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Abstract 

The challenges presented by increased electricity generation from intermittent renewable energy 

sources can be minimized by incorporating energy storage systems (ESS). Despite the benefits, this 

is still an emerging technology with limited use in Brazil. The aim of the present study is to use a 

multiobjective optimization process to support the planning of hybrid wind-photovoltaic projects with 

utility-scale Li-ion battery ESS. Levelised cost of energy (LCOE), diversified energy production 

density, and net present value are considered as the objectives. The multiobjective optimization is 

conducted in view of the possible impact of regulatory adjustments necessary for the integration of 

ESS in the Brazilian context. The optimization problem has been formulated using the mixture 

arrangement technique and the Normal Boundary Intersection approach is adopted for search in the 

design space. It is shown that in the current scenario, the possibility of integrating storage reaches 

only 17.7% of the project capacity. In addition, the investment cost in ESS impacts the viability of 

the project more than the payout for the service provided. Thus, regulatory adjustments must (i) allow 

the generation of multiple revenues and avoid double taxation; (ii) predict whether there will be a 

defined minimum payment for services rendered and/or whether there will be a subsidized credit line; 

and (iii) develop the production chain that involves storage or create tax incentives for importing 

equipment to reduce costs. Finally, it is important to highlight that the ESS imposes an increase in 

the load for the system as a whole and this characteristic needs to be considered for long-term 

planning. 

 

Keywords: Normal Boundary Intersection; Energy storage market; Electric power quality; 

Reliability; Flexibility. 

 

 

1. Introduction 

In the past decades, energy consumption has increased significantly due to the economic and 

population growth [1]. The fastest growth in energy consumption in the last decade was recorded in 

2018, with a 2.3% increase in world energy demand [2]. Electricity is the main energy vector 

nowadays and represents a large energy consumption amount [3], as fossil fuels, due to their negative 

effects on the environment, cannot be considered a solution to supply the growing demand for energy 

[4]. One of the main drivers to the electricity sector is the need to shift to cleaner and more diversified 

electricity production. 

Brazil has one of the greatest hydroelectric potentials in the world [5]. However, its 

dependency on water resources has recently raised questions about the social and environmental 
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impact of the construction of large dams. Moreover, the prolonged droughts that caused blackouts in 

2001 and 2002 led to the discussion on the need` to increase the share of new energy supply sources 

in the country. Since then, Brazil has liberalized its electricity sector [5] and has created policy 

schemes to encourage the growth of  renewable energy sources (RES) in order to reduce the share of 

large hydro plants in its energy matrix [6]. After the 2001 and 2002 energy crisis, Brazil was one of 

the countries that create policy schemes to support RES [7], launching the Incentive Program for 

Alternative Sources of Electric Energy (PROINFA - from portuguese Programa de Incentivo às 

Fontes Alternativas de Energia Elétrica), aimed to contract 3,300 MW from wind power, small hydro 

plants, and biomass [8]. In 2014, a drought once again threatened the supply of electricity in Brazil 

[9]. Low levels of hydro reservoirs led to an increase in energy prices, which further reinforced the 

need to promote alternatives to hydroelectric dams in Brazil [10]. 

Due to wind and solar potential, the hybrid wind-solar generation is deemed as a good 

opportunity to meet the Brazilian electricity demand growth [11]. In contrary to the conventional 

hydro and thermal plants which provide energy in a constant and predictable manner with precise 

production scheduling [12], the uncertainties in RES makes it difficult to predict energy production 

[13]. Biswas et al. [14] state that, generally, wind and solar resource cannot be autonomous in a plant 

because of their uncertain nature and significant fluctuations in production. Due to the high 

unpredictability in energy production, means for attaining the power grid stability are required 

[15,16]. Moreover, a high share of RES results in new challenges to the management of the electricity 

network, increasing the concern with the reliability of the system [17,18]. One of the current 

challenges for grid managers is how to combine several sources in a way which provides a better 

control across the entire distribution system [12]. 

In Brazil the growth of wind and solar energy in electricity matrix increases the relevance of 

storage technology [19,20]. The energy storage system (ESS) provides the electrical system with the 

flexibility required to deal with the fluctuations and intermittent nature of renewable sources. In 

addition, ESS can accommodate fluctuations in energy demand, mitigating the imbalance between 

supply and demand. In this way, EES's can improve grid stability and system performance, increase 

RES integration and reduce the use of fossil fuel energy sources and, consequently, their 

environmental impacts [1]. In the same sense, Das et al. [21] state that the proper use of the ESS can 

mitigate some operational challenges related to the use of wind and solar energy, providing voltage 

regulation, smoothing production fluctuations, balancing the flow of energy in the grid, adjusting 

supply and demand and helping distribution companies (grid operators and power utilities) to meet 

demand reliably and sustainably. 

Münderlein et al. [22] mention that storage systems such as batteries, supercapacitors, 

flywheels, pumped hydro energy storage and compressed air energy storage can be used to 

temporarily store energy for later use. Each of these technologies has different characteristics in terms 

of round-trip efficiency, cost and lifespan. According to Schmidt et al. [23], pumped hydro energy 

storage and compressed air energy storage are characterized by relatively slow response times (greater 

than 10 seconds) and systems with very large minimum sizes (greater than 5 MW), and therefore they 

are not suitable for fast-response applications such as primary frequency and power quality control, 

nor for small-scale consumer applications. Flywheels and supercapacitors are characterized by having 

short duration discharges (less than 1 hour) and are not suitable for applications that require longer-

term power supply [23]. Taking all these characteristics into account, the most suitable option is the 

battery ESS [16,24]. Battery storage is the most appropriate, as it has the necessary power and energy 

density, as well as an adequate response time [25].The advantages of batteries include greater 

efficiency, shorter discharge time, and versatility, as it allows mobility, has faster and easier 

construction, and is easily scalable [26,27]. In recent years, lithium-ion (Li-ion) batteries have become 

the dominant technology for utility-scale energy storage[28]. Their costs have been drastically 

reduced and a substantial reduction is expected over the next five to ten years [26, 28–30]. In addition, 

Li-ion battery technology is considered mature [20], i.e., it reached satisfactory levels of technological 
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performance, and the possibility of reusing used batteries from electric vehicles favors its future use 

in the utility-scale energy storage sector [19]. 

Despite the benefits brought by energy storage, this still remains an emerging technology in 

Brazil [25]. There is a historical lack of funding for research into storage technologies in Brazil, 

mainly due to the large hydro system in the country [31]. In fact, the discussion about storage in 

Brazil was relegated to the background and, therefore, according to Silvera et al. [25], it is difficult 

to find studies and research works with applications in the Brazilian context. However, this situation 

is changing and discussions about the regulatory aspects for the energy storage systems (ESS) in 

Brazil have already started [20]. Due to the variation in generation and the need to balance energy 

and regulate voltage and frequency, the use of EES's are inevitable in smart grids[25].  

Some recent studies on the use of wind and photovoltaic energy in Brazil include the analysis 

of the economic feasibility of small-scale wind generation [3,9,32], an economic feasibility analysis 

of small-scale photovoltaic generation [33], optimization of small-scale isolated hybrid systems 

[34,35], economic feasibility analysis of large-scale wind power plants [6,36], optimization of the 

configuration of wind power plants [37] and the optimization of large-scale hybrid wind-photovoltaic 

plants [38,39].None of these studies consider the optimization of the configuration of wind-

photovoltaic hybrid plants considering utility-scale battery ESS in Brazil, confirming a literature gap, 

as previously exposed by Silvera et al. [25] and Dranka and Ferreira [31].  

Nowadays, there is no regulation for EES's in-force in Brazil and its financial viability, in the 

current regulatory configuration, is seen as unlikely [19]. The main barriers for implementation of 

utility-scale ESS in Brazil are the lack of techno-economic regulation and economic incentives, such 

as feed-in-tariffs and economic-financial subsidies. Only in 2020, the Brazilian Electricity Regulatory 

Agency (ANEEL) initiated a Subsidy Taking process, aiming to obtain contributions for regulatory 

adjustments in the energy storage sector in Brazil. The proposals for regulatory adjustments aim to 

define the applications of the storage system, in order to define the necessary measures to create a 

market environment conducive to the inclusion of storage resources in the Brazilian electricity system 

[20]. In general, it is understood that the regulatory system must evolve to recognize and offset the 

benefits generated by ESS's [19,20]. 

Thus, the results of the study reported in this paper become timely in the context of the 

regulatory adjustments essential for the integration of ESS in the Brazilian National Interconnected 

System (NIS), and providing information on the economic feasibility of applying this technology in 

energy projects. Moreover, according to Durusu and Erduman [40], industry investors are looking for 

methods to minimize installation costs and maximize energy production, targeting rapid growth in 

the market. 

In decisions where only the smallest investment or cost reduction is considered, there is no 

conflict between two or more objectives and, according to Miettinen [41], no special method is 

needed. However, when it comes to problems with more than one objective and these objectives are 

in conflict with each other, it is necessary to use multiobjective optimization methods to solve these 

problems [42]. 

Considering the recent interest of investors in wind-photovoltaic hybrid power plants with 

EES, there is a need to implement mathematical models capable of supporting decision-making to 

reach the best configuration for these plants, considering the different technical, environmental and 

economic aspects. More recent studies have discussed the most varied optimization methods in hybrid 

generation with energy storage in batteries. Abdelkader et al. [43] present a multi-objective 

optimization using a genetic algorithm for the sizing of distributed generation (photovoltaic and wind) 

with hybrid ESS. The authors propose the minimization of total cost and the loss power supply 

probability indicator. Yin et al. [44] propose the optimization of microgrids composed of solar panels, 

wind turbine and microturbine, in addition to the ESS's. A cost-oriented mathematical model was 

proposed for sizing and day-ahead resource scheduling problem in energy generation. Tang et al. [45] 

and Zhao et al. [46], similarly, use different stochastic models for optimization in different climatic 
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circumstances. In the studies of Yin et al. [44], Tang et al. [45] and Zhao et al. [46], a prioritization 

approach was used, where the total cost function is minimized, adopting other technical aspects as 

constraints of the optimization problem. In the present study, a scalarization approach is used instead, 

in which all objectives are considered in the formulation of the problem allowing the construction of 

a Pareto frontier. 

A multiobjective optimization process, which simultaneously reduces the LCOE, maximizes 

the diversified energy production density, and produces economically viable solutions is needed to 

support the planning of hybrid wind-photovoltaic projects with utility-scale Li-ion battery ESS. In 

this study, the objectives to be optimized are modeled by the mixture arrangement technique with 

further optimization using the Normal Boundary Intersection (NBI) approach. The final configuration 

of the hybrid plant is achieved by using Shannon's entropy measure [47].  

The financial viability of using ESS's is impacted by issues related to regulatory adjustments. 

The regulatory framework for energy storage needs to be strategic and long-term [48], because 

according to Ruester et al. [49], inconsistencies regarding the regulation applicable to the ESS could 

lead to distortions in competition and inadequate distribution and allocation of resources. This study 

proposes an optimization routine for utility-scale hybrid generation with battery ESS, contributing to 

the discussion on the regulatory advances necessary to promote its technical and economic feasibility 

in Brazil, in addition to promoting discussion about the importance of storage for the modern grid. A 

discussion is carried out on the policy implications for the construction of a regulatory framework for 

the utility-scale ESS in Brazil. It is important to highlight that this study does not propose the optimal 

management of the grid, but the optimal sizing for the investment in utility-scale hybrid plants with 

battery ESS, considering market scenarios resulting from changes in the regulatory framework. 

Considering the current technological level of this sector in the world, the contributions of this 

study go far beyond the Brazilian case, and the reported policy implications can bring valuable 

information both for managers of electrical systems in other countries, as well as for others interested 

in the sector, including especially public policy makers and investors. It is important to highlight that, 

to the best of our knowledge, there are no studies that specifically use this optimization routine 

(mixture arrangement, NBI and Shannon's entropy) for studies involving ESS associated with 

renewable energy generation. 

