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ABSTRACT

Development of a wind farm in the east coast ofreuRico has the potential of
being an attractive economic proposal. This iheoause the best wind resource of
Puerto Rico is located on its east shore. Relialhel data is available for several sites
on the east coast, but important information toleata the economic feasibility of the
wind farm can only be estimated or is unavailable. example, land values, an unclear
permitting process, lack of a legal framework, ara precedent in the Island of a
purchase power agreement for a wind generatioregropakes any economic evaluation
an uncertain one.

Present Worth (PW) economic analysis is performgidguestimates for unknown
parameters. A sensitivity analysis is used to ré@ice the variability of uncertain
parameters and Monte Carlo simulation is perfortoetb financial risk assessment.

Our work demonstrates that a wind farm project uerfd Rico will be a feasible
project under the economic conditions we studiedprivate investor could sell the
electricity as low as $0.0837/kWh, or $0.0792/kWithva tax incentive. Utilities could
sell electricity as low as $.0673/kWh, or $0.0648tkwith a tax incentive. If the utility
finance with bonds the price could sell at $0.05844, and $0.0549/kWh with a tax
incentive.

Sensitivity analysis showed that a wind farm prbjewery sensitive to energy prices,
energy production and the installation costs. Mo@arlo simulation showed that an
utility company has less economic risk in this tygfeproject compared with a private

investor.



RESUMEN

El desarrollo de una finca de viento en la costa s Puerto Rico tiene el potencial
de ser una propuesta econémica atractiva. Datased& confiables estan disponibles
para distintos lugares de la costa este, peronrd#oibn importante para evaluar la
posibilidad econémica de una finca de viento sofdmese puede estimar o no esta
disponible. Por ejemplo, el valor de la tierrapsiceso confuso de obtener permisos y
ningun precedente en la Isla de un contrato de @ energia para un proyecto de
generacion edlica hace de una evaluacion econamgancierta.

Un andlisis econdmico de valor presente es realizatilizando estimados de
pardmetros inciertos. El analisis de sensitividel utilizado para comprobar la
variabilidad de los parametros inciertos y la saidn Monte Carlo es realizada para
evaluar el riesgo financiero.

Nuestro trabajo demuestra que una finca de viemtBuerto Rico es factible bajo las
condiciones economicas que hemos estudiado. Wmsionista privado podria vender
electricidad a $0.0837/kWh, y a $0.0792/kWh con imeentivo de impuestos.
Compaiiias eléctricas podrian vender electricid&d0673/kWh, y con un incentivo a
$0.0648/kwWh. Financiando con bonos la compaiiaipagnder a $0.0554/kWh, y con
incentivo de impuestos a $0.0549/kWh.

El andlisis de sensitividad demuestra que una filecaiento es sensitiva a: el precio
de la electricidad, produccién de energia y codtistalacion. La simulacién Monte
Carlo mostré que una compafiia eléctrica tiene meesgo econémico en este proyecto

comparado con un inversionista privado.
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1 INTRODUCTION

The welfare and socioeconomic development of thedemo countries revolves
around their energetic needs. It is important fardern countries to have a reliable
electric power source with continuous capacity tovge all of the present and future
demand for electric energy at a reasonable cost.

The island of Puerto Rico has a developing econtbralyis constrained by its electric
energy needs, [Esser 2003, Ed. TVS 2004, ZerbyGordillo 1996]. These energetic
needs are approaching the capacity of the exiggamgerating system due to the increase
in population level in the island. Figure 1.1, $Es2003], shows a linear increase in the
energy consumption in Puerto Rico during the I&sydars. The energy consumption of
a country is directly related to its populationdévlt is desired that the additional electric
power for Puerto Rico be derived from diverse, dejdle, non-polluting sources
appropriate for the environment and economy of iiiend, [SSEB 2001, Zerby and
Gordillo 1996]. Electric power generated from wittdbines appears to be an attractive
alternative for Puerto Rico.

Although there has been a number of wind measurem@gects in Puerto Rico,
[Alvarado 1979, Elliot et al. 1987, MC 1984, PWEDB8b, Wegley et al. 1986,
Soderstrom 1989], and the wind data is publiclyilalée, there has been no successful
initiative to develop an eolic generation projeat the island despite the high price of
fossil fuel generated electricity (relative to U&cps). A major obstacle has been the lack
of a legal framework that clearly establishes ampiéing process and facilitates the

negotiation of a purchase power agreement. Anatheertainty is the assessment of land



value for the purpose of eolic generation sincerethis no experience on how to
determine this value and land is a precious comiyaxfi a relatively small and heavily
populated island, [Ed. TVS 2004]. At the end, aficial risk assessment will be required

by potential investors in order to evaluate thednaiternative to produce electricity.

Puerto Rico Energy Consumption (1990-2001)
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Figure 1.1: Puerto Rico Energy Consumption (1990-211).
The objective of an economical analysis of a wiadnf project is to determine
whether the expected energy payments are sufficdeptly the debt on the project and
provide an adequate rate of return. This thesisimitial step in the economical analysis

of eolic generation in Puerto Rico.



1.1 Topics of the Thesis

The title of this thesis is “Determination of Faable Conditions for the
Development of a Wind Power Farm in Puerto Ricdrhe topic covers the area of
analyzing wind data using the Weibull distributimd the project evaluation topic where
a Present Worth economical analysis, sensitivitglyais, and Monte Carlo simulation
for risk assessment are performed to evaluate a wwower farm project. In this

document, a section is devoted to each of theselsod

1.2 Objectives of the Thesis

The objectives of this work are:

1. Using available wind speed data, [Soderstrom 1988]the East coast of
Puerto Rico calculate mean wind speed using théMlalistribution, and the
arithmetic mean and cubic root cube methods, [Jasbatti and Guruprasasa

1999, Jangamshetti and Guruprasada 2001, RajJ.et al

2. Calculate expected energy production for a giveration in the East of

Puerto Rico.

3. Using digital maps and satellite images develop tWfterent wind turbine

arrays, using two types of wind turbines, for tekested location.
4. Produce realistic cost estimates for such project.

5. Perform a complete present worth economical armlysiluding uncertainty

sensitivity analysis and risk Monte Carlo simulatio



6. Calculate the price per kilo-watts-hour (kwWh) faica array.

7. Suggest and quantify incentives that will make wiawh attractive to private

developers. Examples of such measures could be:
v' Tax incentives
v" Net metering

v" Wheeling.

1.3 Summary of Following Chapters

The first chapter of this thesis provided an intrctibn to the work to be presented.
The next chapter presents a literature review iti@dtides previous work on this topic
done in Puerto Rico. The third, fourth and fifthapter presents the complete method
used to accomplish the objectives of this thedzhapter 3 explains the probabilistic
method used to evaluate wind data and determin@dtential of a possible wind farm
location. Chapter 4 shows the method to perforooraplete economic evaluation of a
project of this type. Chapter 5 shows the aspdws have to be considered when
installing a wind farm. Chapter 6 shows the resalhd analysis of the base cases
analyzed. And finally Chapter 7 presents the amiohs and recommendations of this
thesis.

In Figure 1.2 we show a flowchart of the methoddusethis thesis. As shown in the
flow chart the method is divided in three main tgpiwind data analysis, economic
analysis and wind farm sitting. The topics arecdésed in that order although in

practice, the sitting and wind data analysis of iadmMarm may occur concurrently.
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Figure 1.2: Method Flow Chart.



2 LITERATURE REVIEW: EOLIC GENERATION

2.1 History of the Wind Turbines

The wind had been used by humans for many cenjfdi@isnson 2001]. The ancient
explorers and merchants used the wind to propel shgs through the unexplored seas.
Farmers used it to grind grain and pump waterthéncase of the ships the energy of the
wind was captured using sails strategically arrdngehe ships hull. The kinetic energy
of the wind was sufficient to overcome the frictiohthe water thus propelling the ships
through the water. The farmers needed a more stigated device to grind grain and
pump water; windmills. Windmills and wind turbinase synonymous. The blades, or
airfoils, of the farmers’ wind turbines capturecke tkinetic energy of the wind. This
kinetic energy was transformed into rotational ggethus creating enough power to
grind grain and pump water, [Johnson 2001].

