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Abstract

The increase in energy consumption and the consequent environmental thphetge
meetingits growing demand andustainability Therefore, the search for alternative
solutions for renewable energy sources has intenslhetthis context wind energyhas
proven to be aassentiasource in the clean energy scenario. In additlmere are several
incentivego counteracthe intermittency of renewable generati®herefore, the present
researchassesss wind farms' efficiencyn northeast Brazil by Data Envelopment
Analysis (DEA)through theNeighted Russell Directional Distance Mo@@&/RDDM).
This nonparametricmethod allows the assessmehtvarious factors influencing wind
generation sets benchmask between DecisionMaking Units (DMUSs), proposes
corrective projectionsthus contribuing to performanceassessmerdand consequently
better competitiveness of wind power syste@werall the DMUs presented an average
capacity factor (@%) above the world average (34%)d arevind power pants oftypes
[1-C and Ill. The bestperformancs are obtained inDMUs mainly located inthe Rio
Grande do NorteRN), Bahia BA) andCeara(CE), i.e., inregions witlin Brazil's best
wind power potentiaAlso, the analysis showetiatefficient wind farmshavea slightly
higher number of turbines, ageagerationand installed powerapaciy than inefficient
DMUs.

Keywords: Wnd energy Data Envelopment Analysi$Veighted Russell Directional

Distance Model



Resumo

O aumento do consumo de energia e 0s consequentes impactos ambientais unostram
desafio entre aecessidade de satisfacdoctescente demanddiada com as metas de
desenvolvimentsusterdvel Por conseguinte, a proeude solucdes alternativaara

suprir as necessidades energéticas das nossas sociattadés ddontes de energia
renovaveisintensificouse. Neste contexto, a energia eodlica provou ser uma fonte
essenal no cenario da energia limp&lém disso, existem varios incentive®stao a ser
desenvolvidos esfor¢gmralidar mais eficazmente comintermiténcia da producao de
energia renwavel. Assim, a presente pesquisa visa avaléiciéncia dos parques eolicos

no nordeste do Brasil através f@rrament®ata Envelopment Analyg[IBEA) aplicando

o métodoVNeighted Russell Directional Distance Madeste métodpermite a avaliacdo

de vérios factores que influenciam a geracdo edissim,estabelecbenchmark entre
Unidades de Tomada de Decig@MUs), propde projeccdes correctiyasntribui para
avaliacdo de desempenho e consequentemente melhor compettidatasistemas
eolicos No gera)] as DMUs apresentaram um factor de capacidade média (40%) acima
da média mundial (34%) e sdo centrais edlicas dos tipGsdllll. Os melhores
desempenhos s&o obtidos em DMUSs localizadas principalmente no Rio Grawholeedo
(RN), Bahia (BA) e Ceara (CE), ou seja, em regides dentro do melhor potencial edlico do
Brasil. A andlise também mostrou que os parques eolicos eficientes tém um numero
ligeiramente superior de turbinas, idade de operacédo e capacidade instalagdaado q

DMUs ineficientes

Palavraschave: Energia Eoblica, AnaliseEnvoltdria de Dados(DEA), Modelo de

Distancia Direcional de Russell Ponderada
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1 Introduction

The currentenergy supply system based mainly on fossil fuels endangers the
environment, ecosystems, cities as@mpromises energy securiffhe penetration of
renewable energpourcesas an intermittent supply in growing demaisda more
sustainable alternativélso, some changes in the regulatory energy mahkete been
intensified b drive the growth ofenewable technology

Thereby wind energy has shown promias asource and &cording to[1], it will be
necessaryhree timedast he global windpower capacityachieve a netero patiway.
Besides a significant investment in electrification and efficiency improvemests
required The benefits of wind energyre diverse fonations' energy security, economic,

and social developmerits main contributbonsarehighlightedin Figure 1[2]:

Renewable and neemitting CQ

Competitive and costffective energy price

Generates employment and income

Allows agriculture and cattieaising activities in
the space of the wind turbines

Promotes sustainable development to achieve|UN
Sustainable Development Goas by 2030

Figure 1 - Main wind energy contribution2]

Also, according td1], ChinatheUnited States, Germany, India, and Spain lead the wind
market which together accounts for 72% of the wtwltal installedcapacity(Figure

2). Furthermore based on an analysis tife installed capacity by region, Asia is the



largest wind markefollowed by Europe, North America, Latin America, Afriaadthe
Middle East respectivet [3].

PR China 37%
= USA 17%

= Germany 9%

= India 6% #
Spain 4%
= France 3% = 621 GW
= Brazil 3%
UK 2%
= Canada 2% ‘
= Italy 2% ~

= Rest of the World 16%

a) Onshore

United Kingdom 33% ‘
= Germany 26% ‘
= PR China 23%
= Denmark 6%

Belgium 4%
= Rest of World 8%

b) Offshore

Figure 2 - Total shareof onshore (a) and offshofie) wind power installed capacif]

In addition,the deployment 0855GW of wind powercapacityis beingplanned for the
nextfive years[4]. Installed renewablpowerin 2020 reached almost 200G\&hd by
2021 renewables are eeqied to expand by a record 1(05}. Therefore wind energy
can achieve leadership in the energy transgmon.Neverthelesst is still necessary to

solvethechallenges ointermittencyand nordispatchaliity ein wind powergeneration



1.1 Motivation

The incentive for greater participation®énewable Energy Sourcd®KS in the global

energy and electiity matrix intheface of thenigh competition for energy resources has

intensified the studpf Renewablenergy generation

Another aspct that motivated this researalork is that Brazil's northeast regios a

world reference in wind generatidae to the predominance of the trade wihtsvever,

and b the best of our knowledg®o study has been applisd farin this region's

efficiency assessment of wind power gernieratHence, he present workims to shed

light onthe efficiencyof wind farmsin this particular regioiby using the DEA method.