 

2. Theoretical background 

2.1. Experiments with mixtures 

Experiments with mixture are the only technique capable of formulating a specific mixture 

[50]. In the original mixture problem, there is a dependency relationship between the level of the 

factors [51]. In a mixture problem with p factors, x1, x2,..., xp represent the proportions ( p0 1x  ) and,

1 2 p 1x x x+ ++ = . 

Simplex-lattice design is the most commonly used method in experimental designing mixture 

problems. A simplex design with p components and order m has m + 1 proportions, evenly spaced 

from zero to one [51]. Factor levels xi are obtained as follows: 
1 2

0, , , ,1;  1,2, ,     ,ix i p
m m

=  = 
       

(1) 

and, the number of experiments (N) in simplex-lattice is given by: 

( )

( )

1 !

! 1 !

p m
N

m p

+ −
=

−
         

(2) 
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An alternative to simplex-lattice is the simplex-centroid. For this case, the k input variables 

are set in 2 1k −  points, corresponding to k permutations of (1, 0, 0, ..., 0), to 
2

k 
 
 

 permutations of 

1 1
, ,0,...,0

2 2

 
 
 

, to 
3

k 
 
 

 permutations of 
1 1 1

, , ,0,...,0
3 3 3

 
 
 

 and the centroid
1 1 1

, ,...,
k k k

 
 
 

 [51]. 

A disadvantage of simplex design is due to the fact that most experiments take place at the 

boundaries of the arrangement and only few points in the inner part are tested. Thus, it is 

recommended, whenever possible, to increase the number of experiments by adding internal points 

to the arrangements, such as the center points and also the axial points. Axial points could be defined 

as all permutations of (( 1) 2 ,  1 2 ,  ,  1 2 )k k k k+ , where k is the number of input variables. In the 

case of mixture arrangements, it is worth noting that the center points correspond to the centroid itself. 

As for the mathematical models used to represent the responses, it appears that the mixture 

models present some differences in relation to the standard polynomials used in the response surface 

methodology, mainly due to the existence of the constraint function 1 2 1px x x+ + + = . If 0  is 

multiplied by 1 2 1px x x+ + + =  in a first-order model, the following is generated: 

( ) 0 0 1 2

1 1 1

( ) =
q q q

canonical

i i q i i i i

i i i

E y x x x x x x    
= = =

= + = + + + +    (3) 

where 0

canonical

i i  = +  

This is called the canonical form of the first-order mixture model [52]. 

 

2.2. Multiobjective Optimization 

In modern energy planning process, the models are becoming more complex, being necessary 

to consider technical, environmental and economic attributes. In this sense, models that consider only 

the minimization of costs are unrealistic [53]. To deal with these more complex models, and therefore 

more realistic, it is necessary to formulate a multiobjective optimization problem, in order to find 

Pareto optimal or non-dominated solutions. A general multiobjective optimization problem can be 

demonstrated as [42]: 

( ) ( ) ( ) 

( )

( )

1 2. , ,...,

  . . :  0,  1,2,...,

         0,  1,2,...,

k

i

j

Min f x f x f x

s t h x i l

g x j m

= =

 =

 (4) 

where: f1(x), f2(x),...,fk(x) are objective functions to be optimized; hi(x) represents the l equality 

constraints; and gj(x) represents the m inequality constraints. 

The most used approach to generate Pareto optimal solutions in multiobjective optimization 

problems is the weighted sums method since this is a simple method to be implemented and clearly 

represents a physical interpretation of the analyzed problem [54]. However, the weighted sums 

method does not work well for problems involving non-convex equations and cannot produce a 

uniformly distributed Pareto frontier, even for convex problems [55]. 

To avoid these problems (convexity constraint of equations and non-uniform distribution of 

points on the Pareto frontier), the NBI method was proposed [56]: 
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 − −
 

− − 
 

− =  − = 
 

− − 
 − −
 



x x

x

 (5) 

where: Dis the distance from the Pareto frontier to the utopia line;Φ is the normalized payoff matrix; 

w is the weighting; e is a vector of value 1; and ( )F x  is the vector containing the individual values of 

the normalized objectives functions. 

Shannon's entropy measure[47] is used to identify the best solution within the Pareto frontier. 

The maximization of the Shannon's entropy measure is carried out in order to diversify as much as 

possible the composition of the hybrid project under analysis. Rocha et al. [42,54,57–59] 

demonstrated that the use of this type of metric reduces the prediction variance of the obtained 

response. Shannon's entropy can be calculated as: 

1

( ) ln
m

i i

i

S x x x
=

= −  (6) 

where: xi represents the decision variables of the functions to be optimized, being the proportions of 

wind, solar photovoltaic and storage systems used in the plant. 

 

2.3. Objectives to be optimized 

The objectives to be optimized include socio-environmental and economic-financial issues 

related to the implementation of a hybrid wind-photovoltaic plant with ESS in utility-scale batteries. 

2.3.1. Diversified Energy Production Density 

The energy density produced by a hybrid wind-photovoltaic plant with utility-scale battery 

ESS corresponds to the amount of produced electricity per area during a given period, and when 

maximized, contributes to the well-being of the electricity sector. The calculation of energy 

production density can be described mathematically, according to Equation 7: 

e

TEP

A
 =  (7) 

where, ρe is the energy production density (kWh/m2), TEP is the total energy produced over the 

lifespan of the project (kWh), A is the occupied area (m2). 

The total electricity produced over the lifespan of the project (TEP) can be determined by the 

sum of the total electricity produced per year (AEP) adjusted by the degradation rate ( ) during the 

project duration and brought to current date: 

.

0 (1 )

n
adj

t
t

AEP
TEP

i=

=
+

  (8) 

where,: n is a given year of the project's lifespan, AEPadj. is the adjusted AEP, according to Equation 

15 below, t is the time in years, and i is the real discount rate, represented by the Weighted Average 

Cost of Capital (WACC), discounting by inflation. 

The AEP estimate in kWh per year, is given by Equation 9. It is obtained from the sum of 

wind and photovoltaic energy, associated with the energy demand generated by the ESS, since this 

type of system consumes more energy than the amount actually returned to the grid. 

AEP PVe We Be= + −  (9) 
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where, PVe is the photovoltaic energy produced per year, We is the wind energy produced per year, 

Be is the energy deficit which is supplied by the ESS per year. 

The tendency is for the AEP estimate to decrease over time, as the equipment degrades. 

According to Rocha et al. [33], in order to calculate the energy produced by an energy systems, the 

degradation rate ( ) for each system’s component must be considered. The adjusted AEP (AEPadj.) 

in a given year is given by: 

.  (1 )n

adjAEP AEP = −  (10) 

where,  is the degradation rate per year; and n is a given year of the useful life of the equipment. 

The production of photovoltaic energy depends on the level of insolation as well as the 

temperature [60]. To calculate the production of photovoltaic energy, the irradiance level data, in 

kW/m², at each hour of the day for each month of the year, relative to the place of analysis will be 

necessary. Equation 11 presents the calculation of the power generated by the photovoltaic panels. 

( )1PV m TP I A T =    −   (11) 

where, P is the generated power (kW), PV is the efficiency of photovoltaic panels (dimensionless), 

Im is the irradiance (kW/m²), Ais the area of photovoltaic panels (m²), ΔT is the temperature difference 

above the cell standard temperature (normally 25ºC), and θT is the temperature loss coefficient. 

With the power of the panels, it is possible to estimate the amount of energy produced by the 

equipment in a given period. Equation 12 presents the calculation for energy production. 

E P t=   (12) 

where: E is the amount of electricity produced (kWh); P is the generated power (kW); and t is the 

hourly insolation. 

In calculating the annual generation of photovoltaic energy, the simulated hourly productions 

for each year will simply be added, as can be seen in Equation 13[33]: 

( ) PVe E t=  (13) 

where, PVe is the photovoltaic energy produced per year (kWh) 

To estimate the energy production of each wind turbine used in this study, a regression model 

for the power curve is estimated, considering wind speed as an independent term. The data used are 

provided by the manufacturer of the wind turbines. Thus, a fifth-degree polynomial interpolation is 

chosen for the turbine power curves (Equation 14). 
1 2 3 4 5

0 1 2 3 4 5= , if  <   

if  

max

max max

P v v v v v v v

P P , v v  

      + + + + +


= 
    (14) 

where, P is the generated power (kW), βi are the coefficients of the equation, v is the wind speed, vmax 

is the maximum speed defined by the manufacturer from which the generated power is constant, and 

Pmax is the maximum power generated by the wind turbine. 

 The hourly wind speed data will be used for the analyzed site, so 8760 (365 days × 24 hours) 

hourly energy generation calculations per year will be employed. The sum of these data is equivalent 

to the annual wind energy generation, from which the losses related to the generator and transmission 

systems will also be discounted, according to Equation 15: 

( ) WWe E t =  (15) 
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where, We is the wind energy produced per year (kWh), E is the amount of hourly electricity produced 

by the turbine rotor (kWh), and W  is the combined electrical-mechanical efficiency of the wind 

turbine, calculated as (1 % )losses− . 

 It is important to highlight that the wind speed data will be corrected for the height of the wind 

turbine hub through the power law given by Equation 16 [61]: 

2
2 1

1

h
v v

h


 

=  
 

 (16) 

where, v2 is the projected wind speed at the desired height h2, v1 is the wind speed measured in height 

h1, α is the dimensionless exponent of wind shear.  

In the case of utility-scale battery ESS, the logic is inverted, as the system absorbs more energy 

from the grid than is actually returned, generating a deficit in production. Thus, the amount of energy 

delivered by a utility-scale battery ESS can be calculated by Equation 17, obtained from modifications 

to the data presented in Rahman et al. [62]: 

delivered battery PCSE P t DOD NC =       (17) 

where, Edelivered is the amount of electricity (kWh) fed into the grid by the ESS in one year, P is the 

nominal capacity of the battery bank (kW), t is the duration of the discharge (hours), ηbattery is the 

round-trip efficiency, DOD is the depth of discharge (-), NC is the number of cycles in a year; and 

ηPCS is the power conversion system efficiency. 

 The amount of electricity received from the grid by the utility-scale battery ESS can be 

calculated by Equation 18, also modified from Rahman et al. [62]: 

battery

charged

battery PCS

P t DOD
E NC



 

   
=    

 (18) 

where, Echarged is the amount of energy (kWh) required to charge the ESS for one year. 

The annual energy deficit (kWh) generated due to the ESS operation, Be can be defined as: 

charged deliveredBe E E= −  (19) 

In the present study, self-discharge losses are not included as they are anticipated to be less 

than 0.06% per day [63,64]. A similar strategy has been used by other authors [62, 63, 65]. 

With the energy production data from different sources, the energy consumption of the ESS 

and the respective areas necessary for the implementation of each technology, it is then possible to 

calculate the energy production density (ρe), as given by Equation 7. 

Based on modifications in studies by Stirling [66–68], the energy production density metric 

will be associated with a diversification metric as shown in the following equation: 

( )

( )i j

ij i

e

j

e w w  


=   (20) 

where, e   is the diversified energy production density metric, and wi and wj are the weights assigned 

to each technology in a given project. 

The diversified energy production density metric, when maximized, ensures maximum energy 

production per occupied area and maximum diversification among the technologies involved in the 

project under analysis. 