By 1866 Charles Wheatstone and Wilhelm Siemens tearied electrical dc
generators that would function even from a deadt stad quickly build up to full
capacity, [PSL]. With a few improvements, notably the Belgian, Zenobe Gramme,
availability of a self-excited dynamo made it preat to think of large-scale uses of
electric power, [Katz 2003]. By the mid 1870s é&lecarcs were lighting the streets of
Paris, London, New York, Cleveland and a host béotities, [Williams 1999].

The invention of the electrical generator made ibbsshat in 1890 Denmark became
the first country to use wind for the generationetdctricity. The Danes installed a 23

meter in diameter wind turbine, [Johnson 2001].1925 the first wind turbines appeared



in the United Sates with ratings up to 3 kW, [J@m&001]. The first turbine to surpass
the 1 MW rating was built in Grandpa’s Knob in Ve, U.S.A. The turbine was built
in 1941 and had a rating of 1.25 MW at wind spesatsve 13 m/s. It had a 34 m tower
and a 53 m rotor diameter, [Johnson 2001].

After World War 1l the price of oil in the U.S.Ardpped and interest in wind energy
diminished. The oil embargo of 1973 was a wakealh, end oil importing nations
started looking at wind again. The United Statesose a poor strategy to develop large-
scale wind turbines by funding projects for tesbiimes. These turbines ranged form 100
kW to 2.5 MW and ran for brief periods of time. &nit was obvious that a particular
design would never be cost effective, the turbias guickly salvaged, [Johnson 2001].

On the other hand, Denmark established a planpitmatded a revenue stream for
small companies. They established a plan whedolaners could buy a turbine and sell
electricity to the local utility at a price whereete was at least some hope of making
money. They could try new ideas and learn fronir téstakes. Denmark is the leader
exporter of wind turbines. Vestas, a Dane compaag, more installed wind turbines
capacity worldwide than any other manufacturer sfés].

The performance and price of wind turbines has pedpsubstantially in the last 30
years, [NREL 2003], due primarily to the increagedbine size, the research and
development advances and the manufacturing impremtsn It is possible to sell
electricity produced by wind farms for a price otdnts per kilowatt hour as shown in

Figure 2.1, [NREL 2003].
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The phenomenal growth experienced by the wind energy over the
past decade can be attributed to a greatly reduced cost of energy.

Figure 2.1: Wind Energy Projected Costs for the Neix15 Years.

2.2 Wind Turbines

A wind turbine is a device for extracting kinetioezgy from the wind. They work
opposite to a fan. Instead of using electricityrtake wind, like a fan, wind turbines use
wind to generate electricity. The kinetic enerdgyh@ wind is transferred to the spinning
blades that are attached to the rotor of the tetbirThis rotor is usually connected
through a shaft to a drive train that moves a gdpner The generator transforms the

kinetic rotational energy into electrical enerdyinally this electrical energy is processed



using power electronics technology and is sendhéocustomer through a transmission
line. This is the case known as utility connedteddines.

There is also what is known as stand-alone systei® stand-alone systems are
usually of small capacity (less than 50 kW of tai@bacity) and they are not connected to
the grid. Applications of these systems include/g@aing small houses and farms, remote
applications such as water pumping, telecom sitesmaking, and powering villages,
[NREL 2001, NREL 2003].

The most common turbines have a horizontal axistiare® blades which are made of
composite materials such as fiberglass. The tagb@re mounted in a tower that is
usually at least 40 m to 50 m long for utility seajeneration wind turbines. The
following Figure 2.2 shows the main components wirad turbine.

The main components of the wind turbine are, [DW2B03, NREL 2004 and
Stanwell]:

Anemometer: Measures the wind speed and transmits wind spatdtd the controller.
Blades: Most turbines have either two or three édaithat capture the wind and transfer
the energy to the rotor hub. Wind blowing over biades causes the blades to lift and
rotate.

Brake: A disc brake located within the low speed shafticlwhcan be applied
mechanically, electrically, or hydraulically to ptthe rotor in emergencies.

Controller: The controller starts up the machine at wind spedxs/e the cut-in speed
and shuts off the machine at speeds above theutigpeed. Turbines cannot operate at
wind speeds above the cut-out speed because taeérajors could overheat. The

controller is computer driven and also controlsyther mechanism.
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Gear box: Gears connect the low-speed shaft to the highespbaft and increase the
rotational speeds from about 30 rotations per mir{gpm) to 1500 rpm, the rotational
speed required by most generators to produce ielectiThe gear box is the heaviest and
one of the most costly parts of the wind turbind angineers are exploring "direct-drive"
generators that operate at lower rotational speedsdon't need gear boxes, [NREL
2004].

Generator: Usually an induction generator that produces 60A4z electricity. The
electricity is then stored, consumed locally, ontsalong a transmission line for
consumption.

High-speed shaft:Drives the generator. The shaft rotates at apmabely 1500 rpm.
Low-speed shaft:The rotor turns the low-speed shaft at about 8@ rp

Nacelle: Is the housing that protects the essential madrparts of a turbine. The rotor
attaches to the nacelle, which sits atop the taawer includes the gear box, low- and
high-speed shafts, generator, controller, and brakeover protects the components
inside the nacelle. Some nacelles are large enfmugh technician to stand inside while
working.

Pitch: Blades are turned, or pitched, out of the windkéep the rotor from turning in
winds that are too high (above cut-out speed) odda (below cut-in speed) to produce

electricity.
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Figure 2.2: Main Components of a Wind Turbines, [2])

Generator: Usually an induction generator that produces 60A4z electricity. The
electricity is then stored, consumed locally, ontsalong a transmission line for
consumption.

High-speed shaft:Drives the generator. The shaft rotates at apmabely 1500 rpm.
Low-speed shaft:The rotor turns the low-speed shaft at about 3Q rpm

Nacelle: Is the housing that protects the essential madrparts of a turbine. The rotor
attaches to the nacelle, which sits atop the taawer includes the gear box, low- and

high-speed shafts, generator, controller, and brakeover protects the components
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inside the nacelle. Some nacelles are large enfough technician to stand inside while
working.

Pitch: Blades are turned, or pitched, out of the windkéep the rotor from turning in
winds that are too high (above cut-out speed) oiddw (below cut-in speed) to produce
electricity.

Rotor: The blades and the hub together are called tha.rofThe rotor drives the
generator by harnessing the kinetic energy in timelw The blades are aerodynamically
shaped to best capture the wind. The amount ofggna turbine can capture is
proportional to the rotor sweep area.

Tower: Towers for in-land turbines are made from tubiwdteel or steel lattice and
constructed in a solid concrete base. Because speed increases with height, taller
towers enable turbines to capture more energy anergte more electricity and avoid
the turbulent air close to the ground.

Wind direction: Upwind turbines operate facing into the wind. Qtherbines are
designed to run downwind thus facing away fromwired.

Wind vane: Measures wind direction and communicates withythe drive to orient the
turbine properly with respect to the wind.

Yaw drive: Upwind turbines face into the wind; the yaw drigseused to keep the rotor
facing into the wind as the wind direction changg@ewnwind turbines don't require a
yaw drive; the wind blows the rotor downwind.

Yaw motor: Powers the yaw drive.
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Wind turbines can be sited in-land (onshore) osladfe. This project will be based on

in-land wind turbines. Figure 2.3, [NREL], showssbore and offshore sited wind

turbines.

MWindTurbine - 1
EVOLUTION ’| '|

Figure 2.3: Common Sitting Location of a Wind Turbine.

2.3 The Energetic Potential of Wind

Wind energy projects can provide a cost effecawel reliable form of producing
energy. This form of generation can be used toigeoenergy to small villages, electric
water pumps, stand-alone systems for homes, indsisthospitals and community

centers. One of the problems is that good dataid wpeed for the location where the
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turbine is going to be installed is needed. Nolynateas with good wind resource are
identified as a first step to develop a wind fanmj@ct.