In summarythe motivation for trs researchs threefold

ii)

It is the first contribution in the literature about DEA application in the world's
reference region for wind power generation. In addition, wind energy is one
of the pillars of the energy tratisn. However significant investment in
electrification and efficiency improvemenis required It is necessary to
evaluate its performance, which besides contributing to endogenous
evaluation and promoting corrections for improvements, etssequently
drives greater penetration and competitiveness compared to other

technologies.

DEA is a powerfutool, and the analysis of the fact@ssessely this method
contribuesto helping operatorso makebetterinformed deci®ns

This work intends temploythe DEAWeighted Russell Directional Distance
Model (WRDDM), which allows handling non-controllable factors of

evaluation such as windspeedand intermittency The present research
contributesto thescientificliterature as theres a lack of scholarly attention

related taassessinghe operational efficiency of wind farms.

1.2 Objectives

A careful analysis of wind farms after deployménessentiato ensure an acceptable

efficiency levelandthe high initial investment costising the DEA methodology it is



possible toevaluatethe performanceof the energygeneratiordelivered to societyalso

encompassing a setiofdicatorsaffectingthe energy system

Main Objective
Evaluate the efficiency of 460 wind farms in northeasternr&il employing the DEA
methodologyby considering a set of indicatoobtained from Brazil's electricity sector

database

Specific Objective

1 Conduct a literature reviewn RES wind power generation, and the DEA
method

1 Collect inpus and output data regarding wind farms in northeastern Brazil from
the Brazilian electricity sector.

1 Apply theWRDDM for assessintheefficiency of wind farms

1 Contribute to the scientific literaturedmcrease access to studiesvond energy
from DEA.

1 Publish research results related to renewatdegy.

1.3 Dissertation Content

Sectionl presents a global overview wind energy ad the forecast for future yeais

also discusses the motivation for building this research and highlights the importance of
RESin the sustaindb energy transition processdthe relevance of DEAS a tool for
efficiency assesment in the electricity sectdn section2, an overview ofwind energy

in Brazil is shown, highlighting the Northeast i@y Section3 conducs a literature
review on DEA Secton 4 provides furthedetailsonthe methodologal WRDDM used.
Section 5, the results are discussdéinally, section6 presents the conclusions drawn

from this study anéhsights for future work.

2 Wind Power

Thefollowing subsecthn addresessome aspects @nergyconversiortechnology The
potential wind assessment will also be covédceanalyse the shape and scale parameters
addressed as input datathis work Lastly, the wind energy scenario in Brazil will be

4



explored, especially in the Northeast regiarhere the wind farms in this case study are

located.

2.1 Wind Energy Technology

Wind energycommercialsationdeveloped rapidlyn several countrieafterthe oil crisis
in 1970[6] to supplythe energy demand itme face ofthe total dependence on fossil
fuels.Wind turbines can belassified into two types according to thexisaof rotation:
Verticalaxis Wind Turbines (VAWT) and étizontataxisWind Turbines (HAWT)[7].
TheVAWT is composed of curved blades airienby lifting forces. HAWTis the most
usedglobally and are also driven by lift and drag forces. Tiseal configuation for
HWAT is propeller type and consists of three blaj@&sin addition, the maximum power
capacity of the existing turbines on the market currently employed in adeaie
generation is up to 5SMW, and the turbines have a useful life of 20 j@afsgure 3
shows the evolution in size and power capacity of wind turl{iHAsVT).

320+
300+ Rotor diametre (m)

280 Rating (kW) 250 m
260 20 000 kW
240 - 150 m Future

220 125m 10 000 kw wind turbines

200 5 000 kw
1807 100 m
160 3000 kw
140 80m [
| 70m 1800 kW
L 1 500 kw y

Hub height (m)

100 50 m
80 30m 790 kW
60 117m300 k" \

40 75 kW
204 @'

Figure 3 - Evolution in size and power capacity of wind turbines over the y&@}s

Also, wind farms can be classified depending on laodskorg or sea gffshorg.
However, onshore technology is most widely uggabally and currently represents
95.52%0f theinstalled capacityl].

Offshore technology requires a high inlitiavestment,complex logistics operation,
maintenance, and transmission logistics costs. It also requires special materials adapted

for use in severenarine conditions, where the turbines are exposed to the highest wear



and tearAlthough more recent, offshore wind energgshgrown considerably due to

decliningavailable onshore locations atiet high offshore wind potentiaf11].

2.1.1 Horizontal Axis Wind Turbine Components

The main components of a horizontal axis wind turbine are the tower, generator, yaw
drive, rotorblades, nacelle, and control mechani8in(seeFigure 4). Table 1 shows

the mainfunctions of these components:

‘aw Drive

High-speed Nacelle
Shaft

Yaw Motor

Blades Tower.