2.3.2. Levelized Cost of Energy 

The Levelized Cost of Energy (LCOE) is a metric widely used to assess generation costs from 

different technologies and energy sources. According to Aquila et al. [38], this method relates the 

total energy generation cost with the total energy produced during the system lifespan. The total cost 

includes all expenses directly related to energy production, namely, total investment cost, operating 

and maintenance (O&M) cost, interest payment, sector charges, and taxes. 
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In projects which incorporate utility-scale battery ESS, the cost of charging the batteries as 

well as the cost of replacing the equipment over the life of the project must also be considered. 

Although the literature presents different names for this metric when associated with storage, such as 

LCOS (levelized cost of storage), for example, it is decided to keep the more comprehensive name, 

LCOE. 

0

0

(1 )

(1 )

n
t

t
t

n
t

t
t

C

i
LCOE

Ep

i

=

=

+
=

+




 (21) 

where, Ct stands for the total cost of energy generation, including the cost of storage, operation and 

maintenance, replacement, and subtracted the residual or salvage value, in a given period t, t is the 

time in years, 
tEp  is electricity production of the plant in each period t and is equivalent to AEPadj.  

as described in Equation 10, and i is the deflated discount rate. 

 The methodology used to determine the discount rate in the LCOE is the Weighted Average 

Cost of Capital (WACC). According to Rocha et al. [33], the WACC is obtained by: 

(1 )d eWACC k D k E= − +         (22) 

where, kd is the cost of debt, D is the debt amount to support the investment (%), τ is the income tax 

rate (%), ke is the cost of equity, and E is the equity applied in the investment (%). 

  The Capital Asset Pricing Model (CAPM) model presented by Sharpe [69] is adopted for 

calculating cost of equity capital. As applied in Aquila et al. [70] and Stetter et al. [71], and presented 

in Steffen [72], the following equation is used: 

( )e f m fk r r r= +  −  (23) 

where, rf is the risk-free rate (%), β is the leveraged beta and measures the project risk in relation to 

the market, and (rm – rf) is the market risk premium (%). 

The leveraged β is calculated from the unlevered β of the renewable energy sector presented 

in Aquila et al. [70]. The procedure for obtaining the leveraged beta is presented in Equation 24 [73]: 

( )1 (1 )unlevered
D

E
  = + −         (24) 

where, τ is the income tax rate (%). 

 Once the discount rate is obtained, it can be deflated using the main Brazilian inflation index 

called the Broad Consumer Price National Index (IPCA, from portuguese Índice Nacional de Preços 

ao Consumidor Amplo). This process is necessary, as price changes resulting from inflation will not 

be considered in the project annual cash flow. Equation 25 presents the process for deflating the 

discount rate:  

( )

( )

1
1

1

WACC
i

IPCA

+
= −

+
         (25) 

 

2.3.3. Net Present Value 

The economic feasibility analysis indicates if an investment is economic attractive or not. 

Among the available criteria, the most used in literature studies involving the financial analysis of 

RES plants is the Net Present Value (NPV). The literature on financial management emphasizes that 

an investment must be considered when the NPV is greater than or equal to zero[74]. The equation 

for calculating the NPV is: 

0 (1 )

n
t

t
t

CF
NPV

i=

=
+

  (26) 

where, i is the deflated discount rate, t is the time in years, and CFt is the net cash flow in the year t. 
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As in the case of the LCOE, the WACC will be used to determine the discount rate, which 

will later be deflated. 

 

3. Methodology 

The general objective of this study is to propose an optimization method for the configuration 

of wind-photovoltaic hybrid power plant projects with utility-scale battery storage systems while 

considering the possible impact of regulatory adjustments for the inclusion of ESS in the Brazilian 

context. A project of a hybrid wind-photovoltaic plant with ESS with a total installed capacity of 60 

MW is considered as the case. The percentages of the amount of wind energy, solar energy and the 

storage in the project are the input variables (xi), and the performance measures LCOE, diversified 

energy production density and NPV are calculated for each plant configuration, defined by the 

experimental arrangement. 

The present study is expected to contribute to the discussion on the use of utility-scale battery 

storage system, a technology that is little used in Brazil. The optimization of the configuration of 

plants with these characteristics for the Brazilian scenario will enable the discussion of their economic 

viability, in the current situation and given the regulatory adjustments necessary for the 

implementation of ESS in the NIS, hence allowing (i) the definition of the optimal configuration of 

hybrid wind-photovoltaic plants with utility-scale battery ESS, (ii) analysis of the economic viability 

considering the lack of regulation for ESS, and (iii) elaborating on how the regulatory aspects could 

affect the economic viability of using ESS. 

This study will follow the following steps:  

1. Generate the experimental conditions from the levels of the decision variables (xi), which 

will be the percentages of the amount of wind energy, solar energy and storage.  

2. Calculate the responses (yi) - LCOE, diversified energy production density and NPV - from 

the experimental arrangement.  

3. Mathematically model the responses (yi) as functions of the percentages of different 

technologies (wind, solar, storage) implemented in the project.  

4. Optimize the multiobjective problem.  

5. Discuss the regulatory adjustments necessary for the integration of ESS in the Brazilian 

context. 

In order to model the objective functions of the present study (LCOE, diversified energy 

production density and NPV), experiments will be generated using the mixture design methodology, 

using a level 4 simplex-lattice, and the percentage proportions of wind source, solar source and 

storage as input variables (xi) in the model. Table 1 presents the experimental design. 

 

Table 1 – Experimental design 
Experiment 

number 

Wind Solar ESS Sum 

% MW % MW % MW % MW 

1 100 60 0 0 0 0 100 60 

2 75 45 25 15 0 0 100 60 

3 75 45 0 0 25 15 100 60 

4 50 30 50 30 0 0 100 60 

5 50 30 25 15 25 15 100 60 

6 50 30 0 0 50 30 100 60 

7 25 15 75 45 0 0 100 60 

8 25 15 50 30 25 15 100 60 

9 25 15 25 15 50 30 100 60 

10 25 15 0 0 75 45 100 60 

11 0 0 100 60 0 0 100 60 

12 0 0 75 45 25 15 100 60 
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13 0 0 50 30 50 30 100 60 

14 0 0 25 15 75 45 100 60 

15 0 0 0 0 100 60 100 60 

16 33.3 20 33.3 20 33.3 20 100 60 

17 66.7 40 16.7 10 16.7 10 100 60 

18 16.7 10 66.7 40 16.7 10 100 60 

19 16.7 10 16.7 10 66.7 40 100 60 

 

After mathematical modeling of the objective functions, the NBI method is used for 

multiobjective optimization. For the purposes of this study, NPV is minimized with a greater than or 

equal to zero constraint, to ensure minimum viability to the investor, while avoiding a high transfer 

of investment cost in these systems to the final consumer. The LCOE is minimized, while the 

diversified energy production density response (
e  ) is maximized. To perform statistical analysis, 

mathematical modeling, simulations and optimization, software tools Solver®, Minitab® and 

Statistica® are used. 

Caetité in Bahia, a city with high potential of wind speed and solar irradiation is chosen for 

the present study. 

 

3.1. Renewable resources: wind speed and solar irradiation 

The wind speed and solar irradiation are obtained from the Solar and Wind Energy Resource 

Assessment [75]. The maximum average temperature data for the location under study are obtained 

from the National Institute for Space Research [76]. 

Tables A1, A2 and A3 present, respectively, the monthly solar irradiation, maximum average 

temperatures and wind speed data, at a height of 100 meters (see Appendix A). In order to compare 

the behavior of solar irradiation and wind speed in each month, Figures 1 and 2 resume the data 

presented in Tables A1 and A3, respectively. 

 

Figure 1 - Irradiation data (Wh/m2) from Caetité-BA 
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Figure 2 - Wind speed data (m/s) from Caetité-BA 

 

Figures 1 and 2 show that the months of July, August and September are the months with the 

best conditions for wind speed and irradiation, coinciding with the months with the lowest levels of 

precipitation in Brazil (especially July and August). This is an argument in favor of investing in 

energy production from these sources, aiming at diversifying the Brazilian electricity matrix. Another 

argument in favor of hybrid plants is the complementarity of energy production between these 

sources, as, at the time of day when energy production from wind sources starts to decline, solar 

production reaches its peak, as shown in Figure 3. 

 
Figure 3 - Complementary behavior between wind and solar sources in Caetité-BA 

 

3.2. Assumptions for Electric Power Generation Models 

For the calculations related to solar photovoltaic energy production, the following data are 

used [77]: nominal cell power of 320 W; efficiency of photovoltaic panels ( PV ) of 19.6%; irradiation 

 

 

-100

0

100

200

300

400

500

600

0

2

4

6

8

10

12

0 5 10 15 20 25

March

Wind speed (m/s) Irradiance (W/m2)

-100

0

100

200

300

400

500

600

700

0

2

4

6

8

10

12

14

0 5 10 15 20 25

June

Wind speed (m/s) Irradiance (W/m2)

-100

0

100

200

300

400

500

600

700

800

0

2

4

6

8

10

12

14

16

0 5 10 15 20 25

September

Wind speed (m/s) Irradiance (W/m2)

-100

0

100

200

300

400

500

600

700

0

2

4

6

8

10

12

0 5 10 15 20 25

December

Wind speed (m/s) Irradiance (W/m2)



L.C.S. Rocha, P. R. Junior, G Aquila, A. Maheri (2022) ‘Multiobjective optimization of hybrid wind-photovoltaic 
plants with battery energy storage system: Current situation and possible regulatory changes’, Journal of 
Energy Storage 

 

13 

 

(kWh), which is equal to the calculation of irradiance (Im) times time (t), as shown in Table A1; area 

of photovoltaic panels (A) equal to 1.94 m2; and temperature loss coefficient (θT) of 0.39 %/ºC for 

temperatures above 25ºC. The number of photovoltaic cells to be used is defined by dividing the 

installed capacity of photovoltaic solar energy in each experimental condition by the nominal power 

of the cell, which is 320 W. 

The wind turbines manufacturer data [78] are used to generate the power curve regression 

models. Table B1 (in Appendix B) presents the mathematical models for different wind turbines used 

in this study and Figure 4 shows the mathematical models and the manufacturer data. 
 

 

 
Figure 4 - Power data (real x estimated) 

 

The efficiency of wind turbines ( W ) considered in this study is 91.0% [3, 38]. In order to 

adjust the wind speed at the hub height of the wind turbines, an α (dimensionless exponent of wind 

shear) of 0.25 corresponding to a flat terrain with low to moderate vegetation is used [61]. 

For the utility-scale battery ESS the following data are used: discharge duration time of 4 

hours; battery round-trip efficiency of 90% [79]; one cycle of charge-discharge per day [62] with a 

depth of discharge of 80% [80]; and a power conversion system efficiency of 95% [81]. To determine 

the number of cycles of a Li-ion battery in its useful life Equation 27 [82] is used. 

( )1.614 10.6792731.7 ( )
DOD

CL DOD e
  −−  =    (27) 

where, CL is the number of cycles during battery life and DOD is depth of discharge. 

The annual degradation rates ( ) for each type of equipment, there following values used: 

0.57% for the wind farm [83]; 0.60% for the photovoltaic solar plant [84]; and 0.50% for ESS [85]. 

The areas occupied by each technology are: 28,571.43 m2/MW for photovoltaic energy 

(calculated from data presented in Hernandez et al. [86]); 431,499.00 m2/MW for wind energy 

(calculated from data presented in Lovins [87], Denholm et al. [88]); and 118.92 m2/MW for batteries 

(calculated from data presented in Fu et al. [89]). 
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The monthly energy production from each source is shown in Figure 5. It is important to note 

that the calculated capacity factors for the wind and solar photovoltaic projects are 54.93% and 

27.76%, respectively, which are very close to the values reported for the region under analysis 

[90,91]. The average monthly deficit of energy production, or simply energy consumption, of the 

battery ESS is 1,154.17 MWh, being calculated through Equation 19. 