In the early 1980’s various studies of wind speedarious regions of the United
Sates where realized by the National Renewablegyneaboratories (NREL), [Elliot
2002]. These studies were of limited use due ® l#tk of information about the
variability of the wind. Currently NREL is produng wind maps with a high resolution
of one square-kilometer (1 Knfor any location in the world. To develop thesiad
maps NREL is using meteorological, analytical anthputational models, [Elliot 2002].
The studies made by NREL and the creation of wimaps have facilitated the
identifications of locations in the world with goadnd resource.

The NREL studies include information of the magdée and distribution of the wind
in a specific region. These data is processedthadpower density of the wind is
obtained in watts per square-meter (\{)imThis parameter is usually considered a better
indicator of how good is the wind resource thanwired speed.

Wind turbine technology costs have been redugagficeantly and, under the right
conditions, wind can compete with coal, nuclead aatural gas as a low cost source for
producing energy in developed countries. In thdtddnKingdom there have been
experiences with bids for wind farms where theyehabtained a price of $0.03/kWh,
[Spencer 2002].

Where a monopoly exists in the electric powertameci.e. where generation,
transmission and distribution are bonded togetinany times the electric utilities refuse

to include renewable energy sources for generatitmiming immaturity of the
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technology, small size of renewable energy projaats$ fear of stability problems in the

power system grid, [Spencer 2002].

2.4 Wind Energy Potential Around the World

2.4.1 Potential in China

China is a country that has been characterizedipglging their demand of electrical
energy using coal. Only 345 MW of wind power arstalled in China. This number is
small compared with other smaller countries sucliagmany and India. The Chinese
have approximately 140,000 small turbines (1 kV8 o). The only problem with this
is that China although having an excellent windouese all around the country the
expected maximum power that can be generated waimd) power is only around 250
GW. The other problem in China is that actually Wind power cost is the double of the
cost of the power generated using coal. The ref&mothis is that the generation with
wind is too small. To obtain cost effective resutie private sector should have to obtain
land in areas with a good wind resource and develgpoject that utilizes big wind
turbines with a rating at least of 1.5 MW, [Raud&d Wang 2002].

Nowadays, the best region for developing a winchfar China is Guangdong. The
government of China is very interested in develgptnis region. The future of wind
power in China is improving continually and it wilbntinue to do so if the technology of
the wind turbines improves and increase their gdimer capacity, [Raufer and Wang

2002].
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2.4.2 Potential in India

In India the generation of power using wind hasgdiattention and has been well
accepted compared with other sources of renewaidegg. India actually has 1,340
MW of wind power capacity installed.

India has made great efforts to make wind measurestadies and had determined that
they have a maximum capacity of 45 GW. The Ingianate sector had shown a lot of

interest in the wind energy projects. The biggastallation that India has is 500 MW.

There are 12 wind turbine manufactures in Indihviéchnology that permits them to

fabricate wind turbines up to 750 kW.

After India obtained their independence it transfed from an agricultural economy
to an agricultural-industrial economy. Industradtivities require great quantities of
energy and India lack of fossil fuels. For thiagsens the search for renewable sources
like wind has been a necessity. Wind energy indndi economic and has a high
performance.

In India the private sector is receiving economicentives for making studies related
to wind such as identifying places for future deypehent and connection points to the
electrical grid. India has a bright future in wipdwer and is willing to take the first

place in the world as a producer of wind power K&a 2002].

2.4.3 Potential in the United Kingdom (UK)

Rapid development of British wind turbines manufiaicty capabilities has reduced

the generation costs for wind power in the lastye&wift-Hook]. British machines are
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now being sold to California at prices around £8(ritish pounds) per installed kilo-
watt with warranties on performance and reliahili9n sites with good wind in the U.K.
these prices correspond to generation costs ar@upencé per kWh, considerably
cheaper than other methods such as coal or nusteeer which would cost around 3

pence per kWh.

2.4.4 Potential in France

With a hydro-power production of 65 TWh (2000), fkea is one of Europe’s leading
renewable energy producers. However, concerningl wimergy, the power installed in
July 2001 amounted to only 80 MW, [Belhomme 2002je French goal was to achieve
250 to 500 MW of installed wind power by the yed&03. Fifty-five (55) potential
projects have been selected between 1997 and 2808, total power capacity of 361
MW. However, according to the recently adopted paem Directive on the promotion
of electricity from renewable energy sources thigetafor France in 2010 is to produce
21% of its demand from renewable sources. Thisesgmnts an increase of about 6% with
respect to 1997. On the other hand, the French iGment has clearly shown its
intention to further promote the development of dvenergy, [Belhomme 2002]. Special
purchase tariffs were fixed for wind power in Det@®mn2000 and an announcement had
being made to have an additional 5000 MW of insthivind power by the year 2010. As
a consequence of these incentives, a significaparesion of wind energy in France is

expected to take place in the near future.

1£1.00=$1.76
21.00 pence = £0.00417 = $0.00735
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2.4.5 Potential in the United States

At the end of 2003 it was estimated that the U.®a&s an installed capacity of 6,374
MW. The state of California is the leader with eastalled capacity of 2043 MW

followed by Texas with 1293 MW, [CEC 2001, AWEA Z1)0

2.4.6 Potential in Denmark

The Danes have the biggest offshore wind farm enworld. It is located in place
called Horns Rev to the west coast of the countiiie depth of the water is between 5
and 15 meters. The farm consists of 80 wind t@®inith a capacity of 2 MW each for a
total capacity of 160 MW. This wind farm produ@% of the consumed electric power

in Denmark.

2.5 The Potential of Wind Energy in Puerto Rico

2.5.1 Puerto Rico’s Energy Policy

A new energy policy for the Commonwealth of PueRmo was announced on
December 22, 1993, [SSEB 2001, Zerby and GordBi#6). Factors within the context
of Puerto Rico’s physical, social, and economicimment were considered while
developing the policy and five areas of concerneweentified:

» Efficient distribution of electrical energy.
* Use of fuels other than oil.
* Increased use of renewable technologies to genelietticity.

* Modification of construction regulations.



19

* Public education.

This energy policy addressed the need for energly identified potential energy
sources. The sources were categorized into shoedjum-, and long-term options for
application based on their feasibility for Pueriod? The renewable energy technologies
were categorized as long-term solutions.

Renewable energy technologies are considered n@&wuerno Rico although there are
renewable technologies in operation for more thauyéars in different locations around
the world. The point of view of the Puerto Ric&kectric Power Authority (PREPA) is
that takes a long time to develop new energy teogmes from early research to
commercialization. Issues concerning the desigst, csafety, operating and technical
procedures to maximize reliability, appropriate mt@anance procedures, and
development of appropriate infrastructure and artstion for the new technologies all
affect the ultimate commercialization of potengakrgy sources.

Puerto Rico, is considering various renewable anuh-nenewable energy
technologies that can contribute to meet some efptojected 1,200 MW of future
electric power demand. None of these technologidikely to meet that demand by
itself. The most important of these technologies a

* Fossil fuels such as coal, natural gas and oiln-Renewable
* Biomass. Renewable

* Wind power. Renewable

» Solar energy. Renewable

* Hydroelectric energy. Renewable.
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Puerto Rico’s Public Policy on Energy excludes eacknergy as an alternate source
of energy for the island. Wind is a renewable gnesource. The kinetic energy of the
wind is directly transformed into electrical enengsing a wind turbine and a generator.
The disadvantage of wind is that it has a low epeensity compared with the fossil and
nuclear fuels, [Zerby and Gordillo 1996]. Not gvarailable land space to install a wind
farm is adequate to do so. The available wind ¢@e®l the duration of it have to be
considered. An area with sustained windy condgtiand available land space is the most
appropriate to install wind turbines. Of the eyeuged in 1992 in the United States less
than one percent was based on commercial-scalefaaidies.

Wind power in Puerto Rico may be feasible on seedlle using state-of-the-art wind
turbines. Land availability constraints and preadtiphysical access to acceptable sites
may limit the overall applicability of this techmgy in Puerto Rico. Wind power
through the United States is rated on a scale eftorseven based on wind speed and
power density, [Zerby and Gordillo 1996, NREL 2003[he classification is shown in

Table 2.1, [NREL 2003].