Figure4i Wind turbine componeni&?2]

Table1-Description of the wind turbine components [8]

Wind turbineComponents Function
Nacelle Housing where the generator, gearbox, brake control system
anemometer are located
Blades Responsible for the interaction with the wind and converts part o
kinetic energy into mechanical work
Tower Support theotor and nacelle at a height suitable for blade rotation
optimal wind harnessing.
Gearbox Increase the shaft speed between the generator and the rotor hul
Generator Transforming the mechanical energy of rotation into electrical pg
throughelectromagnetic conversion
Controller Align the rotor with the wind direction
Yaw Drive Align the rotation plane to be perpendicular to the wind direction.

In addition the wind farms can be classified according to the mode of operation that
influences the National Interconnected System (Sk)d in this way establish a
connection with the National Electric System Operator (ONS). Figure 5 below

shows the classification of the modes of operation of wind power plants.



‘Wind Farm

YES Does it impact the

electr tic safety of
operation?

NO

Suitable for operating as
a set?

NO

Is it necessary in
electromagnetic
programming?

NO

| Typel || Twens | | Typem |

YES

I Type II-C |

Figure51 Classification of the operation mode of wind power plaftiapted fronjl3]

2.2 Wind Energy Conversion

Part of thewind's kinetic energyassing through the aerodynamic rotor of the wind

turbine is converted into mechanical energy through torfjue then transformed into

electricalpowerusinga generatofl4], as illustratedn Figure 6 below.

Rotor
45%-52%

kinetic energy

Gearbox
9594%

[ Mechanical energ>}

Figure 67 Wind energy conversidib5]

Generator + Converter
9@5%

[ Electric power




Therefore, it is only possible to extrgwrt of the kinetic energy from the air passing
through the area swept by the rotating bl§is The air volumeis cylindrical for
horizontal axis turbines (HAWT gas shown inKigure 7).

N

S
—_—
S
.
I
S

| I
.
—_—
S—
—_—
—

Va

Wind
Turbine

1y
\-\_'-‘—\—\_

Wind
Turbine

Cylinder of air

Figure 71 Air mass flow around wind turbir[8]

Therefore, According to the theory of the efficiency of rotebased turbineg16]
the Betz limitd is the maximum power that wind turbine with a disdike rotor can
extract from the windlt is up to 59.3% of the energy of the air mass passing through the
wind turbine[17]. Thus, also considering the efficiency of the electrical system of the
generator and transmission,seis possible tasummarse the electridgpower of a wind

turbine inEquation 1[8]:

TR T 1)
C

" - Air density kg/m3

0 - Wind turbine rotor area (m?)
0 - Wind Speed (m/s)

0 - Power coefficient

- Efficiency of the generator/transmission set

Also, another pertinent analysis is the fact that when kinetic energy is absorbed upstream
of the wind turbine, the wind speed gradually decreases downstream. In thisspiggl, a
wake of vortices is formed from the aerodynamic support forces on the rotes blad
dissipated by mixing with the air masqé8]. Theaefore, this effect is callethe wake

effect and is associated with performanosses caused by interference fronewind

turbine close to another. Therefore, to mirggrthis effecta design distancecensidered

8



adequate so that the flow recovers the original velocity conditions when mixing with the
air mass. Thus, as shown kEquation 2, the angular speed of rotation iisversely

proportional to theotor diameter (D)19]:

W s PPULT 2
YUU—,O

This adequate distance between turbines varies with site wind speed, terrain roughness,
turbine operating conditionand thermal stability. In generalsaitabledistance is about

ten times therotor diameter(10D) if installed downstream and five times twgor
diameter(5D) if installed net to it [20], as illustrated ifrigure 8 [14]:

~
~

10D

Figure 81 Wake effect ai wind turbine[19]

2.3 Wind Energy Potential Assessment

The performance of the wind system depends essentially on wind speadvaaiH
designed design study to ensure adequate efficigDpiimal performance in power
generatiorfrom wind turbinesequiresprofile stable, constant, and unidirectional speeds
[21]. Therefore the wind is considered a continuous random variable that varies over
minutes, hours, days, mosthand yeas. For a consistent analysis of wind spedtie
functionbest describes the wind energy study from the statisties M/eibull probability
function orWeibull distribution function thas defined byEquation 3 [22]:

00 3)

ed F
e &-

Qi w
W -
r](»\)



The function has three parameters: wind sp&8qd ghape parameteK), which are
adimensionahnd represent the shape of the Weibull distribution curve according to the
variance of speeddn general, the literature reports that the annual wind speed
distribution of the shape parameter varies betwdenrange of1.57 3) [23] but can
reach values abowax in somemonthsin northeastern BrazjP4]. So the highethe K)
value, the more regular and consttdr@ wind speeds also narrowbe curve Thus, the
shape factor is calculated from the average wind spgegh(l the standard deviatioi) (
asexpressed ikEquation 4 [25]:

® (4)

0 ;
W

The scale parametet) (s related to the average wind speed at the sedlpcation and
therefore has the same unit (m/ahd is calculated from the averagend/speed and the

gamma functiorf) ) in Equation 5[23].

W (5)

@
:p%2

The cumulaive Weibull function seeEquation 6) can also be representaddis related

to the probability of wind speeds higher than wind spegiif26].