 
Figure 5 - Monthly energy production 

 

Using Equation 7, the energy production density can be calculated. The energy production 

density values for all-wind, solar photovoltaic and ESS projects are 0.1519 MWh/m2, 1.1562 

MWh/m2 and, -27.1164MWh/m2, respectively. Solar energy generation technology has a lower 

capacity factor than wind generation, but with greater efficiency in terms of electrical production per 

occupied area. The ESS, on the other hand, has an excellent energy capacity per occupied area. 

3.3. Assumptions for financial analysis models 

Table C1 (Appendix C) shows the assumptions used in this study for the financial analysis of 

the project, represented by LCOE and NPV. 

The current ESS investment cost is obtained from an average of the values reported by 

Rahman et al. [62], Cole and Frazier [92] and Fu et al. [89], resulting R$ 7,788,733.33/MW (rounded 

to R$ 8,000,000.00/MW). The ideal ESS investment cost is presented by Penisa et al. [93] as 

US$100.00/kWh, which results in US$400.00/kW for 4-hour batteries. This amount, after conversion 

and rounding, generated the amount of R$ 2,000,000.00/MW. For the payout for the services provided 

by the ESS, the value of R$ 0.00/MWh is adopted for the current situation, due to the lack of 

regulation, and the value of R$ 380.12/MWh is adopted for the ideal payout, based on the value of 

US$ 68.00/MWh presented by Davies et al. [94], assuming that the practice of generating multiple 

revenues or stacking of revenues is allowed. 

 

4. Results and discussion 

As mentioned before, Brazil currently does not have any in force regulations for the use of 

energy storage. Hence, in the current scenario there is no payout for the energy storage service 

provided by any agent in the electricity market. In addition, investment costs are considerably high 

due to the lack of an industry focused on serving the energy storage sector in Brazil. Based on these 

premises, scenarios are created in order to represent the current situation and a possible ideal situation 

from the implementation of public policies and regulatory framework for the energy sector in Brazil. 
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The analysis of the proposed scenarios allows the presentation of a discussion about the possible 

governmental incentives. 

Based on the current and ideal ESS investment costs and the current and ideal ESS payout 

level, four analysis scenarios are generated: (a) Scenario 1 considers an investment cost in ESS of R$ 

2,000,000 per installed MW (ideal) with payout for storage of R$ 0.00 per MWh (current); (b) 

Scenario 2 considers an ESS investment cost of R$ 8,000,000 per installed MW (current) with payout 

for storage of R$ 0.00 per MWh (current); (c) Scenario 3 considers an ESS investment cost of R$ 

2,000,000 per installed MW (ideal) with payout for storage of R$ 380.12 per MWh (ideal); and (d) 

Scenario 4 considers an ESS investment cost of R$ 8,000,000 per installed MW (current) with payout 

for storage of R$ 380.12 per MWh (ideal). The comparative analysis of these scenarios will give us 

indications of how the investment costs and ESS payout impact the implementation of this technology 

in the Brazilian context. 

 

4.1. Results for Scenario 1 

Based on the initial conditions stipulated in relation to the ESS for Scenario 1 (investment of 

R$ 2,000,000 per MW installed with payout for storage of R$ 0.00 per MWh), the values of the 

response variables (yi) NPV, LCOE and diversified energy production density are calculated, for the 

entire experimental arrangement, as shown in Table 2. 

 

Table 2–Experimental arrangement - Scenario 1 

N 
Wind 

(%) 

Solar 

(%) 

ESS 

(%) 

NPV 

(R$) 

LCOE 

(R$/MWh) 
e   

(dimensionless) 

1 1.000 0.000 0.000 317,834,128.48 108.18 0.000 

2 0.750 0.250 0.000 243,949,569.68 119.67 0.032 

3 0.750 0,000 0.250 148,195,975.81 128.23 0.027 

4 0.500 0.500 0.000 185,237,478.18 132.05 0.053 

5 0.500 0.250 0.250 89,483,884.31 143.50 0.055 

6 0.500 0.000 0.500 -6,269,709.56 157.77 0.035 

7 0.250 0.750 0.000 129,139,448.93 148.39 0.059 

8 0.250 0.500 0.250 33,385,855.07 164.43 0.081 

9 0.250 0.250 0.500 -62,367,738.80 185.36 0.062 

10 0.250 0.000 0.750 -158,121,332.67 213.84 0.024 

11 0,000 1.000 0.000 71,347,361.75 173.00 0.000 

12 0,000 0.750 0.250 -24,406,232.12 197.60 0.209 

13 0,000 0.500 0.500 -120,159,825.99 232.19 0.260 

14 0,000 0.250 0.750 -215,913,419.86 284.41 0.151 

15 0,00 0.000 1.000 -312,009,957.22 372.77 0.000 

16 0.333 0.333 0.333 25,819,039.27 159.97 0.069 

17 0.667 0.167 0.167 165,964,646.25 128.28 0.041 

18 0.167 0.667 0.167 48,583,200.51 166.07 0.089 

19 0.167 0.167 0.667 -142,923,987.23 217.55 0.047 

 

The data presented in Table 2 are used to generate the equations for NPV (y1), LCOE (y2) and 

diversified energy production density (y3) as a function of the proportions of each technology 

considered (xi). The mathematical models can be seen in Table 3. The adequacy of the models is 

analyzed by ANOVA. The p-values for the objective functions under analysis show a statistically 

significant regression at the 5% significance level, proving the adequacy of the functions. Also, the 

values of R2 and R2 adjusted show that the models have a good fit. 
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Table 3–Mathematical models for objective functions - Scenario 1  

Terms NPV 

(R$) 

LCOE 

(R$/MWh) 

e   

(dimensionless) 

% Wind 313,142,811.338 118.044 0.002 

% Solar  71,655,963.520 174.106 0.013 

% ESS -311,589,249.372 356.884 -0.020 

% Wind x % Solar -22,503,448.690 -46.695 0.209 

% Wind x % ESS -21,909,269.001 -336.860 0.178 

% Solar x % ESS 8,303,413.778 -137.975 0.984 

% Wind x % Solar x % ESS - - -2.453 

p-value 0.000 0.000 0.000 

R2 (%) 99.97% 98.13% 95.08% 

R2adjusted (%) 99.96% 97.40% 92.61% 

Values in bold represent significant terms in the models (p-value< 5%). 

 

Figures 6, 7 and 8 are the graphical representations of the mathematical models presented in 

Table 3, i.e., NPV (y1), LCOE (y2) and diversified energy production density (y3) respectively. These 

models have %Wind (x1), %Solar (x2) and %ESS (x3) as decision variables. The vertices in these 

figures represent the responses of a power generation project with 100% of a given source. The 

response surface and the counter plot are different perspectives for the same mathematical model, 

representing the values of NPV (y1), LCOE (y2) and diversified energy production density (y3), for 

each different combination of decision variables. 

 

 
Figure 6 – Response surface and Contour plot for NPV - Scenario 1. 
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Figure 7 – Response surface and Contour plot for LCOE - Scenario 1. 

 

 
Figure 8 – Response Surface and Contour plot for Diversified Energy Production Density - Scenario 1. 

 

To implement the NBI optimization process, the payoff matrix is initially estimated, obtaining 

the results shown in Table 4. In order to define the configuration of a hybrid plant that would allow 

the integration of the ESS while maintaining the viability of the project, (a NPV greater than or equal 

to zero), the minimization of the NPV function is adopted. The LCOE function also is minimized, 

seeking to minimize cost, while the diversified energy production density response ( e  ) is 

maximized. 

Table 4–Payoff matrix for objective functions - Scenario 1 

NPV 

(R$) 

LCOE 

(R$/MWh) 

e   

(dimensionless) 

-311,589,249.37 356.88 -0.020 

219,526,230.77 110.91 0.021 

-111,491,143.52 227.99 0.243 

Note: values in bold represent individual optimum. 

 

NBI methodology is used to solve the multiobjective optimization problem. Therefore, 

weights (wi) are assigned to NPV (y1), LCOE (y2) and diversified energy production density(y3). By 

using values for wi with step size of 0.20 bounded in the interval [0 1], 21 points are generated. These 

points are in addition to three axial points (combinations of weights 0.667, 0.167 and 0.167) and one 

central point (w1, w2 and w3 equal to 0.333), totaling 25 points. Thus, it is possible to obtain the Pareto 

optimal solutionsfor each combination of weights, as presented in Table 5. When changing the degree 
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of importance attributed to each response, the results of the optimization process are changed, 

favoring the response with greater weight [95]. Figure 9 graphically presents the obtained Pareto 

Frontier. 

Table 5–Pareto Optimal Set - Scenario 1 
Weights % Wind 

(x1) 

% Solar 

(x2) 

% ESS 

(x3) 
NPV (R$) 

LCOE 

(R$/MWh) 
e   

(dimensionless) 
Entropy 

w1 w2 w3 

1.000 0.000 0.000 0.000 0.000 1.000 -311,589,249.37 356.88 -0.020 0.000 

0.800 0.200 0.000 0.114 0.013 0.872 -237,192,151.73 291.89 0.009 0.425 

0.800 0.000 0.200 0.019 0.059 0.923 -277,278,023.12 328.27 0.037 0.316 

0.600 0.400 0.000 0.232 0.045 0.723 -153,017,901.28 231.75 0.032 0.713 

0.600 0.200 0.200 0.119 0.107 0.774 -197,802,133.72 265.80 0.062 0.691 

0.600 0.000 0.400 0.031 0.133 0.836 -240,794,967.94 300.73 0.091 0.527 

0.400 0.600 0.000 0.337 0.136 0.526 -52,902,109.74 179.52 0.044 0.976 

0.400 0.400 0.200 0.208 0.207 0.586 -105,235,158.13 209.82 0.080 0.966 

0.400 0.200 0.400 0.115 0.224 0.661 -155,078,238.13 241.36 0.113 0.857 

0.400 0.000 0.600 0.036 0.227 0.737 -201,664,918.01 274.51 0.145 0.681 

0.200 0.800 0.000 0.449 0.288 0.263 74,340,257.91 140.76 0.039 1.069 

0.200 0.600 0.200 0.267 0.414 0.319 10,580,681.67 165.39 0.081 1.082 

0.200 0.400 0.400 0.168 0.409 0.423 -51,406,013.14 190.90 0.123 1.030 

0.200 0.200 0.600 0.095 0.378 0.527 -107,803,625.97 219.18 0.161 0.928 

0.200 0.000 0.800 0.029 0.348 0.623 -159,117,679.50 249.99 0.195 0.764 

0.000 1.000 0.000 0.855 0.000 0.145 219,526,333.41 110.91 0.021 0.415 

0.000 0.800 0.200 0.416 0.576 0.009 163,344,940.32 139.30 0.059 0.724 

0.000 0.600 0.400 0.142 0.713 0.146 48,121,904.03 166.82 0.098 0.799 

0.000 0.400 0.600 0.026 0.782 0.192 5,017,561.59 184.40 0.150 0.604 

0.000 0.200 0.800 0.031 0.624 0.345 -51,985,177.33 201.25 0.203 0.768 

0.000 0.000 1.000 0.000 0.517 0.483 -111,490,937.43 227.99 0.243 0.693 

0.333 0.333 0.333 0.166 0.270 0.563 -105,847,119.72 213.06 0.107 0.975 

0.667 0.167 0.167 0.102 0.080 0.817 -218,385,863.64 280.17 0.050 0.601 

0.167 0.667 0.167 0.297 0.455 0.248 44,834,303.81 156.03 0.072 1.065 

0.167 0.167 0.667 0.078 0.402 0.519 -108,378,214.06 220.67 0.175 0.906 

0.254 0.625 0.121 0.304 0.327 0.369 0.00 165.41 0.067 1.095 

  Note: values in bold represent the final solution to the problem.  

 

 
Figure 9 – Pareto Frontier - Scenario 1. 