Table 2.1: Standard Wind Power Classification.

Wind Power Classification
Wind Power Resource Wm(_j Power Wind Speed at Wind Speed at
Class Potential Density a; 50m 50m (m/s) 50m (mph)
(W/m9)
1 Poor < 200 <5.6 <125
2 Marginal 200 — 300 5.6 -6.4 12.5-14.3
3 Fair 300 — 400 6.4—-7.0 14.3-15.7
4 Good 400 — 500 7.0-75 15.7-16.8
5 Excellent 500 — 600 7.5-8.0 16.8-17.9
6 Outstanding 600 — 800 8.0-8.8 17.9-19.7
7 Superb 800 — 1600 8.8-11.1 19.7-24.8
Wind speeds are based on a Weibull k value of 2.0
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The exposed points and capes along the north ob&sterto Rico, as well as most of
the east coast and the windward coast of Culebezjés, and Mona Islands, have Class
3 winds. Cape San Juan on the northeast coastdess&e 4 winds. The high-peaks and
the ridges of the central mountains have classn8lsyiwith isolated peaks having class 4
winds. Figure 2.4 shows the wind map for PuerttoRnade by the National Renewable
Energy Laboratories (NREL).

Developmental factors, such as environmental aaocept consistency with existing
land uses such as agriculture, and planning flktyiklshort construction lead time and
benefits associated with the modular nature ofatimel farm) promote renewable energy
use in Puerto Rico.

In 1996 a company named Kenetech had a standiqgpgabto provide up to 75 MW
of wind power in Puerto Rico in three phases oMW, and PREPA was also seeking
wind energy projects from other companies, [Zenhg &ordillo].
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2.5.2 Previous Wind Measurements in Puerto Rico

Wind speed and direction has been measured atr@irgarimarily by the U.S.
Weather Bureau, and universities all around thantslof Puerto Rico, [Soderstrom
1989]. These measurements are done at the staledatdused in airports around the
world, an elevation of 10 meters above ground levBleasurements for wind farms
should be made at least at heights of 30 metetgerefore these measurements do not
help much for the purpose of installing wind farms.

In December of 1984 Meridian Corporation submiteedeport to the Puerto Rico
Office of Energy, [Meridian 1984, Sodertsrom 1989The report contained wind data
measured during a 15 month period. Of the seveasurement stations only three
collected data for more than 50 days. The stdhiahcollected the most data was located
at Cerro Maravilla in Jayuya, Puerto Rico. The suead data doesn’t help to install a
wind farm, but the report served as a starting tpmindentify regions with the potential
to become wind farms.

In 1981 the U.S.D.O.E. published the “Wind Energs®&urce Atlas” for Puerto Rico
and the U.S. Virgin Islands. This was a work basedistorical data to identify wind
energy potential throughout the area, [PWEI 19&BleSstrom 1989].

In 1989 Dr. Kenneth G. Soderstrom of the UniversityPuerto Rico submitted the
report “Wind Farm Assessment for Puerto Rico” te fuerto Rico Office of Energy,
[Soderstrom 1989]. The project was primarily futidey a grant from the U.S.
Department of Energy, and on it probability funosoto model wind speed were

developed for 4 sites in P.R. These functions weea used, in conjunction with wind
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turbines power curves to estimate annual elecereation. The sites were 1) CROEM
a school located in Cerro Las Mesas in MayagueZw)on a central mountain range in
the municipality of Cayey, 3) Aguirre located orethouth coast next to the Aguirre
Power Plant in Arroyo, and 4) Fajardo a municigaldcated in the northeast of Puerto
Rico. The map in Figure 2.5, [Soderstrom 1989%wvehthe location of the 4 sites. The
results showed that Fajardo has the highest mend speed, followed by Cuy6n and
CROEM. This confirms, once again, that the eaastof Puerto Rico is the best region
to develop a wind farm project. However, Cuyén,dEM and Aguirre are not suitable

for the development of a wind farm due to lackpdice to install a wind farm.

'WIND MEASURING SITES

ATLANTIC OCEAN

PUERTO RICO
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Figure 2.5: Map of Puerto Rico Showing the Wind Meauring Sites.
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2.5.3 Previous Wind Energy Projects in Puerto Rico

Since the sixteenth century wind energy has beed us Puerto Rico. Windmills
were used to grind sugar cane one of the pringpadlucts exported from the island
during the colonization period. These windmillsrevdocated in the eastern coastal
region of the island. This area is known to hawe lhest wind resource in Puerto Rico,
[Sodertsrom 1989].

Due to the oil crisis of 1973 the United Statesegament increased their effort in the
research and development of renewable energy soutnehe year 1978, a wind turbine
with a capacity of 200 kW was installed in the dnsddnd of Culebra. Culebra is one of
the 78 municipalities of Puerto Rico. Culebra asteof the Island of Puerto Rico and
west of the island of St. Thomas, United StategiWidslands (U.S.V.l.). This wind
turbine was installed under the Federal Wind Enétgygram, a joint effort between the
National Aeronautics and Space Agency (N.A.S.Ap thnited States Department of
Energy (U.S.D.O.E.) and the Puerto Rico Electrisv®oAuthority (P.R.E.P.A.). The
objective of this project was to demonstrate thaitdwenergy could be used for the
generation of electrical energy that was injectet ithe local power grid. The data
collected from this project was analyzed by BatellPacific Northwest Laboratory,
[PWEI 1985, Soderstrom 1989]. The results shovead €ulebra is a feasible site for a
wind farm. A consequence of this study is thatehgre east coast of Puerto Rico should

also make a feasible site for wind generation.
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2.6 Economics

2.6.1 Introduction

The electric power industry is highly capital intere. It is probably more capital
intensive than any other sector, particularly ivedeping countries. The planning and
proper financial and economic evaluation of prgei important for rationalizing
investment and achieving economic efficiency, [Kin4996].

Wind energy avoids some external or societal cas®ociated with conventional
resources. These costs are the trade deficit ingporting foreign oil and other fuels,
and the health and environmental costs of pollutibhas been shown that wind energy
is a reliable resource that provides more jobsdadlar invested than any other energy
technology, [EERE, AWEA].

Wind farm projects can't be developed if there esam economical benefit. There
would be no bank or money lender willing to loannay for this type of project is there
is no an adequate minimum attractive rate of refMARR), [Khatib 1997]. To develop
a project investors need the guarantee of an apptepncentive and the guarantee that
there will be an adequate payback period. Fortipe of project the average payback
period is 7 years.

The wind turbine technologies has evolved greatlhe last 20 years and the cost of
energy from the wind has dropped by 85% to thetpbiat the price of electrical energy
produced is around 4 to 6 cents per kWh in pladaés pvoper conditions to install wind

turbines, [NREL 2003, Flowers 2003]. These costs @mpetitive with the direct
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operating costs of many conventional forms of eleity generation now. The prices are
expected to drop even further over the next 10 syegNREL 2003, Flowers 2003].
Incentives like the federal production tax crecit anet metering provisions available in

some areas improve the economics of wind ener@ami@® 2003, Flowers 2003, Green].

2.6.2 Tax Incentives

The most influential factors on the price of winengrated electricity are the wind
speed of the location, the land value, legal franr&wand the loan agreement. In Puerto
Rico there are no realistic incentives or tax déidas to reduce the capital costs of the
project and thus promote a wind farm project.

The tax deduction (incentive) laws in Puerto Riar fvind farm project are
inadequate. Puerto Rico Law 120 of October 313941 (“Codigo de Rentas Internas”)
includes for agricultural business the deductiontloé capital costs used for the
acquisition of a wind turbine. In the case of apooation or society it is permitted a
deduction of 50% up to $3,000 of the capital cosiguired during any taxable year, in
the acquisition of a wind turbine and all its essories to generate electricity if the
turbine is manufactured in Puerto Rico. If the tnebis manufactured elsewhere the law
allows a deduction of up to 50% of the added cgdbbal manufacturing. This incentive
is geared toward very small wind turbines.

