, 

Europe and Argentina. Due to their size, huge transmission costs are often an issue. At the same 

time, the government aims to bring incentives to the regions that face economic problems, 

developing their energy potentialities. In order to find an equilibrium among transmissions 

costs and life time project costs, the net value metric shall be used to evaluate renewable energy 

projects in different regions of the interconnected electric system.  
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The objective of this study is to evaluate the economic feasibility of wind projects in Rio de 

Janeiro using the net value criteria, the difference between LACE and LCOE. This will be done 

by means of a case study of a hypothetical wind power plant located in the Port of Açu in Rio 

de Janeiro.  The net value of the wind power plant in Port of Açu will be compared to the ones 

found in four different states in Northeast.  
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2. THE BRAZILIAN ELECTRICAL SYSTEM 

The Brazilian electrical system, as expected for a large country, is a complex system. To 

understand it better, an overview of the system will be carried out. Then the problem of 

reservoir management will be discussed as the generation of renewable energy helps offset 

variations in hydro electricity supply. An explanation of the current auction system will be 

followed in order to show that, although renewable energy has a fundamental role in the system, 

the current criterion for selecting investments does not adequately capture its benefits for the 

system as a whole. Finally, a brief discussion will be made on the wind potential in the 

Northeast and Rio de Janeiro. 

2.1. OVERVIEW 

The energy system in Brazil as it is in 2018 is a result of a restructuring process that took place 

during the years 2003 and 2004 after an increase of wholesale electricity prices by more than 

100%. The reform had the goal of establishing a regulated and efficient structure for energy 

generation, transmission and distribution. 

The National Interconnected System (SIN), or “Sistema Interligado Nacional” in Portuguese, 

is the name of the interlinked power grid that serves all Brazilian states and encompasses over 

98% of all the energy produced in the country, being one of the largest interconnected systems 

in the world (ROMEIRO; ALMEIDA; LOSEKANN, 2015). The National Interconnected 

System consists of four subsystems: South (S), Southeast / Center-West (SE/CO), Northeast 

(NE) and most part of the North (N).  

The institution responsible of coordinating the SIN plant operation is the National Operator of 

the Electric System (ONS). According to their Monthly Schedule of Operation (“Programa 

Mensal de Operação” in Portuguese) from January 2019, Brazil has almost 162 GW of installed 

capacity (Table 2). Hydro, thermal (gas, diesel and biomass fuels) and wind power plants 

respectively generate 67.5%, 21% and 9% of the total amount. The other 2.8% comes from 

nuclear, photovoltaic and other generation sources.  
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Table 2: Energy installed capacity in Brazil in December 2018 

Type Installed Capacity (MW) % 

HYDRO 109,058 67.50 

THERMAL GAS + LNG 12,821 7.9 

THERMAL OIL + DIESEL 4,614 2.9 

THERMAL BIOMASS 13,696 8.5 

WIND 14,142 8.8 

NUCLEAR 1,990 1.2 

PHOTOVOLTAIC 1,780 1.1 

OTHERS 0.779 0.5 

Total 161,552 100 

Created by the author. Source: (ONS,2019) 

2.2. THE DILEMMA OF THE ELECTRICAL SYSTEM OPERATION 

The operation of the Brazilian electricity sector is a large scale optimization problem. The 

sector needs to optimize the water stored in the reservoirs as well as minimize the operational 

costs and risk of power failure. According to expected future inflows, the operator dispatches 

the thermoelectric plants using the merit order, meaning that the plants with lower unit variable 

cost (CVU) are dispatched first. The CVU of the last dispatched plant in a given period is 

configured as the marginal operating cost of the system (CMO) for that period. 

The Brazilian electrical system is basically hydro-thermal, the ONS must therefore find an 

operational trade-off between using water contained in its reservoirs for immediate needs or 

keeping water stored for future needs, thus triggering thermoelectric plants that have a higher 

operating cost than hydroelectric plants. If there is a period of drought after the ONS has 

decided to use water from the reservoirs, more thermal energy will have to be produced to meet 

the demand. Figure 4 illustrates this dilemma. 

Figure 4: Consequences of operational decisions for the Brazilian electrical system 

 

Source: Carpio and Pereira Jr. (2006) 

javascript:void(o)
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Wind and solar energy play a key role in compensating variations in hydro electricity supply. 

As such, thermoelectric plants activation can be avoided and expensive operating expenses 

saved. However, the current auction system does not fully capture those potential savings since 

the current criteria for investment looks only at the cost of individual competitors, rather than 

the whole picture.  

2.3. THE ENERGY AUCTIONS IN BRAZIL IN 2018 

The last reform of the electric sector in 2004 established two contracting environments: 

regulated and free. In the regulated contracting environment (ACR), distributors form a buyer 

pool and firm long-term contracts to cope with the expansion of their markets. In the free 

environment, free consumers have contractual freedom (price and term) to sign contracts 

directly with generators. (ROMEIRO, ALMEIDA AND LOSEKANN, 2015). 

In the regulated contracting environment (ACR), the energy auctions in Brazil use the Cost 

Benefit Index (ICB) as a criterion for selecting investments. The ICB is defined as the ratio 

between the total cost (from the energy buyers' perspective) and the energy benefit of the 

investment. The energy benefit is represented by the physical guarantee (EPE, 2018). The ICB 

formula (Equation 1) is found below. 

Equation 1: ICB Equation 

𝐼𝐶𝐵 =
𝐹𝑖𝑥𝑒𝑑 𝑅𝑒𝑣𝑒𝑛𝑢𝑒

𝐵𝑖𝑑
+

𝐸(𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑜𝑠𝑡𝑠) + 𝐸 (𝑆ℎ𝑜𝑟𝑡 𝑡𝑒𝑟𝑚 𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐 𝑐𝑜𝑠𝑡)

𝑃ℎ𝑦𝑠𝑖𝑐𝑎𝑙 𝑔𝑢𝑎𝑟𝑎𝑛𝑡𝑒𝑒
                       (1) 

Fixed Revenue represent the revenue required by the investor in order to cover the total cost of 

implementing the project, including socio-environmental costs, interest during construction, 

investment compensation and all fixed costs related to the operation and maintenance of the 

plant. 

The expected value of the Operational Costs represents the operating cost for the generation 

that exceeds the operational inflexibility. 

The expected value of the Short-term economic costs results from the monthly differences 

between the actual dispatch of the plant and its physical guarantee, valued according to the 

settlement price for the differences (in Portuguese, Preço de Liquidação das Diferenças), the 

PLD. This portion corresponds to the accumulated value of short-term market settlements, 
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based on the CMO. The CMO is limited to the minimum and maximum PLD, according to 

current values established by the National Electric Energy Agency (ANEEL). 

The Physical Guarantee corresponds to the maximum electrical energy and power capacity 

which an energy plant can commercialize. 

The ICB is calculated by the Energy Research Office (EPE in its Portuguese acronym) through 

a mathematical model that is not openly available to the public. However, the ICB has strong 

similarities with the LCOE (Levelized Cost of Eletricity), an internationally recognized method 

for comparing different technological alternatives in which the selection of projects for 

generation expansion is guided by the lowest technological cost. Likewise the ICB, the LCOE 

comprises the ratio between all project costs and its benefits. Therefore, due to the 

inaccessibility of the ICB model, it will not be calculated in this study and the LCOE will work 

as the current used criteria for comparison purposes. 

The LCOE formula is found below in Equation 2. 

Equation 2: LCOE Equation 

𝐿𝐶𝑂𝐸 =
∑

𝐼𝑡 + 𝑀𝑡 + 𝐹𝑡

(1 + 𝑟)𝑛
𝑛
𝑡=1

∑
𝐸𝑡

(1 + 𝑟)𝑛
𝑛
𝑡=1

           (2) 

It, Mt and Ft represent respectively, the cost of investment, operation and fuel. Et corresponds 

to the energy generated by the plant. Finally, r and n are respectively the discount rate and the 

duration of the project expressed in years. 

Despite being a traditional criterion, LCOE does not take into account important aspects of the 

current energy market, such as the insertion of intermittent renewable sources. These sources 

have higher value for the system when they produce energy at a time of high demand or, as in 

the case of Brazil, at a time of drought and limited hydroelectric generation. However, the 

LCOE does not distinguish renewable supply availability variation throughout the day, month 

or even year. 