(6)

e e-

Ow p Qwn

To better illustrateit is possible to observe iRigure 9 the variation of the scale

parameter and shape parameter for different values, consequently the curve variation.

10



2.0

] , —— scale =1, shape = 1
/ scale =1,shape =15
0 I scale =1, shape =5
2 - [ — scale = 2, shape =1
S [ scale = 2, shape = 1.5
2 o | [ scale = 2, shape =5
E —
©
8
a0
L]
L]
2 -

Wind speedm/s)

Figure 97 Weibull Distribution[27]
In addition, the power density flow can be calculated from the Weibull laisitvh
parameters ifcquation 7. Where the parameterk)(and €) is known by tle Weibull

probability function andjy ) is the air density28].

o (7)

I l==
NI
Eo)

Besidesit is fundamental to analyse the wind direction from the distribution of speeds
along with thewind rose This study ofwvind directions is very effective in adjusting the

position of the turbines to obtagmmore effidgent use of energf23].

2.4 Wind Energy in Brazil

Brazil has a privileged wind regime due to its location in the tropical zone, which is under
the influence of trade winds that are favourable for wind energy harnessing. Furthermore,
the participation of renewable energies in the Brazilian electric mariguite
considerable, totalling 83.1%, and wind energy have a share of[28YseeFigure

10).

11



B E B = =oO

Hydro | Wind |Biomass PV Natural Fuel OIl Mineral Nuclear
Gas Coal

\Sharq 62,80% 9,80% 8,70% 1,80% 8,60% 5,10% 2,10% 1,10%\

Figure 107 Brazilian electric matri29]

Currently, Brazil occupies the 7th position in the world ranking of installed wind capacity.
In Brazil, electric energy transmission comprises National Interconnected System
(SIN), which is composedf the South, Southeast/Midest, Northeast (except for the
State of Maranhao) and North subsystg8d$. The interconnection througimextensive
power gridis an energy security stratefyr any subsystem lacking energy suppiiso,
according tg29], 14.7% of the energy consumed in the SIN (National Interconnected
System) comes from wind enerdy addition, any source of energy connected to the SIN
contributes to meetg the entire energyystem.

The average capacity factor in Brazil is 42.%kjch is highethanthe world averagef

34%. Furthermorea considerable evolution in the increase of installed capacity is
expecteduntil 2030 according to the tgrear expansion plan of energyaased by the
Energy Research Company (EPE) in Brfdl]. Therefore, a 3.9% growth in the share
of renewables is expectedonsequently reducinthe percentag of nonrenewable
sources inhte Brazilian electricity matrix

In addition, Brazil has IOW of installedwind capacity and a total of 73@nd farms

and over 8000 wind turbines aperation distributed acrofsurteenBrazilian state$32]
(seeTable 2). According to[33], the forecasis that by 2024 Brazil will have 28GW of

installed wind capacity

12



Table2- Wind energy in thefzilian states [34]

State Installed wind
Capacity Farms
(Mw)
RN 5461.8 188
BA 5101.8 200
CE 2394.6 94
Pl 2354.6 81
RS 18359 81
PE 800.4 35
MA 426 16
SC 250.6 18
PB 1572 15
SE 345 1
RJ 28.1 1
PR 25 1
MG 0.156 1
SP 0.002 1
TOTAL 18848.2 733

Among the Brazilian regions that stand out in the pradnatf energy from wingit is
possible to highlight inhefirst place the northeast regidn which about94.4% of the
energy consumed by the population comes from wind power. In second place is the
southeast subsysteawith 16.9% and in third placethe northern subsystewith 7.4%%

[29].

S 30000
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5 25000

=

g

S 20000

k<

g2 15000

>

Q

(&)

< 10000

5000 II

$ O QA @ O QO DNV ID N> O O A W@ O QNN D AN
O " O " K O A AV & &Y &7 7 A QDS QY
A AT AT AT AT AT AT AT AR AT AT AR AT DT DT DT AT DT AR AP

Figure 117 Evolution of installed wind capacity in Brafd5]
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Regarding the historical evolution of the installed capaditis possible to obseeva
growing increasesgerFigure 11 andFigure 12). The future forecast until 2024 is to reach
26.9 GW of installed capacity based on data from auctions already held in the free market
[35].

' PNAY \ AT, 2.4 GW
) X ~ =8 _ 2.4GW
| AM ! {?" .LE; 5GW
T\ ‘
' i '
Y

L

i MT

Figure 1271 Installed wind capacity in Brazily statesAdapted fron{36]

Wind power anchydropower are complementary in Brazil. During the dry seaben
water volume in the reservoirs decreases and consequéstlyydroelectric generation
dedines Still, during this same perigpthe wind speedrowsandhencethe wind power

generation isnore significan(seeFigure 13) [37].

14
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Figure 137 Seasonatomplementarity between hydro and wind poy&]

Therefore Brazil has an instld capacity of 1645W, and enewablesources have the
largest share in therBzilian electric matrix (83%)wvhile RESin the global wind matrix
is only 25%[29].

2.5 Wind energy in Northeast Brazil

The Brazilian northeast is geographically farex by the intensity and constancy of the
trade windg39]. In addition thenortheast region is located in an area with the prevalence

of asemtarid climate, in which thavailability of water resources is scarce. Therefore, it
suffers from constant droughts when there is a predominance of the El Nifio phenomenon
in which the windspeed reaches above average vald@ps Thus, the wind source has
represented agssentiatole in ths region's energy security, and ab®d%6 of the energy
consumed in the northeast subsystem comesinoih energy generatigi29].