A Federal incentive known as the Production Taxd@r@>TC) applies to P.R. The
PTC was included as part of the Energy Policy AcOotober 24, 1992. The PTC is
codified as Section 45 of the Federal Internal ReeeCode and if new legislation is not

passed by the U.S. congress it will end Decembst, 2003. The PTC consists of a tax
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credit of 1.5¢ per kWh (value of 1992) of produntioThis value is adjusted using the
cost index or inflation factor for the year in whithe energy sale is made, [AWEA,
Ramos 2003]. The incentive is given for the fitét years of operation of any given
project. The only installations that qualify fdnig incentive are the ones that sell
electricity to unrelated parties. The U.S. congriesconsidering a project to modify the
PTC. One of these projects is to extend the PT@eaoyear 2007, but eliminating the
inflation adjustments, [AWEA, Ramos 2003].
The Congress approved in 1992 the Renewable Ernapuction Incentive (REPI)

that also applies to Puerto Rico. The REPI ha®hjective of making a direct payment
to public entities equivalent to the credit of tRC. The REPI depends of the

availability of annual funds appropriated by thenGess, [Ramos 2003].

2.6.3 Power Purchase Agreement

The Public Utilities Regulatory Policy Act of 19{BURPA), established that any
qgualifying individual can install a wind generatand the local electric utility must
purchase the excess power, power not used by therpwroduced. PURPA intended to
create a market for clean, renewable, electric-geimg technologies by guaranteeing a
buyer for the excess power, [UCS, EPSA]. With PURB®Aall power producers meeting
specific criteria are guaranteed purchase andciotgrection. Many states now permit net
metering, in which the utility must buy wind powgenerated by homeowners at the
same retail rate the utility charges. Net metemtigws the customer's meter to turn

backward while wind energy is supplied to the dpyctheir wind turbine.
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Based on reference [OFE 2003] PURPA does appliiacetectric power utilities in

Puerto Rico.
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3 WIND DATA ANALYSIS

In this chapter the method to analyze wind dat el discussed. It is essential to
analyze the available measurements of wind in aome@efore taking the step of
suggesting a wind farm in such location. It is asgible to have an economically

feasible project without good wind speeds availablpower the wind turbines.

3.1 Wind Data Analysis Using Probability Density
Functions

The power available in the wind varies with the eutf the wind velocity as
expressed by Equation 3.1, [Patel 1999, DWIA 20D¥)gamshetti and Guruprasada

1999, Burton et al. 2001],

1 3
== pv°A
2,0V 3.1

Where, P is the power in watts, A is the area, tears, through which the wind is
passingyp is the density of the air 1.225 kg/m3 at 15.55avd 101,325 Pa, and v is the
speed of the wind in meters per second.

If the measurement of wind speed was not madeeatvthd turbine hub height it is
necessary to adjust the measured wind speed touthdieight. This can be done using

the one-seventh power law as shown in EquationB\&JA 2003, Gonzalez 1998].
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W(z) |z >

Where v(z2) is the wind speed at the desired haghv(z1) is the wind speed measured
at a known height z1, andis a coefficient known as the wind shear exponditte wind
shear exponent varies with pressure, temperatudetiame of day, but is has been
commonly measured at one-seventh (1/7).

It is critical to have a precise measure of thednspeed for the location where wind
turbines will be installed. A 10% deviation on @iispeed turns into a 27% to 33%
deviation on available power. For example, saywira velocity at a given location is
estimated as 11 m/s but the actual velocity is 1€ nPower at 11 m/s is 1331 W and at
10 m/s is 1000 W. This translates into a signiftaaconomical loss. Since wind velocity
varies it is necessary to capture this variationthe model used to predict energy
production. This is usually done using probabilityctions to describe wind velocity.

A probability density function is used to model twend velocity variation, [Patel
1999, Jangamshetti and Guruprasada 2001]. A pritgatensity function (pdf) is a
curve related to a continuous random variable, e Pprobability that X is less than a
specified value, x, is the area under the pdf cugvéo the point x. Other function used
in this analysis is the cumulative distribution ¢tion (CDF). The CDF for any value x
gives the cumulative probability associated withprabability distribution function.
Specifically, a CDF gives the area under the pritalblensity function, up to the value
you specify. In other words, for any value x, Ci3Fthe probability that a random
variable has a value less than or equal to x. Andlly the inverse cumulative

probability gives the value associated with a gigamulative probability between 0 and
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1. The PDF is used when it is known x and is ddsioeknow the corresponding y value
on the curve. The CDF is used when it is known @ sndesired the value of the area
under the curve. And the inverse CDF is used whesrknown the cumulative area under
the curve and is desired to know the x value.

PDFs are intended to reflect the probability tratsaent will occur between two end
points. The area under the curve between any twedspgreater than zero will equal the
probability that wind will blow somewhere betwedrse two speeds. It is important to
understand that actual height and shape of a pgteare determined such that the area
under the curve from 0 to infinity is exactly 1.yBltally, this means that there is a 100%
chance that the wind will blow at some speed betv@Em/s and infinity m/s. Visually it
is easier to physically interpret a CDF becausshdws directly in the vertical axis the
probability that the wind speed will be between wiwen wind speeds.

The Weibull probability distribution has been fouttdbe a very accurate model to
describe wind velocity variation. This distributios often used in wind energy
engineering, as it conforms well to the observaagiterm distribution of mean wind
speeds for a range of sites, [RETSCREEN]. The Wepaf is found in the literature
using different notations. In this thesis the Widilprobability density function is

defined as, [Montgomery and Runger 1998, Jangamnsimet Guruprasada 1999],

£-1 xﬁ
_ B[ X 7
f(X)—; - e[ﬂJ where0< x, £>1,n>0 3.3

n
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The paramete is known as the shapfactor, and the parametgis known as the scéle
factor. In wind probability analysis, the variablés substituted by the variable v, which
is a vector of the wind speeds at the place urtdeys
The effect of the shape fact@) (s reflected in the shape of the Weibull disttibn.
A lower shape factor indicates a relatively wideinavspeed distribution around the
average, while a higher shape factor indicateopposite, [RETSCREEN]. A Weibull
pdf with a shape factor bigger than one reflecesshape of a bell. The scatg {actor
defines where the bulk of the distribution lies dodv stretched out the distribution is.
The cumulative distribution function (cdf) is obtad integrating the pdf,

[Montgomery and Runger 1998], as shown in the Yailhg equation,

00

X 4
F(x) = | (k=16 7 where O0S X, f>1.7>0 34

0

3.2 Weibull Parameter Estimation

3.2.1 Weibull Parameter Estimation Using Weibull ProbékiPlots

To obtain the values of the shape and scale paeasnét necessary to draw the
probability plot of the given data. The probabilgjot is a plot of estimated cumulative
probabilities versus the data, though both varmhbigay be transformed to induce

linearity.

% The shape factor is also known as the k parameter.
* The scale factor is also known as the ¢ parameter.
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To estimate parameters using probability plotssinécessary to select the correct
probability paper. This paper is a special grappep designed for the hypothesized
distribution. Probability paper is widely availablor the normal, lognormal, Weibull,
chi-square and gamma distributions.

The steps to construct a probability plot are til®wing:

1. Arrange the observations or data from smallesargest. The sample should be
arranged as x1, x2,..., xn, where x1 is the smabéservation and xn is the largest
observation.

2. Make a hypothesis by selecting a probabilityriigtion that may be an adequate
fit to the recorded data.

3. The ordered xi observations are then plottednagaheir observed cumulative
frequency on a probability paper correspondinght® assumed probability distribution
selected in step #2. In the case of wind the Wedtiatribution has proven to be an
adequate model. Figure 3.1, [Reliasoft 2000] shamwsxample of a Weibull probability
paper sheet.

4. Draw a straight line between the 25th and 7&ticgntile points in the probability
plot. If the line reasonably falls above the dptants the assumed distribution is an
adequate model, otherwise the model is not ap@tapri

5. To obtain the shape paramdigea line parallel to the one obtained in step 3tbhas
be drawn through the slope indicator. The slomkcator is a scale at the top of the
Weibull probability plot. The value at which tHiee intersects the slope indicator is the

estimated shape paramefter
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inally to estimate the scale paramefera horizontal straight line from the

ordinate 63.2% has to be drawn, [Reliasoft 200Dfhen a vertical line has to be drawn

from the point this line intersects the fitted g line to the abscissa. The value at the

intersection of the abscissa is the scale parameter
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Figure 3.1: Example of Weibull Probability Plotting Paper.