With the exception of fixed costs, the other components of the ICB (operational costs, short-

term economic costs and the physical guarantee) formula are calculated based on a sample of 

CMO values disclosed by EPE. As the CMO increases with water shortages in times of drought, 

intermittent renewable plants will on that occasion be more attractive. However, this benefit to 
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renewable intermittent plants occurs only indirectly and does not capture the differences in load 

between the subsystems, the complementarity of the sources between subsystems and the 

overall system cost minimization.  

Romeiro, Almeida and Losekann (2015) pointed out another problem in the use of ICB. In the 

history of the auctions, the ICB privileged flexible thermal plants, mainly driven by oil and 

diesel, as illustrated by Figure 5, by oversizing the physical guarantee attributed to these plants. 

Figure 5: Matrix Selected by ICB: Contracted Energy (MWmed) 

 

Source: Romeiro, Almeida and Losekann (2015) 

These plants have low fixed costs, but result in high variable operating costs when operating. 

Privileging flexible thermal plants was in line with the operational logic of the past, when 

reservoirs of hydroelectric plants were significant enough to meet demand and thermal 

dispatches were sporadic. However, the demand for energy grows significantly and reservoir 

expansion is limited. 

Therefore, new criteria for the selection of energy investments should be analyzed in order to 

make the energy matrix more adequate to the current reality of the market, considering the 

renewable supply availability variation throughout the day and the reduction of the overall cost 

of the electric system. The present study intends to evaluate an alternative metric of investment 

selection by comparing the economic attractiveness of wind farms in the Northeast of Brazil 

and in Port of Açu in Rio de Janeiro. 
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2.4. WIND POTENTIAL IN BRAZIL 

According to Brazilian Electrical Energy Research Center (CEPEL in its Portuguese acronym) 

winds are characterized as twice the world average and with a velocity oscillation of around 

5%, which is considered an optimum potential, since the velocity indicates good predictability 

of winds (CEPEL, 2001). Furthermore, as previously discussed, there is a hydric-wind 

complementarity that can be exploited at times of reservoir drought. The largest wind potential 

in Brazil is concentrated in the Northeast and Southeast regions of the country as illustrated by 

Figure 6 (AMARANTE et al., 2001). 

 

Figure 6: Wind Energy Potential in Brazil 

 

Source: Amarante et al. (2001). 

Of all the auctions already carried out in Brazil, 82% supply the Northeast submarket. For 

Cabral (2015), the fact that most of the Brazilian wind potential is concentrated in the Northeast 

region may be an element to combat regional inequalities. This is because the implementation 

of wind farms in the Northeast is accompanied by the generation of direct and indirect jobs, 

the need for training of skilled labor, the installation of the supply chain of wind energy, etc.  

However, the state of Rio de Janeiro has been suffering a serious economic period due to the 

crisis in the Brazilian oil sector, a decrease in ICMS tax collection and expenses with the 

organization of the Olympic Games and the World Cup (DW, 2018).  
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Rio de Janeiro has a satisfactory wind potential for energy use, according to the Rio de Janeiro’s 

wind atlas (AMARANTE et al., 2004), and yet it has never been the winner of any wind farm 

auction. Moreover, the wind generated in the Northeast and South coasts are relatively distant 

from the main generation centers (AMARANTE et al., 2001), which gives Rio de Janeiro a 

competitive advantage since it is located in the main load center, the Southeast region. The use 

of its wind potential could bring new investments to the city and contribute to its economic 

recovery. 
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3. THE PORT OF AÇU 

Since the aim of this study is to compare the economic attractiveness of a wind plant in 

Northeast and in the Southeast regions using a different criterium from the current one used to 

select wind energy ventures in Brazilian energy auctions, the exact location of these plants 

must be designated. Since the Northeast region houses most of the country’s wind farms, some 

wind plants that are currently in operation were chosen to represent the Northeast region. The 

methodology used to choose those plants will be further discussed. Since there is no wind plant 

in the Southeast region linked to the ONS, it was not possible to choose a wind plant in this 

region using the same criteria. The Southeast region has only one operational wind plant that 

is not linked to the ONS, the Gargaú wind park, located in the São Francisco de Itabapoana 

County, in the north region of Rio de Janeiro state. In order to be able to use the wind energy 

production from this plant in this study’s calculation, it was found useful to choose a place to 

represent the Southeast region that was close to the Gargaú wind plant and this place was the 

Port of Açu. The Port of Açu is located 30 km away from the Gargaú wind plant which was 

considered a good proximity. 

The Port of Açu is located in São João da Barra County in the State of Rio de Janeiro. It has a 

total area of 130 km2 and nine terminals, divided into offshore and onshore areas (PORT OF 

AÇU, 2018). Figure 7 shows an illustration of the current area occupied by the Port of Açu. 

According to the project's entrepreneurs, the largest thermoelectric park in Latin America will 

be developed on-site. In the first phase of the project two plants will be built, one is currently 

under construction, and in the second phase, up to three new plants are planned. Due to Decree 

No. 41,318, which imposes investments in clean energy and energy efficiency for all natural 

gas, fuel oil and coal generation projects in Rio de Janeiro, the project must invest in renewable 

energy to ensure its licensing.  
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Figure 7: Port of Açu aerial picture 

 

Source: Porto do Açu Website (2018) 

In addition to the need to invest in renewable energy and the fact that Port of Açu has a large 

area available for wind generation, the venture is located in a region with great wind potential. 

According to the map of Figure 8, the Port of Açu is located in region 1. For all these reasons, 

the chosen location to represent the Southeast region in the present study is the Port of Açu. 

Figure 8: Areas with the greatest wind potential in the State of Rio de Janeiro 

 

Source: Rio de Janeiro State Wind Atlas (AMARANTE et al., 2004) 
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4. LITERATURE REVIEW 

This study’s literature review will firstly address the most classical criteria used to 

economically evaluate energy projects, the LCOE. Then, other criteria that try to overcome the 

LCOE’s pitfalls, such as the disregard of the location of the plants and the temporal variability 

of the energy productions, will be discussed. In this subsection, criteria such as the LACE and 

the value factor were considered.  Lastly, an alternative approach to choose energy investments 

in order to expand the generation capacity will be presented, the choice for optimal portfolios. 

4.1. LEVELIZED COST OF ELECTRICITY (LCOE)  

The Levelized cost of electricity (LCOE) is the economic modelling that is widely used by 

many decisions makers to compare generation sources that have different useful lives, fuel 

costs, and use profiles.  However, LCOE is not a useful tool to compare the cost of different 

generation options, unless the options being compared have substantially similar operational 

profiles and system value (NAMOVICZ, 2013). The use of LCOE is flawed because it treats 

all kWh supplied as a homogeneous product with a single price. Specifically, traditional 

levelized cost comparisons fail to take account of the fact that the value of electricity supplied 

is time and location specific (PARIENTE-DAVID, 2016). 

There is a vast literature that quantifies different factors in the full cost of electricity that is not 

considered in a typical LCOE calculation. However, these studies typically focus on 

quantifying the costs of one factor (local air pollution or greenhouse gases), on environmental 

externalities or on integration costs of renewables. Other studies either look at an individual 

source or compare a renewable source to conventional (fossil fuel) generation sources (BENES 

AND AUSGUSTIN, 2016). 

In Brazil, few studies specifically examine the LCOE for grid connected renewable 

technologies (DE JONG, KIPERSTOK AND TORRES, 2015). Silva, de Oliveira and Severino 

(2010) made a comparative study between the technologies and potential configurations 

meeting the needs of isolated communities in the Amazon. Cardemil and Colle (2010) 

examined the economic viability of concentrated solar thermal power system in Brazil. De 

Jong, Kiperstok and Torres (2015) estimated the costs of environmental and social externalities 

for case study plants and adjusted their initial LCOE results accordingly. They also assessed 

the costs and energy losses of extended transmission line systems in dams located in remote 

areas such as the Amazon. This study found that, if all environmental externalities and 
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transmission system costs are taken into consideration, the wind farm case studies become 

more competitive than Belo Monte and have the lowest LCOE among all the case studies 

analyzed.  

To alleviate LCOE´s comparative challenges, alternate metrics to LCOE have been proposed 

but none has been widely adopted (BENES AND AUSGUSTIN, 2016). 

4.2. OTHER CRITERIA FOR ENERGY INVESTMENT SELECTION 

EIA (2013) has developed a metric to provide a more useful tool for comparative analysis, the 

levelized avoided cost of energy (LACE). The insertion of a new plant in the energy matrix 

implies a change in the order of future dispatches. When generating power with the new 

installed capacity to supply the load, at least in the first moment, the system stops to use some 

other source that has a greater marginal cost of operation. Thus, the avoided cost is a measure 

of what it would cost the system to meet the load if it could not count on the contribution of 

the energy produced by the evaluated project (ROMEIRO, ALMEIDA AND LOSEKANN, 

2015). The LACE formula is found below in Equation 3. 