 

To obtain the final solution for the studied problem, Shannon's entropy metric, as shown in 

Equation 6, is used. Maximizing the entropy measure allows finding an optimal point with maximum 

diversification in a system with different components, generating the response with the maximum 

integration of storage, with the constraint of maintaining the economic viability of the response found 

( 0NPV  ). Thus, the final solution for Case 1 is obtained as: % Wind (x1) = 30.4%; % Solar (x2) = 

32.7%; % ESS (x3) = 36.9%; NPV (y1) = R$ 0.00; LCOE (y2) = R$ 165.41; and diversified energy 

production density (y3) = 0.067. 

 

4.2. Results for Scenario 2 
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In Scenario 2, the cost of investment is R$ 8,000,000 per MW installed with payoutfor storage 

services of R$ 0.00 per MWh. Again, the values of the response variables (yi), NPV, LCOE and 

diversified energy production density are calculated for the entire experimental arrangement, as 

shown in Table 6. 

 

Table 6–Experimental arrangement - Scenario 2  

N 
Wind 

(%) 

Solar 

(%) 

ESS 

(%) 

NPV 

(R$) 

LCOE 

(R$/MWh) 
e   

(dimensionless) 

1 1.000 0.000 0.000 317,834,128.48 108.18 0.000 

2 0.750 0.250 0.000 243,949,569.68 119.67 0.032 

3 0.750 0,000 0.250 -4,845,647.71 177.77 0.027 

4 0.500 0.500 0.000 185,237,478.18 132.05 0.053 

5 0.500 0.250 0.250 -63,557,739.21 201.95 0.055 

6 0.500 0.000 0.500 -312,352,956.60 289.02 0.035 

7 0.250 0.750 0.000 129,139,448.93 148.39 0.059 

8 0.250 0.500 0.250 -119,655,768.45 235.22 0.081 

9 0.250 0.250 0.500 -368,450,985.84 348.56 0.062 

10 0.250 0.000 0.750 -617,246,203.23 502.72 0.024 

11 0,000 1.000 0.000 71,347,361.75 173.00 0.000 

12 0,000 0.750 0.250 -177,447,855.64 287.85 0.209 

13 0,000 0.500 0.500 -426,243,073.03 449.34 0.260 

14 0,000 0.250 0.750 -675,038,290.42 693.15 0.151 

15 0,00 0.000 1.000 -924,176,451.30 1104.14 0.000 

16 0.333 0.333 0.333 -178,236,458.75 250.64 0.069 

17 0.667 0.167 0.167 63,936,897.24 161.64 0.041 

18 0.167 0.667 0.167 -53,444,548.50 214.28 0.089 

19 0.167 0.167 0.667 -551,034,983.28 481.91 0.047 

 

The equations modeled from experimental data can be seen in Table 7. 

 

Table 7–Mathematical models for objective functions - Scenario 2  

Terms NPV 

(R$) 

LCOE 

(R$/MWh) 

e   

(dimensionless) 

% Wind 314,478,175.553 138.969 0.002 

% Solar  72,991,327.735 178.888 0.013 

% ESS -922,420,379.236 1039.782 -0.020 

% Wind x % Solar -36,299,264.425 -51.057 0.209 

% Wind x % ESS -35,705,084.737 -1251.035 0.178 

% Solar x % ESS -5,492,401.957 -637.584 0.984 

% Wind x % Solar x % ESS 152,269,421.149 - -2.453 

p-value 0.000 0.000 0.000 

R2 (%) 100.00% 98.18% 95.08% 

R2adjusted (%) 99.99% 97.48% 92.61% 

Values in bold represent significant terms in the models (p-value < 5%). 

 

The p-values for the objective functions under analysis, obtained from the ANOVA test, show 

a statistically significant regression at the 5% significance level, proving the adequacy of the 

functions, and the values of R2 and R2 adjusted show that the models have a good fit. Figures 10, 11 
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and 12 show the response surfaces for NPV (y1), LCOE (y2) and diversified energy production density 

(y3), respectively. 

 

 
Figure 10 – Response surface and Contour plot for NPV - Scenario 2.  

 

 
Figure 11 – Response surface and Contour plot for LCOE - Scenario 2. 

 

 
Figure 12 - Response Surface and Contour plot for Diversified Energy Production Density - Scenario 2.  
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As in Case 1, to implement the NBI optimization process, the payoff matrix is initially 

estimated, obtaining the results presented in Table 8, which represent the minimum value for NPV, 

the minimum value for LCOE, and the maximum value for diversified energy production density. 

 

Table 8–Payoff matrix for objective functions - Scenario 2  

NPV 

(R$) 

LCOE 

(R$/MWh) 

e   

(dimensionless) 

-922,421,301.66 1039.78 -0.020 

137,047,667.25 114.46 0.021 

-409,458,150.69 435.74 0.243 

Note: values in bold represent individual optimum. 

 

To carry out the multiobjective optimization process, the NBI approach is used, as presented 

in Equation 5. The results presented in Table 9 constitute the Pareto optimal set for the multiobjective 

problem. Figure 13 graphically presents the obtained Pareto Frontier. 

 

Table 9 - Pareto Optimal Set - Scenario 2 
Weights % Wind 

(x1) 

% Solar 

(x2) 

% ESS 

(x3) 
NPV (R$) 

LCOE 

(R$/MWh) 
e   

(dimensionless) 
Entropy 

w1 w2 w3 

1.000 0.000 0.000 0.000 0.000 1.000 -922,421,301.66 1039.78 -0.020 0.000 

0.800 0.200 0.000 0.110 0.013 0.877 -777,060,259.34 801.97 0.009 0.415 

0.800 0.000 0.200 0.023 0.060 0.917 -835,566,790.31 906.50 0.038 0.334 

0.600 0.400 0.000 0.221 0.043 0.736 -611,861,980.29 579.89 0.031 0.694 

0.600 0.200 0.200 0.116 0.105 0.779 -677,078,475.40 679.09 0.062 0.681 

0.600 0.000 0.400 0.037 0.137 0.826 -742,022,148.00 778.51 0.093 0.551 

0.400 0.600 0.000 0.319 0.117 0.564 -415,819,908.11 382.26 0.044 0.939 

0.400 0.400 0.200 0.196 0.191 0.613 -492,877,758.73 472.07 0.079 0.935 

0.400 0.200 0.400 0.111 0.220 0.670 -568,541,305.68 563.00 0.113 0.845 

0.400 0.000 0.600 0.041 0.234 0.726 -640,877,050.90 656.56 0.146 0.703 

0.200 0.800 0.000 0.407 0.252 0.341 -171,920,310.68 222.56 0.042 1.080 

0.200 0.600 0.200 0.254 0.342 0.404 -270,045,665.26 295.68 0.083 1.081 

0.200 0.400 0.400 0.162 0.362 0.476 -363,117,906.65 372.80 0.123 1.016 

0.200 0.200 0.600 0.091 0.363 0.546 -449,798,277.90 454.99 0.160 0.917 

0.200 0.000 0.800 0.031 0.356 0.613 -530,795,693.78 541.68 0.196 0.776 

0.000 1.000 0.000 0.860 0.000 0.140 137,048,390.33 114.46 0.020 0.405 

0.000 0.800 0.200 0.289 0.593 0.118 20,444,969.49 172.93 0.067 0.921 

0.000 0.600 0.400 0.140 0.651 0.209 -103,743,436.97 225.38 0.116 0.882 

0.000 0.400 0.600 0.087 0.603 0.310 -216,440,961.49 286.94 0.162 0.881 

0.000 0.200 0.800 0.043 0.556 0.401 -317,423,992.93 357.79 0.204 0.827 

0.000 0.000 1.000 0.000 0.517 0.483 -409,458,133.09 435.74 0.243 0.693 

0.333 0.333 0.333 0.158 0.253 0.590 -477,893,134.74 466.87 0.106 0.950 

0.667 0.167 0.167 0.100 0.080 0.820 -721,804,777.13 736.17 0.050 0.595 

0.167 0.667 0.167 0.281 0.368 0.351 -210,795,029.96 258.66 0.076 1.092 

0.167 0.167 0.667 0.076 0.389 0.535 -442,985,640.49 451.85 0.174 0.897 

0.061 0.873 0.066 0.448 0.374 0.177 0.00 163.30 0.044 1.034 

  Note: values in bold represent the final solution to the problem.  
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Figure 13 - Pareto Frontier - Scenario 2. 
 

The final solution for Case 2 is obtained as: % Wind (x1) = 44.8%; % Solar (x2) = 37.4%; % 

ESS (x3) = 17.7%; NPV (y1) = R$ 0.00; LCOE (y2) = R$ 163.30; and diversified energy production 

density (y3) = 0.044. This result has been achieved by maximizing the entropy measure, since the 

economic viability of the response found is maintained ( 0NPV  ).  

 

4.3. Results for Scenario 3 

The experimental data for Scenario 3 (investment of R$ 2,000,000.00 per MW installed with 

the payout for storage services of R$ 380.12 per MWh) are presented in Table 10, while the 

mathematical models for NPV (y1), LCOE (y2), and diversified energy production density (y3) are 

presented in Table 11. 

Table 10–Experimental arrangement - Scenario 3 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 11–

Mathematical models for objective functions - Scenario 3 

Terms NPV 

(R$) 

LCOE 

(R$/MWh) 

e   

(dimensionless) 

% Wind 314,508,332.410 118.717 0.002 

% Solar  73,021,484.592 174.244 0.013 

% ESS -12,094,777.214 379.197 -0.020 

% Wind x % Solar -36,411,869.284 -46.873 0.209 

% Wind x % ESS -36,411,869.284 -366.450 0.178 

% Solar x % ESS -6,199,186.505 -153.840 0.984 

% Wind x % Solar x % ESS 153,825,154.528 - -2.453 

p-value 0.000 0.000 0.000 

R2 (%) 99.93% 98.14% 95.08% 

R2adjusted (%) 99.90% 97.42% 92.61% 

Values in bold represent significant terms in the models (p-value < 5%). 

  

N 
Wind 

(%) 

Solar 

(%) 

ESS 

(%) 

NPV 

(R$) 

LCOE 

(R$/MWh) 
e   

(dimensionless) 

1 1.000 0.000 0.000 317,834,128.48 108.18 0.000 

2 0.750 0.250 0.000 243,949,569.68 119.67 0.032 

3 0.750 0,000 0.250 222,670,504.23 129.87 0.027 

4 0.500 0.500 0.000 185,237,478.18 132.05 0.053 

5 0.500 0.250 0.250 163,958,412.73 145.44 0.055 

6 0.500 0.000 0.500 142,679,347.27 162.12 0.035 

7 0.250 0.750 0.000 129,139,448.93 148.39 0.059 

8 0.250 0.500 0.250 107,860,383.48 166.77 0.081 

9 0.250 0.250 0.500 86,581,318.03 190.77 0.062 

10 0.250 0.000 0.750 65,302,252.58 223.40 0.024 

11 0,000 1.000 0.000 71,347,361.75 173.00 0.000 

12 0,000 0.750 0.250 50,068,296.30 200.59 0.209 

13 0,000 0.500 0.500 28,789,230.85 239.38 0.260 

14 0,000 0.250 0.750 7,510,165.40 297.95 0.151 

15 0,00 0.000 1.000 -13,768,900.05 396.57 0.000 

16 0.333 0.333 0.333 125,118,410.50 162.97 0.069 

17 0.667 0.167 0.167 215,614,331.86 129.38 0.041 

18 0.167 0.667 0.167 98,232,886.12 167.67 0.089 

19 0.167 0.167 0.667 55,674,755.22 226.30 0.047 
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The mathematical models show both adequacy (p-values< 5%) and good fit (R2 adjusted > 

90%). Figures 14, 15 and 16 show the response surfaces for NPV (y1), LCOE (y2) and diversified 

energy production density (y3), respectively. 