3.2.2 Weibull Parameter Estimation Using Least SquaresaReter

Estimation — Weibull Rank Regression in Y
Another method of estimating the shape and scalenmpeters is the Least Squares
Performing

Parameter Estimation - Weibull Rank Regression jnReliasoft 2000].

rank regression on Y requires that a straight tireghematically be fitted to a set of data
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points such that the sum of the squares of thecaédeviations from the points to the
line is minimized. This is in essence the same otk#ds the probability plotting method,
except that is mathematically based and we usprtheiple of least squares to determine
the line through the points, as opposed to justBalling” it. The procedure summarizes
the method of the Weibull Rank Regressionin Y.

First obtain their median rank plotting positioMdedian rank positions are used
instead of other ranking methods because medids ram@ at a specific confidence level
(50%). Median ranks can be found tabulated in nrafigbility books. They can also be

estimated using the following equation, [Reliagti00],
MR% ~ 92 100= F(x) .
N+ 04 '
Where N is the total sample size, and i is the $amper number, and x is the data.
In the wind data analysis x is the wind speed, thésnumber of measurements made and
i is a subscript used to identify the wind speeunfithe smallest value to its largest value.

Now the parameter Yi is calculated from, [Reliasff00],
Y, =In(=In@-F(x)) 3.6

The Weibull pdf shape parametgr,s calculated using, [Reliasoft 2000],

N QX))
> )y, -T

= N
ﬂ: i=1 =
X (Zlmg)z 3.7
Z(m Xi)2 _'=1N
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The parameter a is used to calculgtend is found using, [Reliasoft 2000],

N N 3.8

Finally the Weibull pdf shape parametgy,s obtained substituting and a in, [Reliasoft

2000],
,7 — e_(a/ﬁ)
3.9
3.2.3 Weibull Parameter Estimation Using Maximum Liketdd=stimators

The maximum likelihood estimation (MLE) method, fra statistical point of view,
is considered to be the most robust of the paranmestémation techniques, [Reliasoft
2000]. Maximum likelihood estimation works by demgihg a likelihood function based
on the available data and finding the values ofpli@meter estimates that maximize the
likelihood function. The basic concept is to obtahe most likely values of the
distribution parameters that best describe a goeta. This can be achieved by using
iterative methods to determine the parameter ettimealues that maximize the
likelihood function, but this can be rather difficand time-consuming. Another method
of finding the parameter estimates involves takheypartial derivatives of the likelihood
function with respect to the parameters, settimgrésulting equations equal to zero, and
solving simultaneously to determine the valuesha parameter estimates, [Reliasoft

2000, Montgomery and Runger 1998].
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Table 3.1, [Reliasoft 2000] summarizes the propsertihat make the maximum
likelihood method an attractive and excellent mdtho estimate the distribution
parameters of a large sample, i.e. more than arbdrshmples.

Table 3.1: Properties and Advantages of the MLE Minod.

Property Advantage
Asymptotically As the sample gets larger, the estimates convertietright
Consistent values.
Asymptotically Efficient For large samples it prags the most precise estimates
Asymptotically For large samples one expects to get the rightvatu
Unbiased average.

The software MATLAB has a built-in function thatsélg calculates the Weibull pdf
parameters using maximum likelihood estimation. Timection weibfit estimates the
parameters for a given input data vector. Thelteftom MATLAB may differ from the
ones obtained using the Rank Regression in Y becMATLAB uses a different
expression of the Weibull pdf. The following equoatis the Weibull pdf used by

MATLAB as shown in the MATLAB help files.

1 _aWb
f (X) - a.b)éJ 1e > where O0< X< 3.10

Comparing the standard Weibull pdf expression giwerEquation 3.3 with the
expression from Equation 3.10, the parameters tf tan be related using the following

equations:

q=1
,7,6’ 3.11
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1

n= Bl —
a 3.12

b=p 3.13

Where a is the scale parameter and b is the stapenpter for Equation 3.10.

3.2.4 Weibull Parameter Estimation Using Typical ShapetbaValues

A quick method to estimate the shape and scalenmdess for the Weibull
distribution is using typical values known for thleape factor. These typical values are
known from experience and multiple observations sifes where wind speed
measurements have been taken. These wind typesitagorized as inland, coastal, and
trade wind (off-shore) sites. Table 3.2, [RETSCREEhows typical values for the
shape factor.

Table 3.2: Typical Shape Factor Values.

Type of Winds Shape Factor f§ = k)
Inland Winds 1.5t025
Coastal Winds 2510 3.5
Trade Winds 3to4

Now the scale factomj can be calculated using the following equatiadl@ngamshetti

and Guruprasada 1999]:
n=—"__
F(1+ 1 ] 3.14
B

Where v is the average wind speed value dhés the gamma function, [Arfken and

Weber 1985]. If there is sufficient wind speed sweaments, i.e. 744 recorded speeds
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(one for every hour in a 31 days month), the averaimnd speed can be estimated using

the following equation:

_ 1S )"
V= szi 3.15

Where Vv is the actual wind speed measurement i, N isdted humber of wind speed
measurements, and n = 1 for arithmetic mean, rfer Boot mean square, and n = 3 for
cubic root cube.

3.2.5 Weibull Parameter Estimation Using Means, Standaediations and
Justus Approximation

This method of parameter estimation can be us#teiimean and standard deviation
of the wind speed for a site are known. The megwl wpeed and standard deviation can

be calculated using the following equations, [Jamgjzetti and Guruprasada 1999]:

L
n

<l
I

ZN: ¢ 3.16

N 3.17

Wherev, is the actual wind speed measurement i, N isdtsd humber of wind speed

measurements;] is the mean wind speed, fi is the frequency oftteasured wind speed
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v,, and n = 1 for arithmetic mean, n = 2 for root meguare, and n = 3 for cubic root

cube.
Equations 3.14 and 3.18 can be solved simultangdosbbtain the values of the

shape factonf}, and the scale factaf, [Jangamshetti and Guruprasada 1999].

2
2o VTA+21p)
r@d+1/p) 518
Solving simultaneously both equations can be diffic An easier way to find the shape
and scale factors is to solve fprusing the Justus approximation, [Jangamshetti and

Guruprasada 1999, Justus 1978], as shown in Equat®.

-1.086
,3 O
v 3.19

Sincep andV are known Equation 3.14 can be solved for theesieaitorn.

3.2.6 Weibull Parameter Estimation Using “The Quick Meadho

From multiple observations we have found that fdarge sample of wind speed
measurements the shape and scale parameters astirhated very accurately if we
compare the estimation with the result that camlitained using the more complicated
and robust method of maximum likelihood estimatM&E).

The “quick method” requires first to calculate tmthmetic mean wind speed, for a
given large sample of wind measurements, using fitqua.15. Then calculate the

sample standard deviation using, [Montgomery andgeu1998],
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_ 1< 12
0—\/,\'_1;(\4 —-V) 3.20

Where v, is the actual wind speed measurement i, N is ¢kt humber of wind

speed measurements a¥dis the arithmetic mean wind speed.
Now using Equation 3.19 Justus’s approximation shape parameteB) can be
calculated. Substituting the known quantities quétion 3.14 the scale parametgy i€

calculated.

3.3 Calculating the Mean Wind Speed Using the Weibull
PDF

3.3.1 Arithmetic Mean Wind Speed

The arithmetic mean wind speed it is what is nolynlahown as the average wind

speed. The arithmetic mean (average) wind velagityeters per second is given by

Vg = j f (v)vdv= J. f (v)vdv 21
0 vmin

Where f(v) is the Weibull pdf, v is the measuredavispeed data vector, vmin is the

minimum wind speed measured and vmax is the maximund speed measured.