Equation 3: LACE Equation 

LACE = ∑
(marginal generation price𝑡 × dispatched hours𝑡) + (cap payment 𝑡 × cap credit𝑡)

annual expected generation hours

𝑌

𝑡=1

   (3) 

 

 t is the time period and Y is the number of time periods in the year. 

 Marginal generation price is the cost of serving load to meet the demand in the 

specified time period. This price is typically determined by the variable cost (fuel 

cost plus variable O&M) of the most expensive generating unit that needs to be 

dispatched to meet energy demand. 

 Dispatched hours is the estimated number of hours in the time period the unit is 

dispatched. 

 Capacity payment is the value to the system of meeting the reliability reserve 

margin. It is determined as the payment that would be required to incentivize the 

last unit of capacity needed to satisfy a regional reliability reserve requirement. 

 Capacity credit is the ability of the unit to provide system reliability reserves. For 

dispatchable units, the entire nameplate capacity is allowed to participate in the 

reliability capacity market (capacity credit of 1 or 100%). For intermittent 

renewables, the capacity credit is derated as a function of the availability of the 
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resource during peak load periods and the estimated probability of correlated 

resource-derived outages within a given region. For example, the capacity credit is 

the probability that if the wind is not blowing in on part of the region, it is or isn’t 

blowing in a different part of the region. 

 Annual expected generation hours are the number of hours in a year that the plant 

is assumed to operate; 

The estimated cost avoided with the introduction of the new plant, calculated by EIA/DOE, 

covers two dimensions. The first refers to the energy generated by the plant during the life 

cycle of the project. When used, the plant avoids the operation of more expensive plants. Thus, 

its contribution can be estimated by the expected amount of energy produced by the plant 

multiplied not by its variable operating cost, but by the marginal operating cost of the system. 

This calculation is close to an opportunity cost analysis (ROMEIRO, ALMEIDA AND 

LOSEKANN, 2015). 

The other dimension refers to the contribution to the guarantee of supply. By having the new 

plant, the installed capacity of the generating plant rises, increasing the safety margin of the 

system. If it did not have the dispatch of the plant under study, the system would have to 

increase the installed overcapacity required to safely meet the peak load (ROMEIRO, 

ALMEIDA AND LOSEKANN, 2015). 

Comparison of LCOE to LACE for any given technology provides a quick, intuitive indicator 

of economic attractiveness. According to EIA/DOE (2013), the net value is simply the 

difference between the LACE and the LCOE, and can be thought of as the potential profit (or 

loss) per unit of energy production for the plant. 

Many studies used LACE to economically compare different technologies. Brown et al. (2016) 

estimated the economic potential of several renewable resources available for electricity 

generation in the United States. Beiter et al. (2017) assessed site-specific variation of levelized 

cost of energy (LCOE) and levelized avoided cost of energy (LACE) to understand the 

economic potential of fixed-bottom and floating offshore wind technologies in major U.S. 

coastal areas. Mulongo and Kholopane (2018) used both LCOE and LACE tools to compare 

the economic viability of conventional (coal, gas, nuclear) and renewable technologies 

(biomass, geothermal, hydroelectric, wind offshore, wind onshore, solar photovoltaic and 

concentrated solar power) in South Africa. Milbrandt, Heimiller and Schwabe (2018) estimated 
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renewable energy development on tribal lands in U.S. by comparing the estimated cost of 

renewable energy to the reported LACE prices in the regional electricity markets. 

In Brazil some studies using LACE were found. Castro (2015) calculated the two LACE 

portions, one corresponding to the energy value and the other to the capacity value for the 

comparison of different configurations of Concentrated Solar Power (CSP). Leal, Rego and 

Ribeiro (2017) made an economic comparison between different thermoelectric technologies 

in Brazil such as natural gas, coal, biomass, and fuel oil. They calculated a modified levelized 

cost of electricity (MLCOE) and the LACE for these technologies. The major modifications in 

the traditional LCOE methodology were the introduction of the cost of leakage in the natural 

gas production chain, the transmission costs, and the fuel prices analysis for the different 

technologies involved.  

Another way to compare projects incorporating the location of the plants and the temporal 

variability of the productions generated by the sources in the analysis is using the value factor. 

Hirth (2013) defines value as the market value of new renewable sources, that is, the revenue 

that generators can obtain in the market, without considering income from subsidies. Morais 

(2015) calculated the wind and solar value factors of several locations in Brazil and concluded 

that the location where the plant is installed affects its value. 

Several authors proposed alternative metrics that considers aspects that LCOE ignores. 

Ueckerdt et al. (2013) proposed the System LCOE that allows the economic comparison of 

generating technologies and deriving optimal quantities in particular for VRE (variable 

renewable sources). System LCOE is defined as the sum of the marginal integration costs and 

the marginal generation costs of VRE. Rabiti et al. (2015) introduced the effective cost of 

energy (ECE), as opposed to the standard levelized cost of electricity (LCOE), as an economic 

metric for integrated energy system evaluations. The proposed ECE is computed as the LCOE, 

but the capacity factor is replaced by the effective usage of each plant as a function of energy 

demand. Reichelstein and Sahoo (2015) demonstrated that for intermittent renewable power 

sources a traditional life-cycle cost calculation should be appended by a correction factor which 

they called the Co-Variation coefficient. This coefficient is responsible to capture any 

synergies, or complementarities, between the time-varying patterns of electricity generation 

and pricing. Heuberger et al. (2017) formalized a new concept for power generation and storage 

technology valuation which explicitly accounts for system conditions, integration challenges, 



29 
 

and the level of technology penetration.  Bruck, Sandborn and Goudarzi (2018) developed a 

new cost model to evaluate the LCOE from a wind power source under a PPA contract. 

From all the proposed metrics in the literature to economically evaluate energy ventures, this 

study chose to use the net economic value, the difference between the LCOE and the LACE, 

as the alternative method for comparing wind projects in the southeast and northeast of Brazil. 

It stems from the fact that the LACE criteria has been addressed in a larger number of studies 

than other proposed metrics. 

4.3 THE CHOICE FOR OPTIMAL PORTFOLIOS 

There is a complex and intricate relationship between prices, renewable costs and conventional 

plant profitability. A high level of renewable capacity tends to depress wholesale electricity 

prices. This implies lower revenues for conventional plants, which tend to be decommissioned. 

This in turn reduces power system reliability and flexibility, which decreases the ability of the 

power system to integrate a high level of renewables. This vicious circle needs to be broken to 

find an economic equilibrium that optimizes the renewable contribution. A holistic approach 

is needed to power system analysis and planning (PARIENTE-DAVID, 2016). 

Many authors believe that the metric needed is an approach that determines the optimal mix of 

plants to meet electricity demand.  This line of research argues that the generation capacity 

should not be expanded by choosing alternative technologies, but rather by choosing alternative 

portfolios (ROMEIRO, ALMEIDA AND LOSEKANN, 2015). 

The concept of portfolio optimization “is widely used in a number of problems and industries 

as a way to simultaneously deal with expected returns/costs/impacts and their risks” (ODEH, 

R.P.; WATTS, D.; FLORES, Y., 2018). Portfolio optimization exploits the idea of 

diversification in which the performance of the entire set of investments is more important than 

the performance of the individual investments. Markowitz's research argues that the 

diversification is measured by the correlation matrix. This correlation, in an energy context, is 

related to the complementarity between renewable energy and conventional energy or 

alternatively, by combining different renewable energies technologies for a carbon-free 

environment (ODEH, R.P.; WATTS, D.; FLORES, Y., 2018). 

Several studies have investigated the use of wind power as an alternative to hydro power due 

to the strong complementarity between hydro and wind resources (AMARANTE ET AL, 2011; 
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SCHMIDT ET AL, 2014). A strong seasonal complementarity can be observed between North‐

Eastern wind and hydropower inflows in the South‐East, North‐ East, and North (Schmidt et 

al, 2014). There is also complementarity between wind and the water regime of São Francisco 

river which is the most important resource of electricity in the Northeast region of Brazil. Dutra 

and Szklo (2008) showed that the largest wind speeds occur in northeast exactly when the flow 

of water of São Francisco River is at a low level.  

The complementarity between the winds in Northeast and Southeast subsystem is also 

important. As the great majority of the installed wind capacity is located in the Northeast, the 

Brazilian electrical system becomes very dependent on a favorable wind regime in this region. 