 

 
Figure 14 – Response surface and Contour plot for NPV - Scenario 3. 

 

 

 

 
Figure 15 – Response surface and Contour plot for LCOE - Scenario 3. 

 

 
Figure 16 - Response Surface and Contour plot for Diversified Energy Production Density - Scenario 3. 
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Table 12 presents the data from the payoff matrix, which represents the individual optimal of 

the problem response variables, i.e., NPV, LCOE, and diversified energy production density. 

 

Table 12–Payoff matrix for objective functions - Scenario 3  

NPV 

(R$) 

LCOE 

(R$/MWh) 

e   

(dimensionless) 

-12,094,789.31 379.20 -0.020 

262,781,569.49 111.06 0.021 

30,337,131.41 234.88 0.243 

Note: values in bold represent individual optimum. 

 

The results presented in Table 13 constitute the Pareto optimal set for the multiobjective 

problem obtained by the NBI approach, which is graphically presented in Figure 17. 

Table 13–Pareto Optimal Set - Scenario 3 
Weights % Wind 

(x1) 

% Solar 

(x2) 

% ESS 

(x3) 
NPV (R$) 

LCOE 

(R$/MWh) 
e   

(dimensionless) 
Entropy 

w1 w2 w3 

1.000 0.000 0.000 0.000 0.000 1.000 -12,094,789.31 379.20 -0.020 0.000 

0.800 0.200 0.000 0.118 0.023 0.859 24,899,167.45 303.36 0.016 0.470 

0.800 0.000 0.200 0.016 0.053 0.931 -3,086,872.86 350.98 0.032 0.289 

0.600 0.400 0.000 0.233 0.086 0.682 66,376,479.54 233.05 0.045 0.811 

0.600 0.200 0.200 0.121 0.116 0.763 34,503,141.76 275.87 0.067 0.711 

0.600 0.000 0.400 0.028 0.120 0.852 5,969,469.85 322.82 0.084 0.490 

0.400 0.600 0.000 0.307 0.322 0.372 112,593,863.28 168.61 0.066 1.095 

0.400 0.400 0.200 0.202 0.284 0.514 75,735,883.58 205.27 0.096 1.022 

0.400 0.200 0.400 0.115 0.239 0.646 43,837,172.17 248.06 0.118 0.873 

0.400 0.000 0.600 0.033 0.207 0.760 14,944,720.13 294.56 0.135 0.647 

0.200 0.800 0.000 0.502 0.445 0.052 182,452,111.70 133.36 0.052 0.861 

0.200 0.600 0.200 0.233 0.542 0.225 107,214,038.56 163.56 0.089 1.007 

0.200 0.400 0.400 0.121 0.596 0.283 76,413,527.04 183.59 0.139 0.921 

0.200 0.200 0.600 0.088 0.431 0.481 51,943,771.43 218.73 0.171 0.929 

0.200 0.000 0.800 0.029 0.323 0.648 23,533,696.11 265.82 0.188 0.749 

0.000 1.000 0.000 0.851 0.024 0.124 263,734,954.29 112.23 0.019 0.487 

0.000 0.800 0.200 0.607 0.393 0.000 211,042,185.32 129.33 0.056 0.670 

0.000 0.600 0.400 0.537 0.463 0.000 193,659,203.39 132.77 0.059 0.690 

0.000 0.400 0.600 0.100 0.609 0.291 70,706,376.45 187.59 0.151 0.891 

0.000 0.200 0.800 0.017 0.662 0.321 48,353,978.33 203.95 0.206 0.706 

0.000 0.000 1.000 0.000 0.517 0.483 30,337,119.87 234.88 0.243 0.693 

0.333 0.333 0.333 0.160 0.342 0.498 67,541,277.23 209.43 0.121 1.007 

0.667 0.167 0.167 0.104 0.086 0.811 26,389,645.87 292.67 0.053 0.616 

0.167 0.667 0.167 0.274 0.532 0.193 119,275,681.44 156.52 0.076 1.008 

0.167 0.167 0.667 0.072 0.449 0.479 48,194,471.30 221.23 0.183 0.901 

0.732 0.000 0.268 0.021 0.074 0.905 0.00 341.38 0.050 0.363 

  Note: values in bold represent the final solution to the problem. 
 

 
Figure 17 - Pareto Frontier - Scenario 3. 
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The blue point in Figure 17 is the final solution for the problem, representing the maximum 

integration of storage, with the restriction of the maintenance of the economic viability. The final 

solution for Case 3 is obtained as: % Wind (x1) = 2.1%; % Solar (x2) = 7.4%; % ESS (x3) = 90.5%; 

NPV (y1) = R$ 0.00; LCOE (y2) = R$ 341.38; and diversified energy production density (y3) = 0.050. 

 

4.4. Results for Scenario 4 

Finally, based on the initial conditions stipulated in relation to the ESS for Scenario 4 

(investment of R$ 8,000,000.00 per MW installed with payout for storage services of R$ 380.12 per 

MWh), the values of the response variables (yi) NPV, LCOE and diversified energy production 

density are calculated, for the entire experimental arrangement, as shown in Table 14. 

 

Table 14–Experimental arrangement - Scenario 4 

 

 
 

 

 

 

 

 

 

 

 

 

The data 

presented in Table 14 are 

used to generate the 

equations for NPV 

(y1), LCOE (y2) and 

diversified energy 

production density (y3) 

as a function of 

the proportions 

of each technology 

considered (xi). The 

equations obtained can be seen in Table 15. 

 

Table 15–Mathematical models for objective functions - Scenario 4 

Terms NPV 

(R$) 

LCOE 

(R$/MWh) 

e   

(dimensionless) 

% Wind 314,508,332.410 139.642 0.002 

% Solar  73,021,484.592 179.027 0.013 

% ESS -624,261,271.294 1062.095 -0.020 

% Wind x % Solar -36,411,869.284 -51.235 0.209 

% Wind x % ESS -36,411,869.284 -1280.624 0.178 

% Solar x % ESS -6,199,186.505 -653.449 0.984 

% Wind x % Solar x % ESS 153,825,154.528  -2.453 

p-value 0.000 0.000 0.000 

R2 (%) 99.99% 98.19% 95.08% 

R2adjusted (%) 99.99% 97.49% 92.61% 

N 
Wind 

(%) 

Solar 

(%) 

ESS 

(%) 

NPV 

(R$) 

LCOE 

(R$/MWh) 
e   

(dimensionless) 

1 1.000 0.000 0.000 317,834,128.48 108.18 0.000 

2 0.750 0.250 0.000 243,949,569.68 119.67 0.032 

3 0.750 0,000 0.250 69,628,880.71 179.41 0.027 

4 0.500 0.500 0.000 185,237,478.18 132.05 0.053 

5 0.500 0.250 0.250 10,916,789.21 203.89 0.055 

6 0.500 0.000 0.500 -163,403,899.77 293.37 0.035 

7 0.250 0.750 0.000 129,139,448.93 148.39 0.059 

8 0.250 0.500 0.250 -45,181,240.04 237.57 0.081 

9 0.250 0.250 0.500 -219,501,929.01 353.96 0.062 

10 0.250 0.000 0.750 -393,822,617.98 512.29 0.024 

11 0,000 1.000 0.000 71,347,361.75 173.00 0.000 

12 0,000 0.750 0.250 -102,973,327.22 290.84 0.209 

13 0,000 0.500 0.500 -277,294,016.19 456.53 0.260 

14 0,000 0.250 0.750 -451,614,705.16 706.68 0.151 

15 0,00 0.000 1.000 -625,935,394.13 1127.94 0.000 

16 0.333 0.333 0.333 -78,937,087.53 253.64 0.069 

17 0.667 0.167 0.167 113,586,582.85 162.74 0.041 

18 0.167 0.667 0.167 -3,794,862.89 215.88 0.089 

19 0.167 0.167 0.667 -352,436,240.83 490.66 0.047 
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Values in bold represent significant terms in the models (p-value < 5%). 

 

One more time, the adequacy of the models is analyzed by ANOVA. The p-values for the 

objective functions under analysis show a statistically significant regression at the 5% significance 

level, proving the adequacy of the functions. Also, the values of R2 and R2 adjusted show that the 

models have a good fit. Figures 18, 19 and 20 show the response surfaces for NPV (y1), LCOE (y2) 

and diversified energy production density (y3), respectively. 

 

 
Figure 18 – Response surface and Contour plot for NPV - Scenario 4.  

 

 

 
Figure 19 – Response surface and Contour plot for LCOE - Scenario 4. 
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Figure 20 - Response Surface and Contour plot for Diversified Energy Production Density - Scenario 4. 

 

Another time, as in the cases presented above, to implement the NBI optimization process, 

the payoff matrix is initially estimated, obtaining the results presented in Table 16. In order to define 

the configuration of a hybrid plant that would allow the inclusion of the ESS while maintaining the 

project's feasibility, that is, with a NPV greater than or equal to zero (0), NPV has been minimized, 

LCOE has been minimized too, and the diversified energy production density response ( e  ) has 

been maximized. 

Table 16–Payoff matrix for objective functions - Scenario 4  

NPV 

(R$) 

LCOE 

(R$/MWh) 

e   

(dimensionless) 

-624,261,895.56 1062.10 -0.020 

178,848,584.13 114.60 0.020 

-265,520,134.63 442.63 0.243 

Note: values in bold represent individual optimum.  

 

To carry out the multiobjective optimization process, the NBI approach is used, as presented 

in Equation 5. The results presented in Table 17 constitute the Pareto optimal set for the 

multiobjective problem. Figure 21 graphically presents the obtained Pareto frontier. 

 

 

 

Table 17–Pareto Optimal Set - Scenario 4 
Weights % Wind 

(x1) 

% Solar 

(x2) 

% ESS 

(x3) 
NPV (R$) 

LCOE 

(R$/MWh) 
e   

(dimensionless) 
Entropy 

w1 w2 w3 

1.000 0.000 0.000 0.000 0.000 1.000 -624,261,271.29 1062.09 -0.020 0.000 

0.800 0.200 0.000 0.110 0.014 0.876 -514,586,419.99 816.67 0.010 0.420 

0.800 0.000 0.200 0.023 0.059 0.918 -562,778,658.82 926.93 0.037 0.331 

0.600 0.400 0.000 0.220 0.047 0.733 -389,991,349.70 587.61 0.033 0.704 

0.600 0.200 0.200 0.116 0.106 0.778 -444,168,847.26 691.31 0.063 0.683 

0.600 0.000 0.400 0.037 0.135 0.828 -496,913,722.04 796.58 0.092 0.548 

0.400 0.600 0.000 0.315 0.130 0.555 -242,665,272.83 383.52 0.046 0.956 

0.400 0.400 0.200 0.195 0.196 0.608 -306,807,449.98 476.27 0.080 0.941 

0.400 0.200 0.400 0.111 0.221 0.668 -368,116,039.87 572.14 0.113 0.847 

0.400 0.000 0.600 0.041 0.232 0.728 -426,082,591.44 671.68 0.145 0.700 

0.200 0.800 0.000 0.399 0.279 0.322 -59,303,752.40 218.98 0.045 1.088 

0.200 0.600 0.200 0.249 0.361 0.390 -140,930,742.12 292.54 0.086 1.081 

0.200 0.400 0.400 0.159 0.373 0.468 -216,158,590.77 373.13 0.125 1.016 
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0.200 0.200 0.600 0.091 0.366 0.543 -285,306,993.78 460.39 0.161 0.917 

0.200 0.000 0.800 0.032 0.354 0.615 -349,428,989.14 553.17 0.195 0.776 

0.000 1.000 0.000 0.860 0.000 0.140 178,849,069.28 114.60 0.020 0.405 

0.000 0.800 0.200 0.229 0.691 0.080 67,647,772.91 172.99 0.068 0.795 

0.000 0.600 0.400 0.075 0.764 0.161 -22,932,035.82 219.43 0.119 0.694 

0.000 0.400 0.600 0.074 0.635 0.292 -113,947,322.13 282.68 0.165 0.840 

0.000 0.200 0.800 0.039 0.567 0.394 -193,546,178.86 358.47 0.205 0.815 

0.000 0.000 1.000 0.000 0.517 0.483 -265,520,129.81 442.63 0.243 0.693 

0.333 0.333 0.333 0.157 0.258 0.585 -299,285,848.80 471.37 0.107 0.954 

0.667 0.167 0.167 0.100 0.080 0.819 -476,861,199.50 750.17 0.050 0.596 

0.167 0.667 0.167 0.274 0.393 0.333 -95,447,349.09 254.31 0.079 1.088 

0.167 0.167 0.667 0.075 0.392 0.533 -281,941,320.73 457.51 0.175 0.897 

0.131 0.833 0.036 0.406 0.355 0.239 0.00 187.21 0.047 1.076 

  Note: values in bold represent the final solution to the problem. 
 