The Northeastsubsystem connected to the SIN (National Interconnected System)
compriseseven Brazilian states with 6dnd farms Furthermore, it presents an average
capacity factor of 71.14% and an installed wind power capacit§.dBGW (seeFigure

14). Rio Grande do Norte is the state which generates most wind energy, secondly Bahia
and thirdly Cear§36].
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Installed Wind Capacity (GW)
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Figure 147 Installed wind capacity in Northeast Brai3#]

The period fron Julyto Octoberis known as wind harvegseeFigure 15) due to the
greater constey in the speed, directiomtensity of thetradewinds and consequently
more effective use of windnergygenerationThese chaacteristics makéhe northeast
regiona world reference in wind powend 80% of the Brazilian wind farms are located

there Moreover,The Northeast represents 85.4%wafid generation in Braz[41].
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Figure 157 Annual wnd energy generation and average capacity faatdxortheast
Brazil [38]
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3 Literature Review

Renewable source technologies have gained remarkable growth due to decarbonization
policies and as a complementary source of generation capacity capable of meeting high
demands but limited by intermittent weather conditions. Consequently, there has been
increasing research on renewable energy soutiocesercomeantermittency challenges
andimprove efficiency
In the electrical sector,eseral parameters must be analysed to evaluate the energy
system's performancé&mong thee it is crucialto assesshe supplysideto contribute
to energy securitySome methods can be usedassesshe performance of energy
systems and consequently identify generation potenRaferencg42] consides the
performance of asmall group ofwind farms using three muldriteria analysis
methodologiesvhich aretheAnalytic Hierarchy Process (AHRhePreference Ranking
Organization Method for Enrichment Evaluation (PROMETHEE), and Data
Envelopment Analysis (DEA)In addition, the criteria evaluated {42] were the
following indicatos: Economic(RevenueandaverageO&M costg, EnergetiqInstalled
active power, average capacityctar and Availability and Technical ( Liféime of
equipmentmean failure and repair timelhe authors conclude that the DEA method is
preferable in this studyecause it shovike requiredmprovements to makan inefficient
unit efficient
Furthermore[43] alsousesAHP and DEAto analyze the performance of energy systems
The indicators analyzed wergconomic(InvestmentO&M cost, generating capacity),
Tedhnical (Hours of equipment utilization, power capaatydefficiency), Social Land
use, sulfur dioxide emissiand Carborlioxide emissions)Environmental(The degree
of socialacceptance, land us@adthe number of jobs provided)
Reference[44] highlights the main research on DE#pecifically addressintyvo-stage
analysis crossefficiency and rankingReferencg45] addresses a literature survey and
presenta general framework of the DEA methodology, models approach and the main
features on 100 publications related to DEA in energy and environRef@rencd46]
reviewsDEA modesk related to energgfficiency and pesents 144 papers on DEA for
efficiency analysis in the energy sectbalso[46] categorizes the articles into nine areas:
renewable energy environmentalefficiency, economic and eecefficiency, energy
efficiency issuesenergy performance, energgving, integrated energy efficien@nd
other application areaReferencg47] covers 693 articles on DEA applied to energy and
17



environmentover the past four decades, highlighting 400 articles applied to energy
particularly energy efficiency, electricity generation, renewables and transmission &
distribution network.

The advancement in the wind farm industry has driven efficiency evaluatiorake
improvemets and make them more efficierfthe literature on DEAapplied to vind
energy includescomparative efficiency analysis between other technologied
efficiency evaluation for a set of wind farms as decismaking units (DML$).

Among the approaches to assessing the performance of a wind &sta 3 provides a
summary of th@rimarystudies applied to DEA favaluaing the performance aftility -

scale wnd farms @fficiency. We can highlighthat these studies concludleat it is
essential to measure efficiency to ensure profitability and better performance of the
energy systemAlso, dl the studies reviewed use ortedand radial DEA methodolags
limiting the assessment, especially when it is required to consideitaneousand
distinct adjustments of the inputs and output factors involwveda analysed herefore,

the WRDDM, which is a nomnadial nororiented model, has been used in this study

Table3- Summary of literature otihe application of DEA in wind farms

Reference DMUs Methods Inputs Outputs

13 wind farms in Greect BCC Installed capacity Power generation

Project cost

[48] Number of turbines
Wind speed
Wind power density
O&M costs
39 stateds CCR Installed capacity Net generation
United States BCC Project cost Energy production
[49] Number of turbines Employment
Lease payment CO2 emissions
avoided
57 wind farms in Spain CCR Installed capacity Active energy
BCC Wind Speed
[50] Fuel

Interposed surface
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Reference DMUs Methods Inputs Outputs
95 wind farms in Texas BCC Installed capacity Generated electricity
[51] CCR Number of turbines Capacity factor
Wind power density
236 wind farms in the BCC Installed capacity Generated electricity
[52] USA CCR Number ofturbines Value of production
Wind power density Homes powered
42 wind farms in China BCC Installed capacity Electricity generated
[53] CCR Auxiliary electricity Availability
Wind powerdensity
7 offshore wind &rms CCR Installed capacity Energy performance
BCC Distance to operating
[54] Annual wind speed
Annual energy
production
Availability
146 wind farms in CCR Installedcapacity Electricity Generated
[55] Turkey BCC Number of turbines Availability
Wind power density

3.1 Data Envelopment Analysis Method

DEA was developed bgharnes in 197B16] and isanon-parametric linear programming
approacho evaluate the relative performance of Decision Making Units (DMUS).
Furthermore, DEA is an optimization technique and not a regression model. While
regression analysis estimates the average balragioa series of DMUs, the DEA
methodanalysessach DMUin terms of efficiency against its peeadlowing to obtain

the bencharks, i.e. the DMUs whicperform bestn the frontier ling/56].