3.3.2 Cubic Root Cube Wind Speed

The use of arithmetic mean tends to underestinmaelectric energy production. A

case study made in Kappadaguda, India, [Patel 13&9gamshetti and Guruprasada
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1999, Jangamshetti and Guruprasada 2001], sugipedtthe Cubic Root Cube (CRC)
wind speed produces a better estimate of actuadgmpeoduction.

To find the cubic root cube average speed the wpwkd data vector is elevated to
the cube and multiplied by the pdf. The functienntegrated between vmin and vmax
and then it is elevated to the one third (cubict)rodl'he result is the cubic root cube

(CRC) average speed in meters per second. Thea@B@ge wind speed is given by

Vere =3 | F(W)vidv

vmin

3.22

Where f(v) is the Weibull pdf, v is the measuredavispeed data vector, vmin is the

minimum wind speed measured and vmax is the maximund speed measured.

3.4 Calculating the Expected Energy Production

3.4.1 Overview

After calculating the average wind speed the ave@ayver per unit of area available
in the location of study can be calculated. Therage power is normalized per unit area
because rotor sweep area of the turbine variesewgitih turbine. The average power per

unit of area available in the kinetic energy of wiad is given by,

P_1 .,

Z_E'[N 3.23

Where v can be the arithmetic mean wind speedeoctivic root cube wind speed and A

is the rotor sweep area. The unit of average ppeennit area is watts/meter
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In this thesis we explain five methods to calcutat energy available to be captured

by a wind turbine:

1. Integrating the Energy Probability Function

2. Substitution of Calculated Average Wind SpeedsienEnergy Equation

3. Using the Wind Turbine Power Curve — Quick Method

4. Using the Wind Power Density

5. Producing Energy Curves Using Wind Turbine PowenrvEsi
Of the four methods the most accurate is methodP#bducing Energy Curves Using
Wind Turbine Power Curves. The reason for thisbécause it takes the unique
characteristics of wind speed measurements forta @$he pdf shape and scale
parameters), and the unique characteristics ohd wirbine (power curve, efficiency and
rotor sweep area) and combines them to presentva that shows the expected energy

production for different arithmetic mean wind spe&atlies in that site.

3.4.2 Calculating Energy Production Using the Energy Pablity
Function

The Energy Probability Function (epf) per unit ofais defined as,

e(V) _ 1 3
ron = 5 T(V(hourg(day9 3.24

Where e(v) is the epf, f(v) is the Weibull pdf, Arés the rotor sweep area, and the
product hours-days represents the number of hauttsei period of analysis. The period
of analysis can be a month or a year. The unie(0f are Wh/ffm/s. The epf can be

plotted and numerically integrated.
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After plotting the epf the next step is to integrahe expression, as shown in
Equation 3.25 in order to obtain the total energythe given period. The Limits of
integration are denominated by the minimum windespand the maximum wind speed
measured.

E vr]lax e(V) d V

Area

Area 3.25

vmin
If the result from Equation 3.25 is multiplied byetrotor sweep area of a given wind
turbine, then total energy available during a pepbtime, it can be a month or a year, to
be captured by a wind turbine is known. Betz |aDWMA 2003], shows that 59% or less
of the kinetic energy in the wind can be conveti@anechanical energy using a wind
turbine. Since the wind turbine is not 100% eéfitdithe available energy to be captured,
Equation 3.25, must to be multiplied by an efficggifiactor to calculate the actual energy
production in a site with a given wind turbine. Section 3.4.4 we explain in more detail

the disadvantages of this method.

3.4.3 Calculating Energy Production Using the Average tV8peeds

The energy production can be calculated substguitie average (arithmetic or crc)
wind speed in the average power per unit area EgugEquation 3.22). Multiplying the
average power per unit area by the hours of théoghehe energy per unit of area
available is calculated as shown in Equation 3.26.

E
Area

1
= Eﬂvs(days)(hOUfS) 3.26
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Where E is the total energy and the Area is a eostThe variable v can be either
the arithmetic mean wind speed or the cubic robeonind speed, but using the crc wind
speed the results from Equation 3.26 are simildhéoresults from Equation 3.25. This
shows in principle that the crc wind speed is adpet¢stimation of the average wind
speed than the arithmetic mean wind speed.

Again wind turbines are not 100% efficient and teailable energy must be
multiplied by the efficiency of the turbine to calate the actual energy production in a

site for a given wind turbine.

3.4.4 Further Considerations of Calculating the Expectdeinergy
Production Using the EPF or Average Wind Speed

As stated before the energy available in the wéndlat the same energy that the wind
turbine will capture. The wind turbine is limitdxy the Betz law, [Patel 1999, DWIA
2003]. German physicist Albert Betz explains thatvind turbine deflects the wind
before it reaches its rotor plane causing a bregéffect in the wind. Betz' law says that
only less than 16/27 (or 59%) of the kinetic enengythe wind can be converted to
mechanical energy using a wind turbine. This meidwas a wind turbine will only
capture 59% or less of the wind energy that is dedrbetween its cut-in speed and its
cut-out or furlong speed. The cut-in wind speedhis minimum speed at which the
turbine can operate or produce energy and the wusjmeed is the maximum speed at

which the turbine can operate or produce energy.
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Figure 3.2: Typical Wind Turbine System.

Considering that a typical wind turbine, as shownFigure 3.2, has three main
components: turbine, transmission and generat@ch EEomponent has its own energy
conversion efficiency. The turbine efficiency damestimated to be around 40% to 50%.
Transmission and generator efficiencies can benastid to be around 80% to 90%. The
wind turbine overall efficiency is known as the powoefficient and it can be derived

from Figure3.2,

P,=nP, 3.27
R =nnF, 3.28
P.=n,R 3.29

Where R, is the kinetic power available in the wind, B the kinetic power converted in
to mechanical power,;#s the mechanical output power of the transmissikns the
electrical output power of the wind turbine generai; is the turbine efficiencyyy is the

transmission efficiency ang is the generator efficiency.
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Substituting Equations 3.27 and 3.28 in Equatid2® 3ve obtain that the turbine
power coefficients is given by
P
PC= F; =477 36
Where PC is the wind turbine power coefficient.

Is important to notice that since the turbine éficy,nt, has a maximum efficiency
of 0.59 (59%) the ideal maximum value of the poweefficient will be 0.59. So
assuming the case of a wind turbine with a turleffeciency of 0.50, a transmission
efficiency of 0.90, and a generator efficiency ci®the power coefficient will be 0.41.

The power coefficient of a wind turbine is not anstant value. The power
coefficient is a function of the wind speed. Tt& be easily observed plotting a graph
of the turbine power coefficient versus the winceeh To make the plot we can

calculate the power coefficients using Equatior1 3.3

PV

P =Y
< 1/2pAV?

3.31

Where PG is the power coefficient at wind speed \{, iB the power curve rated output
power at wind speed V, and A is the wind turbineor@rea. The difficult part of using

Equation 3.31 is that wind turbine data sheets dffe values of the turbine output power
for integer values of wind speed from V = 1 m/&/te 25 m/s, but the fractions between
the integers has to be estimated using lineargatation or estimating it from the power

curve.
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To obtain the average power coefficient of a Issgmple first we have to obtain the
power coefficient of each individual of the samgilen using Equation 3.32 a weighted

average value of the power coefficient is obtained,

1y LY
P(:avg :(NZPCI j 3.32
i=1

Where PG is the power coefficient of wind speed measuremgm is the total
number of wind speed measurements, and n = 1 itbnagtic mean, n = 2 for root mean
square, and n = 3 for cubic root cube.

At rated wind speed the wind turbine electrical powutput is at its maximum, but
the power coefficient is not. In most wind turksngower coefficient values are at it
highest value, approximately 0.45 (45%), for wipgeds between 5 m/s and 10 m/s.

Based on the wind turbine limitations discussedvaldequation 3.25 is rewritten as,

(%) = | ) dv{PC, ) 3.33

Vout  voin Area

Where vcin is the turbine cut-in speed, vcout estilirbine cut-out speed and Rgs
the average cubic root cube power coefficient efttirbine. It is important to remember
that the Area of the equation is the turbine reteeep area.