The location diversification of the wind power plants in Brazil may contribute to reduce this 

risk. 

The portfolio approach in the electric sector seeks to introduce established concepts of finance 

in the selection of investments in new generation plants, incorporating ideas of return, risk and 

efficient frontier. Several studies attest that adding renewable energy (RE) to a conventional 

fossil portfolio generates diversity-related benefits (ODEH, R.P; WATTS, D.; FLORES, 

Y.,2018; BHATTACHARYA, A., KOJIMA, S., 2012; DELARUE, E. ET AL, 2011). 

According to Neto, D.P. et al (2017), the complementarity between wind and solar sources 

helps to reduce the economic risk in Brazil. Studies done in the US also corroborate this idea. 

Jenkin, T. et al (2017) attest that solar and wind generation significantly reduce the exposure 

of electricity costs to natural gas price uncertainty in fossil-based generation portfolios on a 

multi-year to multi-decade time horizon in the U.S region considered. 

The optimal mix between energy sources can be formulated with other objectives than 

minimizing financial risk. Iqbal, M. et al. (2014) in a review study identified the following 

goals in the literature: maximization of revenue, minimization of emission, maximization of 

reliability, maximization of production, minimization of operating cost, minimization of 

investment cost, minimization of fuel cost, maximization of life span and minimization of 

waste material.  

For Costa, O.L.V. et al. (2017) one of the major challenges for policy makers and investors is 

to create an electricity mix in which energy security, affordable costs and environmental 

concerns are balanced. The issue is that there is not a general solution that simultaneously 

optimizes all purposes since they are usually conflicting. To overcome this situation multi-
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objective optimization techniques are sorely useful. In this kind of analysis it is possible to 

select one of the objective functions to be optimized considering the other objectives as 

constraints (LUZ, T.; MOURA, P.; DE ALMEIDA, A., 2018). For example, the objective 

function can be the minimization of the total expansion cost but the model is restricted to a 

determined amount of CO2 emission. 

The optimum portfolio as an approach to select energy investments makes more sense when a 

different mix of energy sources is considered in the analysis. Since the objective of this work 

is to evaluate the economic viability of a wind power project in the state of Rio de Janeiro and 

to compare its economic potential with the ones found in the Northeast region, only one type 

of technology, the wind turbines, will be evaluated. Therefore, the net economic value will be 

the solely metric used to assess the regional variability of the economic potential. A study with 

this objective was never carried out in Brazil. 

 

 

 

 

 

 

 

 

 

 

5. METHODOLOGY 

In this section the steps needed to reach the economic net value for the selected plants in the 

Northeast and for the Port of Açu are explained. First, the reasoning for the selection of the 

four plants in Northeast is presented.  Then, the LCOE and LACE calculation are depicted. The 
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terms presented in the LACE formula are detailed in further subsections. Lastly, the avoided 

transmission cost was discussed.  

5.1. THE CHOSEN WIND PLANTS IN NORTHEAST SUBSYSTEM 

The Northeast energy production and wind capacity factor were represented by four wind 

plants. The criteria below were used to select these wind farms. 

 The wind power plants should be properly scattered in the Northeast region in order to 

capture different wind flows. 

 Two plants should be located in the coast and the other two inland. 

 The plants should be located in the states with the highest installed wind capacity in 

Northeast subsystem. 

 The plants should be in operation before the beginning of 2016 since this is the last year 

available in the simulator dataset for the calculation of wind speeds and wind energy 

production. 

Therefore, the following plants were chosen: Icarai (CE), Areia Branca (RN), São Clemente 

(PE) and Pedra Branca (BA). The spatial distribution of these plants is shown in the Figure 

9 below. 
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Figure 9: Location of the chosen wind farms in Northeast subsystem 

 

Source: Elaborated by the author 

5.2 LCOE 

In this study, the costs to produce electricity from different wind farms located in Rio de Janeiro 

and the Northeast are compared using the Levelized Cost of Electricity (LCOE) calculation 

following the methodology of the Nuclear Energy Agency (NEA), the International Energy 

Agency (IEA), and the OECD. It is based on the equivalence between the Net Present Value 

of the Total Revenue (NPVTR), and the Net Present Value of the Total Cost (NPVTC), both 

at the assumed discount rate (i), as shown in Equation 4:  

Equation 4: Equivalence between the Net Present Value of the Total Revenue (NPVTR) 

and the Net Present Value of the Total Cost (NPVTC) 

                                                                    ∑
𝑇𝑅𝑡

(1 + 𝑖)𝑡

𝑛

𝑡=1

= ∑
𝑇𝐶𝑡

(1 + 𝑖)𝑡

𝑛

𝑡=1

              (4) 

Assuming the premise of a market with fixed price (ACR), the total electricity revenue is 

composed of QMW which is the amount of electricity generated in MWh in the year t and which 

is sold at a stable and constant price PMW throughout the lifetime of the power plant.  
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The most relevant costs that constitute the inputs of the wind power plants are the cost of 

investment (Cinvt) and the cost of operations and maintenance (Copt) as shown in Equation 5. 

Equation 5: Total revenue and total costs are detailed 

∑
𝑄𝑀𝑊 ∗ 𝑃𝑀𝑊

(1 + 𝑖)𝑡

𝑛

𝑡=1

= ∑
Cinv𝑡 + Cop𝑡

(1 + 𝑖)𝑡

𝑛

𝑡=1

            (5)                         

Since the equation term PMW is a constant, it can be isolated outside of the sum, this way, 

rearranging the terms we reach Equation 6: 

Equation 6: PMW is considered constant and is isolated outside the sum  

𝐿𝐶𝑂𝐸 = 𝑃𝑀𝑊 =
∑ (Cinv𝑡 + Cop𝑡) ∗ (1 + 𝑖)−𝑡𝑛

𝑡=1

∑ 𝑄𝑀𝑊 ∗ (1 + 𝑖)−𝑡𝑛
𝑡=1

         (6) 

Due to the hegemony of the Northeast in wind generation, the supply chain of towers, blades 

and other large components can be considered more developed in the Northeast than in Rio de 

Janeiro. However, Rio de Janeiro has a more efficient transportation network. Thus, the cost 

of investment and operation were considered the same for wind farms in Rio de Janeiro and 

Northeast region. 

The average power capacity of wind plants winners of the last energy auctions (27º New 

Energy Auction, 3º Renewable Source Auction and 8º Reserve Energy Auction) was calculated 

(CCEE, 2018). The result achieved was 28MW. The average cost of investments with capacity 

around 28MW was R$ 128,038,571. Therefore, the investment cost considered was R$ 128 

million. The lead construction time is assumed to be one year (NEA, IEA, 2010). 

According to NEA/IEA (2010), the operation and maintenance cost ($/MWh) can be 

approximated to 1% of the investment cost per year. This value is considered constant 

throughout the whole project. The assumed life time of the technology was 25 years (NEA, 

IEA, 2015).  The average supply time contracted at the last auction was 20 years; however, it 

is considered that the plant will continue to operate in similar conditions until the end of its 

useful life. 

The WACC (Weighted Average Cost of Capital) used in the financial statement of a wind 

energy generating company in 2017 was 8.68% in real terms for energy trading contracts. 
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Therefore, the discount rate considered in this study will be 8.68% (OMEGA GERAÇÃO S.A, 

2017).  

The amount of electricity generated is the only variable that can vary in the LCOE calculation 

depending on the location of the plant. Using wind plants coordinates as inputs, hourly wind 

speeds can be obtained through the simulator developed by Staffell and Pfenninger (2016). It 

uses NASA MERRA-2 global reanalysis models. According to the turbine model and hub 

height, the capacity factor and the hourly production are simulated. The model of the turbine 

chosen for the simulation was the Enercon E-82 of 2 MW (ENERCON, 2010) and the height 

of the tower was 80m.    

This study simulated hourly energy generation from 2006 to 2016 for all the four plants in 

Northeast as well as for a hypothetical plant located in Port of Açu. The latest dataset available 

is for the year 2016. Since eolic energy generation has a stochastic characteristic, the amount 

of electricity generated in LCOE formula follows a stochastic behavior. The Figure 10 shows 

a schematic representation of the methodology to calculate the LCOE. 

Figure 10: Schematic representation of the methodology to calculate the LCOE 

 

 

 

Source: Elaborated by the author 

The validation of the results was done comparing simulated capacity factors using real turbine 

heights and models with registered capacity factors.    

The LCOE was simulated considering the eolic generation uncertainty due to meteorological 

conditions. The output of this simulation is, therefore, a probability distribution using Monte 

Carlo sampling.  