According to[57], the DEA approachs considered more flexiblgince itencompasses
multiple evaluation factors, i.eaultiple inputs and outputs

With the DEA methodit is possible to identify the DMUs that should be considered

benchmarks (i.e., that should be viewed as a referencesopbactices), thus enabling
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understandinghe required adjustmentis make an inefficiedDMU efficient In this way

it is possible to take corrective actions to improve efficiency performance to achieve
efficiency inelectricity production58].

The DEA malels more often used aE&€€R (Charnes, Cooper, Rhodes) and BCC (Banker,
Charnes, Coopefp9]. The CCR model evaluatdke overall efficiencyconsidering
Constant Returns to ScdqleRS) whereas th8CC model uses Variable Returns to Scale
(VRS). The maximum score that each DMU receives in both models varies between zero
and ong60].
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Figure 161 DEA efficiency frontief42]

Thus, & illustratedn Figure 16, a production unit that operates on the frontier (A, B, C,
D) is considered efficienttill, if it operates just below the frontier ling is inefficient,
and the farther from the frontighe greater the degree of ineféncy[50]. Furthermore,
the distance between E and E' measures the projected amount of adjustment to make the
unit efficient.

The models addressed by DEA can be grouped mio €élasses: radial, nenadial,
oriented and nowriented.The radial modetonsidergroportional increase or decrease
of inputs and outputs to achieve efficiency, while the oriented nkeggisthe inpus or
outpus fixed The BCC and CR mode$ can beutputor input-orientaedmodels[61].

The inputs in DEA for wind farms can be controllalaethe project costfor example,

or norrcontrollable as wind speed.

In this study we employ the WRDDM to analyze then-controllable variables related

to wind energy production
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4 Methodology

The directional distance function seeking to augment the outputs and reduce the inputs
directionally can be stated as:

i ohde ¢ W o Y (8)

where vectol | ] defines the'directiong in which inputs and outputs are
scaled and the technology reference 8¢t eoh de A AB O1 A Adlisfies the
assumptions o€RS with strong disposability of inputs and outputs, i.e. it considers that
the inputs/outputs are freely disposdi6iz)].

For two input and output vectore, @M o ande @M hd |, respectively,

and n DMUs, the DEA piecewise reference technology can be obtained as follows:

"Y e dB _0 w,r= 1.5 é 9)
B _® ow,i= 1,m é,
_ mhQ pf8 R}

Therefore, for each DMU under assessment, @Mk directional distance function can
be obtained by solving the following LP probl¢&3]:

i Ap (10
stB _o w T Q,r= 1.5 ¢
B _o® ® T 'Q,i= 1,m é,

620,j= 1.,n, é,

wheref measures simultaneously the maximum enlargement of outputs and reduction
of inputs that remain technically fealiband can serve as a measure of technical
inefficiency. If | 1, then DMU, operates on the frontier of with technical
efficiency. If | 1, then DMU, operates inside the frontier ®fand it is inefficient.
Finally, the parametgr "Q indicaes the level by which DMémust reduce itsth input

to become efficient. Analogously, the paraméteiQ provides information on the level

by which DMUW, must enlarge its-th output in order to become efficient.
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Besides being a genemation of the Shephard distance functions, the directional
distance function can be specified to embed different assumptidhs. If | i =

( e h ), i.e., the direction is set to account for the observed Hataprresponds to the
potential proportional variation in outputs and inputs. If alternati\lely, | FI =

( php), then the solution value can be viewed as the net improvemenfannpance in
terms of feasible enlargement in outputs and feasible reduction in jGplLt€onversely,
with] ] , the directional output distance function is thus obtained.

Since one of the limitations of this approach is that it does not acdou the
inefficiencies associated with n@ero slacks and it eventually has the problem of miss
specifying some evaluated DMUs as efficient units, we consider the WRDDM
formulation suggested if62], which can easily be adjusted to account for inputs that
cannot be varied at the discretion of management (in our case the index of economic,
sodal and cultural status), by considering the -stege models approach proposed in
[65], given as follows:

i A aow B " | (11
O B" —)

stB _w ) | "Q,r= 1.,s €,

B W w -Q,i= 1,m é,

B a a ,u=1,..q,
B _=1420,j=1, né,

where the vectors of inputs and outputs of D)Mitee ande« |, respectively, and the
vector of nordiscretionary factors of DMblis given by» . The parametefs and-—

are the individual inefficiency measures for each output and input, respectively, and all
variables are nonnegative except for The parameter "Q indicates the level by which
DMU, must reduce itsth inputto become efficient. Analogously, the parameteQ
provides information on the level by which DMbhust enlarge its-th output in order to
become efficient. The coefficients and0 may be regarded as the given priorities
associated withhie outputs and inputs, and their sum should be one. Furthermore, the
inefficiencies of each related output and input can also have different priorities and
B " =1,B " =1 Inthis case, it is necessary that the directional vecters a

measured according to the same measurement units as the original vectors of inputs and
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outputs in order to add and- . Finally, we assume théRStechnology, which implies
the imposition of the additional constrait _ = 1,420 ().