 
Figure 21 - Pareto Frontier - Scenario 4. 

 

 

The final solution for Case 4 is obtained as: % Wind (x1) = 40.6%; % Solar (x2) = 35.5%; % 

ESS (x3) = 23.9%; NPV (y1) = R$ 0.00; LCOE (y2) = R$ 187.21; and diversified energy production 

density (y3) = 0.047. 

 

4.5. Comparison between scenarios 

In order to compare the results found for the different analyzed scenarios, Table 18 is 

constructed. Figure 22, on the other hand, presents the Pareto frontiers for the four scenarios. 

Table 18–Consolidated Results 

Scenarios 

Cost of 

investment in 

ESS (R$/MW) 

Payout for ESS 

services 

(R$/MWh) 

NPV 

(R$) 

LCOE 

(R$/MWh) 
e   

(dimensionless) 

% Wind 

(x1) 

% Solar 

(x2) 

% ESS 

(x3) 

1 2,000,000.00 0.00 0.00 165.41 0.067 0.304 0.327 0.369 

2 8,000,000.00 0.00 0.00 163.30 0.044 0.448 0.374 0.177 

3 2,000,000.00 380.12 0.00 341.38 0.050 0.021 0.074 0.905 

4 8,000,000.00 380.12 0.00 187.21 0.047 0.406 0.355 0.239 

 

In Scenario 3, which presents a lower investment cost and a significant payout for the service 

provided by the ESS, it is possible to implement an autonomous storage system designed only for this 

purpose. That is, without being combined with a power generation plant. In Scenario 2, it would only 

be possible to implement 17.7% of the 60 MW installed capacity in the ESS. However, it should be 

noted that the sale prices of wind and solar energy considered in this study are the auction ceiling 

prices, and in this situation, as we would already be at the limit of the project viability, it would not 

be possible to implement any discount on the price of energy. This means that such a project would 

only be possible with an energy price subsidy mechanism that would offset the economic deficit 

caused by the ESS. 

In general, the LCOE can be considered as the minimum price for the project feasibility. The 

results suggest that the greater the participation of the ESS, the greater the LCOE of the project, hence 
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the greater the need for payout so that the integration of the ESS can be made viable. In this sense, 

the LCOE obtained in the optimization can serve as a reference for the status of the technology 

compared to traditional projects, without the integration of ESS. In this study, wind power generation 

is more competitive than solar photovoltaic generation (LCOE of R$108.18/MWh for wind and 

R$173.00/MWh for solar), which is in line with the most recent worldwide technical studies 

[96,97].Thus, when analyzing the LCOE for the configuration of hybrid plants with utility-scale ESS, 

it presents itself as a competitive option for all scenarios, despite the economic deficit caused by the 

integration of the utility-scale ESS. It is important to highlight that Scenario 3, which presents the 

highest LCOE, is the scenario that considers the best conditions for the integration of utility-scale 

ESS (lower investment cost and maximum payout) and, therefore, allows for greater participation of 

this type of technology. 

While the diversified energy production density (
e  ) has shown itself very useful, allowing 

the integration of ESS in the solution space of the formulated problem, it does not have a physical 

meaning. Thus, the total energy production (Equation 8), the occupied area, and the energy production 

density (Equation 7) have been calculated for the hybrid plant configurations achieved in each 

scenario. Scenario 1 obtained the following results: 1,772,617 MWh of total energy production; 

8,436,271 m2 of the area; and 0.2101 MWh/m2 of energy production density. For Scenario 2, the 

following results are achieved: 2,470,848 MWh of total energy production; 12,249,496 m2 of the 

area; and 0.2017 MWh/m2 of energy production density. The results of total energy production, 

occupied area, and energy production density for Scenario 3 are, respectively, 52,988 MWh, 665,150 

m2, and 0.0797 MWh/m2. Finally, for Scenario 4, the results are 2,252,350 MWh, 11,111,351 m2, and 

0.2027 MWh/m2 for total energy production, occupied area, and energy production density, 

respectively. Scenarios 2 and 4, which have the greatest share of wind energy, have the highest total 

energy production and the largest occupied areas. This is expected as this technology has a higher 

capacity factor and greater area demand for its installation. What is noteworthy is that the production 

metric relative to the occupied area did not vary much between the scenarios, with the most diversified 

scenario (Scenario 1), performing better in this metric. The exception is Scenario 3, with a high share 

of ESS, which has the worst performance in terms of both total production and production density. 

 
Figure 22 – Pareto frontiers for all studied scenarios. 

 

Based on Figure 22, it is noticed that, in Scenarios 2 and 4, in which an ESS investment cost 

of R$ 8,000,000.00 is used, the points are more dispersed in the Pareto-optimal frontier with most 

NPV values below zero, indicating economically unfeasible solutions. From this it appears that the 

cost of investment in ESS, in the range used, has a greater impact on the viability of the energy 

generation project with ESS than the payout for the service provided. Figure 23 shows a comparison 

of the Pareto frontiers for Scenarios 1 (investment of R$ 2,000,000.00 per MW installed with payout 

for storage services of R$ 0.00 per MWh) and 4 (investment of R$ 8,000,000.00 per MW installed 

with payout for storage services of R$ 380.12 per MWh). 
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Figure 23 - Pareto Frontiers for Scenarios 1 and 4. 

 

Comparing Scenarios 1 and 4 shown in Figure 23, Scenario 1 has more Pareto-optimal points 

in the feasibility area, which generates greater flexibility for a possible composition of the hybrid 

wind-photovoltaic plant with utility-scale Li-ion battery ESS. In addition, although the final solution 

to the problem is very close in both scenarios, which is understandable by the restrictions adopted 

(maximum entropy and 0NPV = ), Scenario 1 would allow the use of a higher proportion of ESS in 

the project: 36.9% against 23.9% in Scenario 4. 

 

4.6. Policy implications 

As shown, the integration of a utility-scale battery ESS in hybrid wind-photovoltaic projects 

should still go a long way before it can present itself as an economically viable option. In the current 

scenario, the investment costs are still high and payout for the various services provided to the grid 

is not properly defined due to the absence of relevant regulation. Hence, the possibility of integration 

of storage is minimal, reaching only 17.7% of the project capacity, even considering the price paid 

for the energy generated as the auction ceiling price without considering any discount in the tariff. 

Regarding the payout mechanisms of ESS, a regulatory framework that recognizes the value 

of storage for the electricity system must be sought, creating a mechanism based on maximizing 

benefits rather than minimizing costs, so that all benefits provided by the ESS can be recognized and 

compensated. The regulatory framework must predict whether there will be a defined minimum 

payment for the services provided, such as the feed-in tariff policies adopted to encourage the 

generation of energy by RES, and/or whether there will be a subsidized credit line for investments in 

ESS technology. Another point that needs definition is the contracting modality to be adopted in the 

storage market. Currently, the main form of contracting energy in Brazil is through auctions in the 

Regulated Market, using the lowest tariff criterion. However, Pérez-Arriaga and Knittel [98] and 

Vivero-Serrano et al. [99] reinforce that conventional bidding structures may have to be revised to 

reflect resources' operational constraints. In addition, the creation of the electricity storage agent 

figure would allow for the generation of multiple revenues, avoid double taxation of storage activity, 

and allow the creation of clear rules for broad competition in the storage market. 

Greater temporal granularity of spot prices associated with unrestricted access to the Free 

Market may enable the creation of an energy stock exchange in Brazil. In this sense, utility-scale ESS 

can be implemented to work with price arbitrage. In addition to price arbitrage, in order to generate 

multiple revenues for utility-scale ESS, it is necessary to create a capacity market, which can be met 

with the implementation of the proposed separation between ballast and energy in the Brazilian 

market. Also, it is necessary to reassess the way in which ancillary services are provided and how 

they are paid. In the current context, it would be possible to create a market for ancillary services, 

with rapid response services and rapid ramp services, which could be specifically served by more 

modern technologies, such as lithium-ion batteries. Regardless of the technology, utility-scale ESS 

could become viable for scenarios where the electricity matrix has a high share of generation from 

intermittent RES. 
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In the present study, it is clearly demonstrated that the investment cost has a fundamental 

impact on the economic viability of hybrid wind-photovoltaic projects with utility-scale battery ESS. 

In this context, a neglected point in the emerging literature on storage in Brazil and that could be the 

object of discussions about regulatory adjustments would be industrial policies for the development 

of the productive chain involving energy storage. In the specific case of Li-ion batteries, Brazil has 

large reserves of lithium, and the first reserves are found during World War II [100]. In this sense, 

industrial policies that favor the production chain as a whole, from mining to the final production of 

batteries, could reduce the cost of the final product, enabling its implementation in the most diverse 

applications, from batteries for electric vehicles to utility-scale battery ESS. Another possibility 

would be the creation of tax incentives for the import of equipment, aiming at lowering its cost. 

Finally, it is worth noting that since the ESS have a negative total energy balance, integration 

of ESS implies an increase in the load for the system as a whole and this needs to be considered when 

preparing long-term planning aiming at the creation of an electricity storage market in Brazil. 

 

5. Conclusion 

The present study sought to optimize the configuration of hybrid wind-photovoltaic power 

plant projects with utility-scale battery ESS and to discuss the application possibilities for regulatory 

adequacy in Brazil. The proposed study becomes very timely in the context of discussions on the 

regulatory adjustments necessary for the integration of ESS in the NIS, providing essential 

information on the economic feasibility of applying this technology in wind-photovoltaic power plant 

projects already under development in the Brazil. The innovative character of the article focuses on 

an optimization routine that, by considering different scenarios, contributes to the regulatory advances 

necessary to promote the technical and economic feasibility of using energy storage in Brazil. 

The mixture arrangement design proved to be adequate in order to model the mathematical 

responses and the NBI optimization methodology found to be efficient in building Pareto frontiers 

for the scenarios studied. Two financial indicators (NPV and LCOE) and an indicator that relates 

energy production to the area occupied in its generation were optimized, seeking maximum 

diversification (diversified energy production density). For each scenario, using Shannon's entropy, 

the optimal solution was obtained from the most diversified configuration among the economically 

viable ones. The optimization routine proposed in this study proved to be quite applicable, both due 

to its ease of implementation and the reduced computational cost, allowing the generation of the 

Pareto frontier in more complex problems involving three responses (objective functions). 

The results show that the investment cost can have a greater impact than the remuneration 

itself for the services provided. This fact demonstrates that public policies for achieving technical-

economic feasibility in the use of utility-scale battery ESS should focus on subsidized lines of credit 

and/or reduction of import fees in order to reduce the cost of investment. The results also show that 

appropriate public policies (especially investment cost reduction and a financial compensation 

system) can even enable projects exclusively dedicated to energy storage. 