5.3 LACE 

LACE can be derived by estimating the cost of displaced energy and displaced capacity. These 

two cost components are reflected in the formula below. Marginal generation price and 
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Figure 10: Schematic representation of the methodology to calculate the LCOE 
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capacity are presented in “levelized” terms (average costs per MWh of generation). The 

Equation 3 was used to estimate LACE. 

LACE = ∑
(marginal generation price𝑡 × dispatched hours𝑡) + (cap payment 𝑡 × cap credit𝑡)

annual expected generation hours

𝑌

𝑡=1

 

All terms in the formula will be further discussed in the next topics. The methodology used to 

calculate the LACE is illustrated in the Figure 11. 

Figure 11: Schematic representation of the methodology to  

 

 

 
 
 
 
 

Source: Elaborated by the author 

5.3.1 Average marginal general price 

The marginal generation price is the cost of serving load to meet the demand in a specified time 

period, which can be determined by the variable cost of the most expensive generating unit that 

is needed to be dispatched to meet energy demand (EIA 2013). In Brazil, this variable 

corresponds to the marginal operating cost (Custo Marginal de Operação, or CMO in 

Portuguese). ONS provides weekly CMOs for each subsystem (ONS, 2018). There is a CMO 

for each load level (light, medium and heavy) depending on the time and day of the week. 

However, there is no significant change in CMOs for different load levels and, therefore, the 

average CMO was considered in this study. 

The CMO is limited to the minimum and maximum PLD. From January 2020, the PLD is 

expected to be calculated on an hourly basis. From April 2018 until the effective 

implementation, the CCEE (Electric Energy Trading Chamber) will provide preliminary hourly 

prices. These prices are called “Preço horário sombra” in Portuguese or “Shadow” hourly price 

in English. The main objective is to anticipate the possible impacts of the adoption of the hourly 

price (CCEE, 2018).  
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Hourly time resolution makes the analysis more reliable since it takes into account the existing 

variation in short intervals of time. However, the present study could not use the “Shadow” 

hourly price provided by CCEE because there wasn’t sufficient data to the time of the analysis. 

The CMO depends among other factors on the availability of energy resources such as water 

reservoirs level, wind speed and solar irradiance. Therefore, the CMO follows a stochastical 

process. This study will relate the CMO with the wind energy generation through a regression 

in which the CMO is the dependent variable. Thus, the CMO will incorporate the stochasticity 

present in the wind energy generation. The CMO from Northeast will depend on the wind 

energy generated in the four selected wind farms and the CMO from Southeast will be a 

function of the wind energy generated in the Port of Açu. 

5.3.2 Average Expected Generation Hours 

Like the amount of energy generation present in LCOE formula, the average expected 

generation hours was calculated stochastically.  Hourly energy generations were simulated 

from 2006 to 2016 and used to calculate a weekly (same time frame as the CMO) capacity 

factor. The capacity factor leads to the average expected generation hours when it is multiplied 

by the total weekly hours (168h). The inherent uncertainty of eolic generation will be accounted 

in the LACE output since it will be shown as a probability distribution. 

5.3.3 Capacity Payment 

The second LACE component comprises a capacity payment and a technology-specific 

capacity credit. The product of these two components approximates the capacity value of a 

generation project (EIA/DOE, 2013). The capacity payment captures the value a generation 

project can offer to the system in meeting reliability reserve margin, and can be determined by 

estimating the payment necessary to “incentivize the last unit of capacity needed to satisfy a 

regional reliability reserve requirement” (EIA/DOE, 2013).  

The capacity payment used in this study is US$60,000/MW/year, the one used by EIA/DOE 

(2013) as the cost of a new combustion turbine to meet reliability requirements.  Using an 

exchange rate of R$4 to USD 1, the capacity payment is R$240,000/MW/year. 

5.3.4 Capacity Credit 

The capacity credit captures “the ability of a unit to provide system reliability reserves” (EIA 

2013, p. 3) and depends upon the dispatchability of a generation project. A number of different 
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methods have been used to calculate the capacity value of renewable and conventional 

generators (SÖDER, L.; AMELIN, M. (2008); PUDARUTH, G.R.; LI, F. (2008); MILLIGAN, 

M.; PORTER, K. (2008)). These methods differ in terms of computational time, complexity, 

and data requirements.  

This study uses the highest-load hours approximation method to find the average capacity 

credit of the four wind plants in Northeast of Brazil as well as the capacity credit for a 

hypothetical wind plant in Port of Açu. This approach uses the average capacity factor of the 

plant during the highest-load hours as an approximation for the capacity credit. The number of 

hours considered in the analysis is important since the capacity credit can be highly sensitive 

to this parameter. Milligan and Parsons (1999) studied the capacity credit of wind and their 

result show that the top 10% load hours give an approximation that is closest to the effective 

load carrying capability (ELCC) method, one of the most robust and widely accepted 

techniques for estimating capacity credit. 

Firstly, hourly load data from the last 10 years were extracted from ONS’s website, then, the 

10% highest load hours in each year were selected and the simulated wind generation in this 

highest load hours were computed for the four wind plants in Northeast as well as for the 

hypothetical wind plant in Port of Açu. Lastly, the capacity factor was calculated considering 

the nominal capacity of the plants (28MW) and they were used as a proxy for the capacity 

credit in LACE calculation.  

5.4. TRANSMISSION COSTS 

The transmission cost was included for a scenario in which energy exchange is necessary to 

satisfy the demand in the southeast, the region with the greatest demand in the country.  A wind 

plant located in Rio de Janeiro is closer to the highest load centers, thus most of the transmission 

cost would be avoided. Therefore, the avoided transmission cost is included in the LACE 

calculation for the plant located in Port of Açu.   

In order to capture the inherent uncertainty of the avoidable transmission cost, this study 

considered it as a uniform distribution with a minimum of USD300/KW/year and a maximum 

of US$1500/KW/year. Pereira Jr et al (2012) used a transmission cost of US$1500/KW/year 

in their study. The aim was to have a conservative value and, therefore, avoid an overestimation 

of the LACE result which would favor the plant located in Port of Açu.  
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6. RESULTS 
 

The study compared the economic attractiveness of wind plants located in the Northeast and in 

the Port of Açu in Rio de Janeiro. The criteria used for the comparison is the net economic 
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value, which is determined by subtracting the value of avoided electricity consumed from the 

grid (LACE) from the assumed capital cost of the system (LCOE). In case the value of LACE-

LCOE is positive, the project is assumed to have economic attractiveness. Before showing the 

results for the net value, the current section will show partial results that were necessary steps 

to calculate the final net value.    

Firstly, the simulator is validated by comparing its results with actual data. After the validation, 

the LCOE component is found. The following step is the calculation of the wind capacity credit, 

which is present in the LACE formula. Next, the LACE results are presented and finally, the 

net value is showed. The results for all these steps are showed for the plants in Northeast and 

for the hypothetical plant at Port of Açu.  

The results for the LCOE, LACE and Net value components will appear as a probabilistic 

distribution in order to incorporate the stochastically nature of wind generation. 

6.1 VALIDATION 

The wind generation data used in this study are from the simulator developed by Staffell and 

Pfenninger (2016). It uses NASA MERRA-2 global reanalysis models. Since this data was not 

measured, it needs validation. The validation was done comparing the modeled capacity factor 

with the measured capacity factors provided by ONS. 

6.1.1 Northeast data validation 

The last year available in the simulator is 2016. This study considers the last three years as the 

most significant in terms of wind generation in the northeast of Brazil.  Therefore, monthly 

capacity factors from 2014 to 2016 were used for the validation, totalizing 36 observations. 

The measured capacity factors were found in the monthly journal of wind generation (or in 

Portuguese “Boletim Mensal de Geração Eólica”) available in ONS’s website. 

Four wind plants were selected to represent the wind generation in the Northeast subsystem: 

Icarai (CE), Areia Branca (RN), São Clemente (PE) and Pedra Branca (BA). During the whole 

year of 2014, only Rio Grande do Norte (RN), Bahia (BA) and Ceará (CE) states produced 

wind energy, therefore, the modeled monthly capacity factors in this year were the average 

between the capacity factors of the Icarai (CE), Areia Branca (RN) and Pedra Branca (BA) 

wind plants. Those values were compared to the average of monthly capacity factor for the 

states of Bahia, Ceará and Rio Grande do Norte provided by ONS.  From February 2015 the 
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state of Pernambuco started its wind generation and, therefore, from that date the São Clemente 

wind plant was also included in the calculation.  