If the WRDDM inefficiency measure is zeffo (1T, then the DMU is fully efficient.
The reference set of the inefficient DMbased onX1) can be obtained through problem

(12), assuming that “ and—" are theoptimal solutions to problermi{):

i AB i Bi +B i |,

stB _o i o | Q.,r= 1., é, 12
B _w i ® -""Q,i= 1.,m é,

B _a i a ,u=1,...0q

B _=1,620,j=1, &,

i (¢ ), i i T

The point of the efficient frontier which can be viewed as a target DMU for the WRDDM
- inefficient DMU, is given by:

(e, )=B _‘e B _‘« B _“» (13
where( “,=%,i %, i °,i %, _°)isthe optimal solution tal@) and the reference set of
the WRDDMinefficient DMUg is:

Eo={j:_ mj=1, &, n (14)

Additionally, the WRDDM inefficiency measure can be transformed into a skaded

measure through the following transformation:

iA@® B" — 0O B" —)
(15

stB _o w+i ,r= 1.5 €,

B _o w i ,i= 1,m é,

B a Q ,u=1,..4q,



B _=1,620,j=1, ng¢, (16)

i (¢ )i ¢ ),i ¢ )

Since the slacks cdpe distinct, the objective inl%) reproduces all inefficiencies by
computing the maximum increase arduction of all outputs and inputs, respectively.

Let ( *,i “,i *,_ ) be the optimal solution tol§), then the overall WRDDM

inefficiency measure is given by:

0 B | 0 B -° ), wherg ‘®&" —and-"=" — 17

4.1 Data and Variables

In this work the performance of wind farms located in the nashef Brazil has been
evaluated.Data from 460 wind farms was collected frahe following institutions:
National Electric System Operator (ON$38], National Electric Energy Agency
(ANEEL) [34], Chamber oElectric Energy Commercialization (CCEJpp], Reference
Centre for Solar and Wind Energy Sérgio S.Brito (CRECESB) and Wind Energy
Market Intelligence [67]

In addition, the software opensolver 2.9.0 was utilized, available from
https://opensolver.org/ ancteated an Excelisual Basic based application that uses

OpenSolver aabackend to model and solve our DEA problems.

10

+&

DEAassessment

Data Collection Data parameterisatio
for the WRDDM modg

Figure 171 Methodology overview
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The novelty of this research twofold: 1) the WRDDM, which isa nonroriented non
radial method was employedo assesshe efficiency ofwind farms in northeastern
Brazil. 2) as a proxy of wind speed qualiigingthe shapand the scale parametdras
been used

From the literature reviewonductedthree inputs and one output were chodde first
input is powerinstalled capacity,a controllable factor thgbrovidesmaximum ragd
power[52]. The secondnputis the shape parameter that quantifies the reguland
constancy of wind speed67]. The third input is the scale parametelated to the
average wind speed at the wind farm Sitee output selected ke amount of generated
eledricity directly dependent on the installed capaeityloperation timg53]. Table 4
shows the statistical analysis of DMUs for each selected input and outputes&oab
2016 to 2020

Table4- Descriptive statistics of inputs and output (2&1020)

Variable Description Unit Mean Minimum Median Maximum SD

X1 Installed MW 26.01 2.4 28 105 9.57
Capacity

Xz Shape _ 2.36 1.63 2.38 2.83 0.29
Parameter

X3 Scale Parametel m/s 7.44 4.69 7.49 9.81 0.81

Y1 Energy GWh 92.29 6.2 94 242.2 32.45
Generation

Source: Authorsdé own calculations

5 Results and discussion

The efficiency scoreare givenin Table 1A (seethe Appendix). In the period under
analysistherewere 18 efficient DMUs Generalnformation on these DMUs is provided
in Table 2A (see theAppendix). The efficient wind farms which are also vieweds
benchmarksare DMUs 273, 200, 46, 191195, 202, 238, 246, 332, 33397 and 416
Specific information on these DMUs asoshownin Table 5. Efficient DMUs present
values for each input and output above ¢kerall average shown iffable 4. These
results aredirectly associated with the wind potential of each northeastern $tats,
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wind farms located in different areas also possess different wind potebtilds
situatedin the Rio Grande do Norte (RN), Ceaf@E) and Bahia (BA) hava higher
average wind speed of 6.96 m/s, 6.33 m/s and 6.13res#slting ina higher average
power density of 331 W/mz2, 271 W/m2 and 260W/nme%pectively. In particular, the
present capacity factors of 49.1%, 39.5% and 37% fgrBA and CE represent amounts
well above the world average (3492P]. According to the literature, these values are
ideal for efficient wind power generati¢8].