For future studies, it is suggested to consider the application of the proposed routine in other 

countries or regions, to use the combination of different energy storage and generation technologies, 

and to use the routine proposed in countries that already have their regulatory framework in an 

advanced stage of development to define the optimal mix of projects to be installed, given the 

previously established market conditions. 
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Appendix A. Climatic data 

 

Table A1 –Irradiation data (Wh/m2) from Caetité-BA 

Hour 
Irradiation (Wh/m2) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0 - 1 0 0 0 0 0 0 0 0 0 0 0 0 

1 - 2 0 0 0 0 0 0 0 0 0 0 0 0 

2 - 3 0 0 0 0 0 0 0 0 0 0 0 0 

3 - 4 0 0 0 0 0 0 0 0 0 0 0 0 

4 - 5 0 0 0 0 0 0 0 0 0 0 0 0 

5 - 6 12 0 0 0 0 0 0 0 0 49 53 47 

6 - 7 188 160 129 129 114 91 88 146 177 261 219 216 

7 - 8 345 333 301 289 302 299 323 392 371 434 355 355 

8 - 9 504 479 432 419 420 430 452 545 549 579 490 493 

9 - 10 603 569 536 519 533 538 574 679 676 658 545 572 

10 - 11 620 601 569 569 612 617 667 744 740 688 535 570 

11 - 12 575 588 556 579 614 643 704 761 747 678 502 549 

12 - 13 544 559 538 573 593 643 709 761 740 646 476 517 

13 - 14 519 547 525 549 573 622 691 733 702 587 433 485 

14 - 15 500 525 507 527 546 596 663 693 649 541 393 449 

15 - 16 470 490 476 502 513 556 613 634 575 486 353 413 

16 - 17 419 433 428 431 397 430 506 530 463 402 319 369 

17 - 18 299 312 217 128 45 45 134 157 132 120 136 247 

18 - 19 17 17 0 0 0 0 0 0 0 0 0 0 

19 - 20 0 0 0 0 0 0 0 0 0 0 0 0 

20 - 21 0 0 0 0 0 0 0 0 0 0 0 0 

21 - 22 0 0 0 0 0 0 0 0 0 0 0 0 

22 - 23 0 0 0 0 0 0 0 0 0 0 0 0 

23 - 24 0 0 0 0 0 0 0 0 0 0 0 0 

 

Source: SWERA [75]. 
 

Table A2 –Maximum average temperature (ºC) from Caetité-BA 

Month 
Maximum average 

temperature (ºC) 

Jan 30 

Feb 31 

Mar 30 

Apr 29 

May 25 

Jun 25 

Jul 25 

Aug 26 

Sep 29 

Oct 31 

Nov 32 

Dec 32 

Source: INPE [76]. 
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Table A3 –Wind speed data (m/s) at 100 m height from Caetité-BA 

Hour 
Wind Speed (m/s) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0 - 1 9.4 10.3 8.8 10.4 11.5 11.8 13.1 12.9 12.8 12.8 10.3 8.6 

1 - 2 9.9 10.9 9.4 11 12.1 12.4 13.6 13.4 13.4 13.1 10.7 8.9 

2 - 3 10.4 11.3 9.7 11.5 12.4 12.7 13.9 13.6 13.7 13.3 10.8 9.1 

3 - 4 10.8 11.5 9.8 11.7 12.6 12.7 14.1 13.6 13.9 13.2 10.7 9.3 

4 - 5 11.1 11.6 10.1 11.8 12.7 12.8 14.1 13.7 14 13.1 10.7 9.5 

5 - 6 11.1 11.7 10.2 11.8 12.8 12.8 14.1 13.8 14 13 10.6 9.6 

6 - 7 11 11.6 10.2 11.8 12.9 12.8 14.1 13.8 13.9 13 10.6 9.6 

7 - 8 10.9 11.4 10.1 11.7 12.9 12.8 14.1 13.7 13.8 12.9 10.6 9.6 

8 - 9 10.9 11.2 10.1 11.7 12.8 12.8 14.2 13.7 13.8 12.9 10.4 9.6 

9 - 10 10.8 11.1 10.1 11.7 12.8 12.8 14.2 13.8 13.8 12.9 10.3 9.4 

10 - 11 10.1 10.5 9.6 11.3 12.5 12.6 14.1 13.7 13.5 12.2 9.5 8.6 

11 - 12 9 9.5 8.6 10.3 11.8 12 13.5 12.9 12.8 11.2 8.5 7.7 

12 - 13 8.5 8.8 7.9 9.5 10.9 11 12.5 12.1 12 10.5 7.9 7.3 

13 - 14 7.9 8.2 7.2 8.8 10.1 10.3 11.8 11.6 11.4 9.8 7.3 6.9 

14 - 15 7.3 7.5 6.6 8 9.4 9.8 11.3 11 10.8 9.2 6.8 6.5 

15 - 16 6.7 6.8 6 7.1 8.8 9.2 10.8 10.4 10.2 8.6 6.1 6.1 

16 - 17 6.1 6.2 5.5 6.5 8.2 8.8 10.3 9.9 9.7 8.1 5.8 5.8 

17 - 18 5.8 5.9 5.3 6.1 8 8.6 10 9.6 9.3 7.7 5.6 5.7 

18 - 19 5.8 6 5.2 6 7.8 8.5 9.9 9.5 9.2 7.5 5.6 5.7 

19 - 20 6 6.2 5.4 6.3 7.9 8.7 9.9 9.3 9.2 7.7 5.9 5.7 

20 - 21 6.5 6.8 5.8 6.8 8.3 8.9 10.1 9.3 9.3 7.9 6.4 6 

21 - 22 7.2 7.6 6.5 7.4 8.8 9.2 10.4 9.4 9.6 8.2 7.2 6.3 

22 - 23 7.6 8 6.8 7.9 9.2 9.6 10.7 9.8 10 8.5 8.1 6.9 

23 - 24 8.1 8.4 7.1 8.4 9.7 10.1 11.4 10.3 10.7 9.1 8.8 7.3 

Source: SWERA[75]. 
 

Appendix B. Wind turbine models 

Table B1–Power functions for wind turbines  
Nominal power of 

wind turbines 

Hubheight 

(m) 
R²adj Power functions (kW) 

2000 kW 108 99.40% 1 2 3 4 5
0 939 18 980 18 389 5 718 1 092 0 053. . v . v . v . v . v− + − + − (28) 

 2300 kW 114 99.90% 1 2 3 4 5
10 252 47 467 28 959 6 013 0 223 0 001. . v . v . v . v . v− + − + − − (29) 

2300 kW 108 99.92% 1 2 3 4 5
4 898 23 137 14 296 2 927 0 163 0 018. . v . v . v . v . v− + − + + − (30) 

2350 kW 84 99.92% 1 2 3 4 5
4 898 23 137 14 296 2 927 0 163 0 018. . v . v . v . v . v− + − + + − (31) 

3000 kW 84 99.98% 1 2 3 4 5
10 845 56 798 39 354 9 524 0 557 0 009. . v . v . v . v . v− + − + − + (32) 

3050 kW 124 99.94% 1 2 3 4 5
11 084 97 144 78 550 21 207 2 867 0 120. . v . v . v . v . v− + − + − (33) 

3500 kW 74 99.93% 1 2 3 4 5
10 797 51 616 32 958 7 236 0 077 0 014. . v . v . v . v . v− + − + − − (34) 

4200 kW 135 99.98% 1 2 3 4 5
7 636 52 374 44 998 12 780 0 489 0 008. . v . v . v . v . v− + − + − − (35) 

7580 kW 135 99.91% 1 2 3 4 5
47 652 211 978 129 195 27 331 1 489 0 022. . v . v . v . v . v− + − + − + (36) 
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Appendix C. Financial data 

Table C1–Assumptions for financial analysis 
Parameters Value References 

Wind investment 

Solar photovoltaic investment 

ESS investment cost (current) 

 

ESS investment cost (ideal) 

Wind energy price* 

Solar energy price* 

Compensation for storage (current) 

Compensation for storage (ideal)** 

Battery recharge cost*** 

Annual energy production (kWh) 

Residual value 

Depreciation 

Project construction time 

Project lifetime 

Leasing 

Operation and Maintenance (O&M) 

costs for wind energy 

O&M for solar energy 

O&M for ESS 

Transmission system usage fee (TSUF) 

TSUF discount 

Electric Energy Commercialization 

Chamber Fee (CCEE) 

National System Operator (NSO) Fee  

Electric Energy Services Inspection 

Fee (TFSEE) 

Plant insurance 

Tax: PIS (Social Integration Program) 

Tax: COFINS (Contribution to Social 

Security Financing) 

Calculation basis for presumed profit 

Corporate Income Tax (IRPJ) 

 

 

Social Contribution on Net Income 

(CSLL) 

Debt percentage (D) 

Equity percentage (E) 

Risk-free rate (rf) 

Expected market return (rm) 

βunleveraged 

Debt cost (kd) 

Equity cost (ke) 

Broad Consumer Price NationalIndex 

(IPCA) 

WACC 

Deflated discount rate (i) 

Exchange rate(R$/US$) 

R$ 4,315,289.33 per MW installed 

R$ 4,044,305.06 per MW installed 

R$ 8,000,000.00 per MW installed 

 

R$ 2,000,000.00 per MW installed 

R$ 189.00 per MWh 

R$ 209.00 per MWh 

R$ 0.00 per MWh 

R$ 380.12 per MWh 

R$ 49.77 per MWh 

Calculated for each experimental condition 

10% on investment 

5% per year 

2 years 

20 years 

1.0 % on investment 

2.0 % on investment 

 

0.9% on investment 

R$ 57,917.77 per MW installed 

R$ 4,580.00 per MW installed 

0 % 

R$ 0.07 per MWh 

 

R$ 470.00 per MW installed 

R$ 3,058.92per MW installed 

 

0.3% on investment 

3.0 %on investment 

0.65% on sales 

 

8.0 % on sales 

15% on calculation basis + 10% on the 

value that exceeds R$ 240,000.00 

 

9% on calculation basis 

 

40.0 % 

60.0 % 

3.07 % 

11.20 % 

0,70 

8,08 % 

9,37 % 

4,52 % 

 

7,77 % 

3,11 % 

R$ 5,59 

CCEE [101] 

CCEE [101] 

Rahman et al. [62], Cole and 

Frazier [92], Fu et al. [89] 

Penisa et al. [93] 

EPE [102] 

EPE [102] 

ANEEL [20], EPE [19] 

Davies et al. [94] 

CCEE [103] 

Equation15 

Modified from Azevêdo et al.[84] 

Aquila et al. [38] 

Aquila et al. [38] 

Aquila et al. [38] 

Aquila et al. [6] 

Aquila et al. [38] 

 

Azevêdo et al. [84] 

Rahman et al. [62] 

Aquila et al. [37] 

Brazil [104] 

Aquila et al. [37] 

 

Aquila et al. [37] 

MME [105], Brazil [106] 

 

Aquila et al. [37] 

Aquila et al. [37] 

Aquila et al. [37] 

 

Modified from Aquila et al. [37] 

Modified from Aquila et al. [37] 

 

 

Modified from Aquila et al. [37] 

 

Aquila et al. [70] 

Aquila et al. [70] 

Aquila et al. [70] 

FGV [107] 

Aquila et al. [70] 

BNDES [108] 

Equation 28 

IBGE [109] 

 

Equation 27 

Equation 30 

Quotation on 04/16/2021 
 * ceiling price of the 30th new energy auction with a delivery horizon in six years (A-6), realized in 2019. 

 ** considering the possibility of stacking revenues. 

 *** minimum hourly price for the Northeast submarket until 03/31/2021. 
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