In order to simulate the wind generation and capacity factors from the four selected plants, their 

real turbine model and turbine heights were inputted in the simulator. 

Figure 12 shows the modeled (from the simulator) and measured (from ONS) monthly capacity 

factors. The simulator in average overestimates the capacity factor by 0.79%. The R2 for the 

regression between the two variables is 0.9 which indicates a high correlation and a satisfactory 

result for the validation. 

Figure 12: Validation results for the Northeast’s capacity factor 

Source: Elaborated by the author 

Piauí was the only state in Northeast region not included in this study since its wind generation 

became significant in 2016. Therefore, due to the low number of observations required to have 

reliable results this state was not considered.  

6.1.2 Port of Açu data validation 

Gargaú is the only wind farm in Rio de Janeiro state. It is located in São Francisco do 

Itabapoana, 30 km from Port of Açu. Thanks to the proximity to Port of Açu, Gargaú wind 

farm was used to validate the modeled data from the simulator.  Monthly capacity factors from 

2014 (totalizing 12 observations) is public available in the Wind farm journal (or in Portuguese 
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“Boletim das Usinas Eólicas”) provided by CCEE (CCEE, 2014).  Capacity factors from other 

years were not found for the Gargaú wind plant. 

The hub height of Gargaú wind turbines was not known. According to Vestas, Gargaú’s turbine 

manufacturer, it can vary from 60m to 80m. The height selected to the validation was 70m 

since most of the wind farms that use the same turbine model in Brazil have this same hub 

height. 

Figure 13 below shows the measured and simulated monthly capacity factors for the year 2014. 

A regression with the two variables shows an 86% fit, which indicates a high correlation. In 

average, the simulated capacity factors underestimate the real values by 5.75%. The validation 

was considered satisfactory although January, February and December values show higher 

deviation. 

Figure 13: Validation results for the Gargaú’s wind plant capacity factor 

 

Source: Elaborated by the author 

6.2 LCOE 

The levelized cost of energy (LCOE) will be shown as a probabilistic distribution for the wind 

farms in Northeast as well as for the hypothetical wind plant located in the Port of Açu.  

6.2.1 LCOE for the Northeast 

From the simulated weekly generations from 2006 to 2016, stochastic monthly energy 

generations were originated and used to calculate the LCOE. The LCOE probabilistic 
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distribution considering the average energy generation of the four selected plants is found in 

the Figure 14 below. The mean value is R$117/MWh. The minimum and maximum values for 

a 90% confidence interval are R$76/MWh and R$183/MWh. 

Figure 14: LCOE probabilistic distribution for a plant generating the average of the 

stochastic generation of the four selected plants in Northeast 

 

Source: Elaborated by the author 

The LCOE probabilistic distribution considering the stochastic weekly energy generation for 

each of the four selected wind plants in Northeast is found in the Figure 15 below. The Pedra 

Branca wind farm in Bahia has the highest mean and the Areia Branca wind farm located in 

Rio Grande do Norte has the lowest.  

 

 

 

Figure 13: LCOE  probabilistic distribution for each of the four selected plants in  
Figure 15: LCOE probabilistic distribution for each of the four selected plants in Northeast 
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  Source: Elaborated by the author 

 

6.2.2 LCOE for the Port of Açu 

From the simulated monthly generations from 2006 to 2016, stochastic weekly energy 

generations were originated and used to calculate the LCOE. The LCOE probabilistic 

distribution considering the stochastic electricity production in the Port of Açu is found in the 

graph below. The mean value is R$ 170/MWh. The minimum and maximum values for a 90% 

confidence interval are R$158/MWh and R$183/MWh. 
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Figure 16: LCOE probabilistic distribution for the Port of Açu 

Source: Elaborated by the author 

6.3 CAPACITY CREDIT 

In order to calculate the levelized avoided cost of energy (LACE), the capacity credit for the 

wind generation must be found. The 10% highest load hours for each year from 2006 to 2016 

were extracted from the hourly load curve provided by ONS (ONS, 2018). The capacity factor 

of the four selected wind plants in Northeast and for a hypothetical wind plant in Port of Açu 

were computed during these load hours. According to Milligan and Parsons (1999), the average 

of these values can be an approximation for the wind capacity credit.  The results for the 

Northeast and for the Port of Açu are detailed in the subtopics below. 

6.3.1 Wind capacity credit for the Northeast 

The Northeast wind capacity credit was calculated considering Southeast’s hourly load curve 

since the objective is to assess how the wind plants in Northeast may contribute to meet the 

energy demand in the southeast, the region with the highest energy demand in the country.  

The average capacity credit for the four plants was 39.54% over the 2006 to 2016 period. Table 

3 shows the average capacity credit for each one of the four plants. The Areia Branca wind 

farm in Rio Grande do Norte state has the highest average capacity credit (47.52%) while the 

Pedra Branca wind farm in Bahia state has the lowest (31.11%).  
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Table 3: Average capacity credit for the period from 2006 to 2016 for the four selected 

plants in Northeast 

Wind Plant 

Average 

Capacity Credit 

2006-2016 

Areia Branca (RN) 47.52% 

Icaraí (CE) 42.41% 

São Clemente (PE) 37.12% 

Pedra Branca (BA) 31.11% 

Average 4 plants 39.54% 

Source: Elaborated by the author 

Figure 17 shows that Areia Branca (RN) and Icaraí (CE) capacity credits are consistently above 

the average over the specified time period while São Clemente (PE) and Pedra Branca (BA) 

wind farms are below it. 

Figure 17: Yearly capacity credit from 2016 to 2026 for the four selected plants in 

Northeast 

 

Source: Elaborated by the author 

Since the capacity credit is associate to the availability of the resource during peak load periods, 

this result indicates that Areia Branca and Icaraí wind farms strongly contribute to the system 

reliability reserves. 
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6.3.2 Wind capacity credit for the Port of Açu wind plant 

The wind capacity credit in the Port of Açu also considered the hourly load curve in the 

Southeast subsystem. The yearly average capacity credit is 34%, which will be the value used 

in the LACE formula. Figure 18 shows the wind capacity credit in the Port of Açu from 2006 

to 2016. The minimum and maximum values are 28.32% and 38.01%, respectively.  

 

Source: Elaborated by the author 

6.4 LACE 

The Marginal Operating Cost (CMO) is present in the LACE formula (formula 3) as the 

average marginal generation price. In order to incorporate a stochastic behavior, the CMO will 

be a function of the wind energy generated in the designated wind plants. By taking weather 

data from global reanalysis models and satellite observations, weekly wind energy generation 

were simulated for the year 2016. From the simulated data, stochastic weekly generations were 

produced and then used to find the LACE value. The LACE results will be shown first to the 

Northeast and then to the Port of Açu. 

6.4.1 LACE results for the Northeast 

Since the LACE aims to evaluate the contribution that the wind plants can provide to reduce 

the system economic cost, it makes sense to use the CMO from Southeast in its formula as this 

subsystem has the highest demand and, therefore, the highest thermal cost. The weekly wind 

energy generation simulated for the four operating wind plants are used to create a regression 
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Figure 18: Yearly capacity credit from 2016 to 2026 for the Port of Açu 
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in which the real (measured) CMO in Southeast for the year 2016 is the dependent variable. 

The total number observations are 53 and the resulting regression is found below (Figure 19).  

Figure 19: CMO regression in terms of the weekly simulated generation of the four 

plants in Northeast 

Source: Elaborated by the author. The generations are in MWh and the CMO is in 

R$/MWh. The adjusted R2 shows a 68% fit. 

Areia Branca wind farm located in Rio Grande do Norte is not significant to explain the 

Northeast CMO if we consider a 95% confidence interval, therefore, a new regression was 

made without it. The Figure 20 shows the result for this regression. 

Figure 20: CMO regression in terms of the weekly simulated generation disregarding 

Areia Branca wind farm 

Source: Elaborated by the author. The generations are in MWh and the CMO is in 

R$/MWh. The adjusted R2 shows a 69% fit. 

Icaraí and São Clemente wind farms have positive coefficients whereas Pedra Branca wind 

farm has a negative one which indicates that the first two can positively contribute to the system 

when the prices are high.  