Table5- Specific characteristics of efficient wind farms

Energy Installed Shape Scale Efficiency
Wind Farm DMU Generation Capacity Parameter Parameter score
(GWh) (MW) - (m/s)
Alegria 2 2 2422 10065 2.76 8.46 1.036
Icaraizinho 321 1748 546 1.99 6.36 1.025
Ventos de S&o Abraao | 273 1607 28 258 769 1.009
Praia Formosa 341 2104 105 233 753 1.007
Eol Andorinhas 200 1494 30 25 498 1.000
Eol Cabego Vermelho 46 128 26 204 6.86 1.000
Campo Largo XV 171 843 297 217 469 1.000
Delfina 4 191 31 8 2,5 498 1.000
Diamante Il 195 86.7 175 212 8.66 1.000
Eol Baraunas Il 202 794 2585 163 6.92 1.000
Pedra Branca 238 1162 30 163 6.92 1.000
Porto Seguro 246 286 6,4 217 815 1.000
Eol de Taiba 308 12,2 5 207 6.65 1.000
Lagoa do Mato 332 11,4 3.23 264 7.26 1.000
Mucuripe 334 6,2 24 224 578 1.000
Ventos deSanto Onofre | | 397 134,8 30 198 765 1.000
Coelhos II 416 13,4 48 208 754 1.000
Vitéria 425 10,2 45 208 754 1.000
Source: Authorsd own calculations.

The overall eficiency scores range fror®,9% to 1.035 the mearefficiency score is
0.764 and themedian score is 0.80Fable 6 provides the statistical description of the
data referring tefficient wind farms Moreover, there are 8@MUs with an efficiency
score of 0.9 and 13®&ith 0.8 Overall around 57% of wind farmeperatebetween the
optimal and acceptable legalf efficiency(i.e., betweer®.8-1).
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Table6- Descriptive statistics regarding efficient DMUs

Energy Installed Shape Scale Wind Wind Capacity Efficiency
Generation Capacity Parameter Parameter Power speed Factor
(GWh) (MW) - (m/s) Density (m/s)
(W/m2)
Mean 93.33 28.42 2.19 6.92 306.17  6.83 0.36 1.00
Standard deviation 17.33 7.18 0.07 0.27 72.69 0.54 0.07 0.002
Median 85.50 25.92 2.14 7.09 285 6.64 0.38 1.00
Minimum 6.20 2.40 1.63 4.69 227 6.08 0.19 1.00
Maximum 242.20 105.00 2.76 8.66 457 7.85 0.45 1.035
1%t Quartile 149.4 29.70 2.33 6.86 386 7.53 0.38 1.00
2" Quartile 85.50 25.93 2.15 7.09 285 6.64 0.38 1.00
39 Quartile 13.40 5.00 2.08 7.26 285 6.64 0.39 1.00
Source: Authorsdé own calculations.

The resultsobtained suggesthat factors such as wind speed and consequently wind

density,the physical guarantee of operation (assured energy delilsrede system),

number of turbines and age of the wind farmadse importantor an overall assessment

(seeTable 7). Therefore, for inefficient DMUgsit is possibleto suggest a revaluation

regarding altitude wind speeatkedominant wind direction from the wind rose studhd a

the influence of

turbulence caused by the wake effect.

Table7- Descriptive statistics regardingefficient DMUs

Energy Installed  Shape Scale wind Wind Capacity Efficiency
Generation Capacity Parameter Parameter Power speed Factor
(GWh) (MW) - (m/s) Density (m/s)
(W/m?)
Mean 92.25 25.92 237 7.47 30595 6560 040 0.75
Standard deviation 29.62 7.70 0.28 0.78 92.42 072 0.09 0.18
Median 94.15 28.00 2.38 749 30000 6.64 041 0.79
Minimum 8.60 4.80 1.63 498 84 4.42 012 -0.99
Maximum 177.40 68.47 2.83 9.81 596 8.73 065 0.99
1% Quartile 108.00 28.20 2.34 7.49 297 6.64 043 0.87
2" Quartile 94.15 28.00 2.38 7.49 300 6.64 041 0.79
3 Quartile 83.80 27.30 2.49 7.49 304 6.64 039 0.70
Source: Authorsdé own calcul ations.

Based also on the analy$fiesm the data available ihables3A (see theAppendix), it is

possible to observe that the most efficient Ddigesent an averagél6 wind turbines
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8.71 years ofoperationanda physical guaranteef 11.44 MW (seeTable8 andTable
9).

Table8- Characteristics offficient DMUs

Wind Farm DMU State Number of Number of ~ Wind Physical Wind
times turbines farmd s guarantee of power
considered as age operation plants
reference (MW) type
Alegria 2 2 RN 2 61 9.5 29.13 |
Icaraizinho 321 CE 2 26 11.75 20.76 |
Ventos de S&o Abraao 273 BA 333 15 3.1 17.7 II-C
Praia Formosa 341 BA 1 50 11.9 28.83 |
Eol Andorinhas 200 BA 125 15 5.6 15.9 1-C
Eol Cabec¢o Vermelho 46 RN 243 13 3.2 15 11-C
Campo Largo XV 171 BA 2 11 11 14.1 1-C
Delfina 4 191 BA 29 15 3.75 3.8 1-C
Diamante Il 195 BA 43 15 3.25 7.7 11-C
Eol Baraunas Il 202 BA 10 11 5.3 10.7 11-C
Pedra Branca 238 BA 75 10 8.