                                                                               

        _cons    -61.75305   23.96414    -2.58   0.013    -109.9362   -13.56992

PedraBrancaBA    -.0505912   .0107347    -4.71   0.000    -.0721748   -.0290075

SãoClementePE     .0942895   .0256617     3.67   0.001     .0426933    .1458858

AreiaBrancaRN    -.0292518   .0380762    -0.77   0.446    -.1058091    .0473055

     IcaraíCE      .074039   .0291551     2.54   0.014     .0154187    .1326592

                                                                               

        CMOSE        Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval]

                                                                               

       Total    231947.547        52  4460.52975   Root MSE        =    37.492

                                                   Adj R-squared   =    0.6849

    Residual    67470.0302        48  1405.62563   R-squared       =    0.7091

       Model    164477.517         4  41119.3792   Prob > F        =    0.0000

                                                   F(4, 48)        =     29.25

      Source         SS           df       MS      Number of obs   =        53

. reg CMOSE IcaraíCE AreiaBrancaRN SãoClementePE PedraBrancaBA

                                                                               

        _cons    -72.06201   19.77162    -3.64   0.001    -111.7946   -32.32945

PedraBrancaBA    -.0494787   .0105921    -4.67   0.000    -.0707642   -.0281932

SãoClementePE     .0829555   .0209088     3.97   0.000     .0409377    .1249733

     IcaraíCE     .0534043   .0112919     4.73   0.000     .0307124    .0760961

                                                                               

        CMOSE        Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval]

                                                                               

       Total    231947.547        52  4460.52975   Root MSE        =    37.335

                                                   Adj R-squared   =    0.6875

    Residual    68299.6271        49  1393.86994   R-squared       =    0.7055

       Model     163647.92         3  54549.3067   Prob > F        =    0.0000

                                                   F(3, 49)        =     39.14

      Source         SS           df       MS      Number of obs   =        53

. reg CMOSE IcaraíCE SãoClementePE PedraBrancaBA
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After finding the regression, stochastic weekly generations were produced and the 

correspondent CMO and capacity factor were computed to integrate the LACE equation. The 

LACE value considering the average capacity credit of the four plants and the CMO as a 

function of the three wind plants generation is found in the Figure 21. The mean is R$302/MWh 

and the minimum and maximum values for a 90% confidence interval are R$144/MWh and 

R$468/MWh respectively.  

Figure 21: LACE probabilistic distribution considering the average capacity credit of 

the four plants and the CMO as a function of the three wind plants generation 

Source: Elaborated by the author. 

The same procedure was repeated but now only for the São Clemente wind farm. First, the 

CMO regression was found taking as the independent variable only the weekly simulated 

energy generation from the São Clemente wind plant. It is shown in the Figure 22.  
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Figure 22: CMO regression in terms of the weekly simulated generation of São 

Clemente wind plant 

Source: Elaborated by the author. The generations are in MWh and the CMO is in 

R$/MWh. The adjusted R2 shows a 48% fit. 

The LACE probabilistic distribution taking the CMO as a function of the São Clemente wind 

generation and using the capacity credit (37.12%) and wind generations relative to the São 

Clemente wind farm is shown in the Figure 23. The mean is R$324/MWh and the minimum 

and maximum values for a 90% confidence interval are R$236/MWh and R$431/MWh 

respectively.  

Figure 23: LACE probabilistic distribution considering the average capacity credit and 

the CMO as a function of the São Clemente wind plant generation 

Source: Elaborated by the author. 

                                                                               

        _cons    -88.18859   25.27132    -3.49   0.001    -138.9229    -37.4543

SãoClementePE     .1028559   .0147121     6.99   0.000     .0733201    .1323916

                                                                               

        CMOSE        Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval]

                                                                               

       Total    231947.547        52  4460.52975   Root MSE        =     48.19

                                                   Adj R-squared   =    0.4794

    Residual     118438.32        51  2322.31999   R-squared       =    0.4894

       Model    113509.228         1  113509.228   Prob > F        =    0.0000

                                                   F(1, 51)        =     48.88

      Source         SS           df       MS      Number of obs   =        53

. reg CMOSE SãoClementePE
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The individual LACE value for the Icaraí wind farm in Ceará was also calculated. Firstly, the 

regression was done in order to estimate the CMO. The resulting regression is found in Figure 

24. 

Figure 24: CMO regression in terms of the weekly simulated generation of Icaraí wind 

plant 

Source: Elaborated by the author. The generations are in MWh and the CMO is in 

R$/MWh. The adjusted R2 shows a 53% fit. 

The LACE probabilistic distribution for the Icaraí wind farm, using the correspondent capacity 

credit (42.41%) and stochastic generations for this plant is found in the Figure 25. The mean is 

R$315/MWh and the minimum and maximum values for a 90% confidence interval are 

R$232/MWh and R$435/MWh respectively.  

                                                                              

       _cons    -50.04414   18.15212    -2.76   0.008    -86.48604   -13.60223

    IcaraíCE     .0618875   .0079649     7.77   0.000     .0458972    .0778778

                                                                              

       CMOSE        Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval]

                                                                              

       Total    231947.547        52  4460.52975   Root MSE        =    45.636

                                                   Adj R-squared   =    0.5331

    Residual    106213.796        51  2082.62345   R-squared       =    0.5421

       Model    125733.751         1  125733.751   Prob > F        =    0.0000

                                                   F(1, 51)        =     60.37

      Source         SS           df       MS      Number of obs   =        53

. reg CMOSE IcaraíCE
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Figure 25: LACE probabilistic distribution considering the average capacity credit and 

the CMO as a function of Icaraí wind plant generation 

Source: Elaborated by the author 

The individual LACE distribution was not done for the Pedra Branca and Areia Branca wind 

farms since they were not significant to explain the CMO alone. Their p-values were higher 

than 0.05 or the R2 was too low. 

6.4.2 LACE results for the Port of Açu 

Similarly to the LACE calculated for the Northeast, simulated weekly generation and the 

measured CMO in the Southeast for the year 2016 were used to generate a regression. The 

resulting regression is shown in the Figure 26.  
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Figure 26: CMO regression in terms of the weekly simulated generation of Port of Açu 

wind plant 

Source: Elaborated by the author. The generations are in MWh and the CMO is in 

R$/MWh. The adjusted R2 shows a 13% fit. 

After finding the regression, stochastic weekly generations were produced and the 

correspondents CMO were calculated. The LACE calculation for the Port of Açu considers the 

avoided cost of transmission which, in order to incorporate an uncertainty, was considered as 

a uniform distribution with a minimum of US$300/KW and a maximum of US$1500/KW. 

Finally, the LACE value was found using the capacity credit calculated for the Port of Açu 

(34%). The LACE probabilistic distribution is found in the Figure 27. 

Figure 27: LACE probabilistic distribution for the Port of Açu including the avoided 

transmission costs 

 

Source: Elaborated by the author 

The mean is R$714/MWh and the minimum and maximum values for a 90% confidence 

interval are R$451/MWh and R$983/MWh respectively. 

                                                                                        

                 _cons     14.92438   23.61001     0.63   0.530    -32.49773    62.34649

SimulatedGenerationGWh     43.89418   14.84692     2.96   0.005     14.07327     73.7151

                                                                                        

                   CMO        Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval]

                                                                                        

       Total    231502.077        51  4539.25641   Root MSE        =    62.778

                                                   Adj R-squared   =    0.1318

    Residual    197054.575        50  3941.09151   R-squared       =    0.1488

       Model    34447.5015         1  34447.5015   Prob > F        =    0.0047

                                                   F(1, 50)        =      8.74

      Source         SS           df       MS      Number of obs   =        52
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In case the avoided cost of transmission is not included, the LACE probabilistic distribution 

has a different result as shown in Figure 28. The mean is R$284/MWh and the minimum and 

maximum values for a 90% confidence interval are R$233/MWh and R$347/MWh 

respectively. 

Figure 28: LACE probabilistic distribution for the Port of Açu NOT including the 

avoided transmission costs 

Source: Elaborated by the author 

6.5 NET VALUE 

The net value of a project to the grid is the difference between the LACE and LCOE. The net 

economic value provides a comparison of competitiveness amongst the wind plants located in 

the Northeast and Port of Açu. The results will be shown as a probabilistic distribution. 

6.5.1 Net Value for the Northeast 

The net value considering the average generation of the four selected plants in Northeast is 

shown in the Figure 29. The mean is R$187/MWh and the minimum and maximum values for 

a 90% confidence interval are R$10/MWh and R$364/MWh respectively. 
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Figure 29: Net value probabilistic distribution considering the average generation of the 

four plants in Northeast 

Source: Elaborated by the author 

The net economic value for the São Clemente wind plant alone was also calculated and is 

shown in the Figure 30. The mean is R$185/MWh and the minimum and maximum values for 

a 90% confidence interval are R$10/MWh and R$341/MWh respectively. 

Figure 30: Net value probabilistic distribution for the São Clemente wind plant 

Source: Elaborated by the author 
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The net economic value for the Icaraí wind plant was also calculated and is found in the Figure 

31. The mean is R$153/MWh and the minimum and maximum values for a 90% confidence 

interval are R$-136/MWh and R$361/MWh respectively. 

Figure 31: Net value probabilistic distribution for the Icaraí wind plant 

Source: Elaborated by the author 

6.5.2 Net Value for the Port of Açu 

The net value for a hypothetical wind plant located in Port of Açu including the avoided 

transmission cost is shown in the Figure 32. The mean is R$544/MWh and the minimum and 

maximum values for a 90% confidence interval are R$279/MWh and R$812/MWh 

respectively. 
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Figure 32: Net value probabilistic distribution for the Port of Açu wind plant including 

the avoided transmission costs in the LACE component 

Source: Elaborated by the author 

In case the avoided cost of transmission is not included in the calculation, the net economic 

value probabilistic distribution is shown in the Figure 33. The mean is R$114/MWh and the 

minimum and maximum values for a 90% confidence interval are R$61/MWh and 

R$178/MWh respectively. 
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Figure 33: Net value probabilistic distribution for the Port of Açu wind plant NOT 

including the avoided transmission costs in the LACE component 

Source: Elaborated by the author 

7. DISCUSSION AND METHODOLOGY LIMITATIONS  
 

A summary of LCOE results is found in Table 4 below. 
 

Table 4: Summary of LCOE results 
Wind Plant Mean  

(R$/MWh) 
P5%  

(R$/MWh) 
P95% 

(R$/MWh)  

Average 4 plants 117 76 183 

Areia Branca (RN) 107 58 210 

Icaraí (CE) 161 60 426 

Pedra Branca (BA) 179 61 491 

São Clemente (PE) 140 86 238 

Port of Açu 170 158 183 

Source: Elaborated by the author 

The results show that Port of Açu has a high mean; it is not only higher than Pedra Branca wind 

plant. It also has the highest minimum value for a 90% confidence interval (P5%). This result 

confirms that a wind plant in this location is not as competitive as the projects located in 

Northeast if this traditional criterion to choose energy investments is used.   

Among the four wind plants analyzed in the Northeast, Areia Branca has the lowest mean, 

minimum (P5%) and maximum (P95%) values for a 90% confidence interval. These results 

indicate that Areia Branca wind farm located in Rio Grande do Norte is the most competitive 
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wind farm among the ones analyzed in this study what may justify the fact that this state was 

the first to develop the wind energy production in Brazil. 

These values are consistent with the ones found by IRENA (IRENA, 2018). According to their 

report called “Renewable Power Generation Costs in 2017”, the LCOE in Brazil is slightly 

higher than US$ 0.05/kWh, as illustrated in the Figure 34. This study found that the average 

LCOE for the four plants in Northeast is US$0.03/kWh (or R$117/MWh) and for the Port of 

Açu is USD 0.052/kWh (or R$170/MWh), which are fairly close. 

 

 

 

 

 

Figure 34: Regional weighted average LCOE and ranges of onshore wind in 2010 and 

2016  

Source: Renewable Power Generation Costs Report (IRENA, 2018) 
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The Table 5 below summarizes the LACE and net value results.  

Table 5: Summary of LACE and Net Value results 

Wind Plant 

LACE (R$/MWh) Net Value (R$/MWh) 

Mean 
P5%  

(R$/MWh) 

P95%  

(R$/MWh) 
Mean 

P5%  

(R$/MWh) 

P95%  

(R$/MWh) 

Average of 4 plants in NE 302 144 468 187 10 364 

São Clemente (PE) 324 236 430 185 10 341 

Icaraí (CE) 315 232 435 154 -136 361 

Port of Açu with avoided 

transmission costs 714 451 983 544 279 812 

Port of Açu w/o avoided 

transmission costs 284 233 347 114 61 178 

Source: Elaborated by the author 

The table shows that the Port of Açu net value including the avoided transmission cost is 

significantly higher than the ones found in Northeast. However, when the avoided transmission 

cost is neglected, the net value falls sharply, nevertheless, its minimum value for a 90% 

confidence interval (R$61/MWh) is still higher than the ones found in Northeast which may 

indicate that a wind energy project in Port of Açu faces lower economical risks. 

The Levelized Avoided Costs range calculated by EIA/DOE (EIA/DOE, 2016) for new 

generation resources in the United States is showed in the Table 5 below. The non-weighted 

average for a wind plant is USD 56.5/MWh or around R$226/MWh using the exchange rate in 

31/12/2015. This value is smaller than the ones found in this study. This can be justified since 

the marginal generation price and the wind capacity credit in Brazil are usually higher than in 

the US. The wind capacity credits used in this study ranged from 31% to 48% while studies in 

US use around 25% (MILLIGAN AND PORTER, 2008; NREL, 2016).  
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Table 6: Levelized Avoided Costs range for different energy sources technologies in 

2015 

 

Source: EIA/DOE, 2016 

This study used weekly marginal generation price for the LACE calculation. This is a 

significant limitation. Since hourly prices are not yet available in Brazil, it is not possible to 

capture the daily variability of production. The greatest possible discretization is weekly, the 

interval of PLD disclosure.  

The wind energy generation data are simulated and not measured. The validation showed a 

good fit, however, it is a limitation for the study as it does not show the reality. Simulation data 

was needed since weekly generation data for the whole analyzed period was not available. 

Another important limitation of this study is the CMO estimation. The study found a regression 

using the measured CMO from Southeast as the dependent variable and the simulated weekly 

wind generations in 2016 as the dependent variables. The CMO forecast should be done using 

a more sophisticated simulator that considers several factors such as fuel price estimation, 

hydrological and wind correlations, expected energy demand, etc. The wind generation 

contributes to just a small portion of the CMO.  
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8. CONCLUSIONS 

This study found that the Port of Açu location has a great economic potential to develop wind 

energy projects if the avoided costs criteria is used in the energy auctions. This is true even if 

the avoided cost of transmission is neglected since the Port of Açu’s minimum net economic 

value (P5%) is higher than the ones found in Northeast.  

Rio de Janeiro is current suffering a serious economic crisis that can be alleviated if the 

renewable energy sector is developed in the region. Auctions provide governments with a 

market-based framework and an efficient allocation tool to meet policy objectives that should 

include the increase in investments in regions that need the most. This study results indicate 

that Rio de Janeiro state may suffer a high economic impact if the net value metric is used in 
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the evaluation of competing renewable projects in the energy auctions and, therefore, is in line 

with federal government purposes.   

Competitive tendering has become one of the preferred methods of contracting renewable 

energy generation capacity internationally. As of early 2015, at least 60 countries had adopted 

renewable energy tenders, compared to just six countries in 2005. Brazil was the first country 

to introduce both long-term electricity auctions (2004) and renewable specific auctions (2007) 

replacing its feed in tariff (FiT) scheme (HOCHBERG AND POUDINEH, 2018). As a pioneer, 

Brazil is a world reference in energy auctions programmes and is better able to propose new 

evaluation criteria that effectively accounts for the transmission costs and the time value of 

generation in relation to spot prices. 

In 2014, Brazil adopted an adjusted minimum-price criteria in the A-5 auction introducing a 

“correction factor” which correlates the average spot price profile and the wind power plant’s 

production profile. When the plant generates mostly at times when the spot price is high, the 

adjustment will turn into a bonus, whereas when the plant generates mostly at times when the 

spot price is low, the adjustment will turn into a penalty (IRENA,2015). This criteria has 

similarities with the LACE calculation, however, the “correction factor” is just a small portion 

of the evaluation price since it is added to the ICB. This shows that Brazilian government is 

aware of the importance to develop public policies that are in line with the current participation 

of renewables in the energy mix and, therefore, an improvement in the current criteria is 

reasonable and possible.  

The methodology used in this study is relevant for other large interconnected systems in the 

world like China, Europe and Argentina. This type of system faces bigger challenges in 

allocates energy generation since they often aim to develop the energy potentialities of different 

regions at the same time that seeks for an optimized global cost. 

The economic attractiveness of other renewable sources when a new criteria is used in the 

energy auctions needs to be assessed in future studies. Solar and biomass energy sources are 

great potentialities of Rio de Janeiro state that may be more economically competitive if 

avoided costs are taken into consideration.  Not only Rio de Janeiro state can be seriously 

impacted if a shift in the current winner selection criteria takes place but all Southeast region, 

particularly, the coastal states of São Paulo and Espírito Santo. 
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