And equation 3.34 is rewritten as,

E 1
(A—] ==p (dayg(hourg(PC,,,) 3.34
rea),, 2

Where v is the average wind speed and,§f€ the average power coefficient of the

turbine. If the average wind speed used is théragtic mean wind speed then the
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arithmetic mean power coefficient is used, buhes ¢ubic root cube wind speed is used

then the cubic root cube power coefficient is used.

3.4.5 Calculating Energy Production Using the Wind TusiPower Curve

A more direct way to calculate the energy produrctgousing the wind turbine power
curve. The power curve is a plot of output power wind speed. It gives the output
power of a wind turbine for any specific value ohd speed. The power curves vary
with the turbine models and ratings, and are givgnhe manufacturer. The advantage
of using a power curve is that it includes the poweefficient (PC), so there is ho need
to calculate it.

Using the turbine power curve data the averageggnaaptured that can be obtained
from the turbine can be estimated. The idea estonate the average output power at the
average wind speed. Then the average output efergy period of time is calculated

using the following equation

EOut = Flated (dayS(hOurS) 3.35

Where Ey: is the energy captured and converted into eleetngrgy (kWh), Rieqis the
rated power in the power curve at the average wpekd calculated, and the product
days-hours is the time period of analysis in hours.

There is a disadvantage of using this method. Llmapfor the output power directly
from the graphic with out considering the shape scale factor of the measured wind
speed data can cause that the output power beastiieated or overestimated. Using
the arithmetic mean wind speed the power outpuldche underestimated, and using the

cubic root cube mean wind speed the power outpultldme overestimated.
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3.4.6 Estimating Energy Production Using the Wind PowenBity

A very efficient way of estimating the energy protian with out having to perform
probability analysis is to calculate the Wind Powensity (WPD) as shown in Equation

3.36, [Patel 1999].
WPD = —1 ZN: ,[)v3
oN =P 3.36

Wherep is the density of the air in kgfvi is the wind speed of sample i in meters
per second, and N is the number of measured samglbs units of the wind power
density are W/rh

The disadvantage of this method is that wee neechkoulate the average power

coefficient to be able to obtain the yearly outpnérgy using Equation 3.37.

E... =WPDQ(dayg(hourg(Areag(PC,,) 3.37

Where E is the yearly or monthly output power, R€is the average cubic root
cube power coefficient of the turbine and Areahiswind turbine rotor sweep area.
The density of the air in kg/tan be calculated using the following equation,
_ P
- ﬁ 3.38
Where P is the atmospheric pressure in Pa, R ispkeific gas constant for air (287
J/kgK) and T is the temperature of the air in Keldegrees.
If the density of the air has to be adjusted talaeoheight the following equation can

be used,
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. 35305 -0024]

T 3.39

where z is the height measured with respect toleses, and T is the temperature at

height z.

3.4.7 Producing Energy Curves to Estimate Energy Proauncti

The energy curves method is the best to estimateygmproduction of a wind turbine
for a specific site and for different values of eage arithmetic mean wind speeds. The
energy curves consist of plot of energy productrersus arithmetic mean wind speed.
The energy production can be easily obtain lookorgthe corresponding energy value
for a given arithmetic mean wind speed.

One of the advantages of the energy curve is the¢  is specific for a site a turbine
from the energy curve we can obtain the optimunrggnproduction values, i.e. at what
arithmetic mean wind speed value the maximum energyoduced. Also the energy
curve helps to show graphically the effect of thadashear in the site, so we can decide
to raise the hub height of the wind turbine if $t mecessary to optimize the energy
production.

Each energy production point of the energy curveaisulated using Equation 3.40,
[RETSCREEN].

25
E; = (dayS(hourS)Z;, Rf(v.5.15) 3.40
V=

Where E; is the expected energy production in the site wtherarithmetic mean speed

is equal to V , the product of days and hours gives the totalr$ian the period of
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analysis, Ris the turbine power output at wind speed v, drfd, 3,7, ) is the Weibull
probability density function for wind speed v, shg@mrametep and scale parametgy. .

Is important to notice that for a given site thes factor is constant, this means that
if wind data is measured at a height of 10 metacs @& 40 meters in the same point in
space the shape parameter for both data shoultelsaime, but the scale factor for the 40

meter data is higher than the scale factor of thenéter data.

Equation 3.40 can be solved for various valued/qfthe value ofn; is updated

using Equation 3.14 as discussed in section 3a2d a plot ofE; versusV is made to

obtain the energy curve. Figure 3.3 presents\wactiart that explains how to create an

energy curve.

Figure 3.3: Flowchart to Create Energy Curve.
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3.5 Concluding Remarks

In this chapter a method to analyze wind data wssudsed. The method suggests

alternatives to estimate the Weibull pdf parameteaikculate mean wind speed, calculate

wind power density and estimate energy productiwrafgiven site.

A summary of the method used is:

1.

Estimate the Weibull pdf parameters using the Maim Likelihood
Estimation (MLE) method. The MLE method is usedammercial software
such as MATLAB and Mini Tab to estimate Weibull gareters.

Calculate the arithmetic and cubic root cube meiad \wpeeds.

Adjust wind speed results to the selected turbine height. Use the one-
seventh (1/7) power law if there is no informatiahout the wind shear
exponent.

Use the cubic root cube mean wind speed to cakthat wind power density.
Produce an energy curve using the wind turbine pamueve and rotor area,
and the site shape parameter information.

Using the arithmetic mean wind speed look in thergy curve for the

estimated yearly energy production and average powe

This method permits to estimate energy produdtom given site before performing

an economic analysis to determine the feasibilitg wind farm project.
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4 ECONOMIC ANALYSIS

Without an economic analysis an engineering progt not be made a reality.
Economics are the most important part related ¢ariktallation of a wind farm. One of
the objectives of this thesis project is to provadstart up tool to estimates the costs and
evaluate alternatives of installing a wind farmPuoerto Rico and determine under what

conditions the project is viable.

The analysis is based on the present worth metibe. present worth method is the
method that PREPA used to evaluate the alternatitgion for engineering projects, for

example a Battery Energy Storage System (BESS) inat®90, [Daly 1995].

4.1 The Net Present Worth (NPW) Method

4.1.1 Definition

The present worth (PW) or net present worth (NPWthod is used to compare
different economical alternatives. It is defined@kws:

“A determination of the present worth (PW) involvdee conversion of each
individual cash flow to its present worth equivdleand the summation of the individual
present worth to obtain the net present worthfCanada et al. 2004]

The most important part of using the present watto know the relations available
to move cash sums in time to the present. Theiatlg notation is used:

» i = effective interest rate or rate of return pgerest period

e n =number of compounding periods
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e g = geometric increase or decrease rate
* P = present sum (equivalent worth) of money
e F = future sum (equivalent worth) of money
* A = end-of-period cash flows in a uniform serieqtoouing for a specified
number of periods
e G = uniform period-by-period increase or decreasecash flows or
amounts(arithmetic gradient)
+ Gy = geometric period-by-period increase or decremseash flows or
amounts(geometric gradient)
If the present worth under a minimum attractives ratt return (MARR) is positive or
zero, then the project is acceptable, otherwise not
In section 4.1.2 to section 4.1.5 we present the&gons to obtain the present worth
of a given quantity in a cash flow. These equaticen be found in any basic engineering

economics book such as [Newman et al. 2004].

4.1.2 The Future-Present Worth Relation

The future-present worth relation is used whes tesired to know the present sum

of money of a future sum of money.
Objective: Fin P when F is given.

Standard notation: P = F(P/F, i, n)
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Equation:
P=F(@+i)™ 4.1

4.1.3 The Series-Present Worth Relation

The series-present worth relation is used whes deisired to know the present sum

of money of a uniform series of end of period simoney.
Objective: Fin P when A is given.
Standard notation: P = A(P/A, i, n)

Equation:

L+i)" -1
|(1+I)n 4.2

4.1.4 The Arithmetic Gradient — Present Worth Relation

The arithmetic gradient-present worth relationssdiwhen it is desired to know the
present sum of money of a uniform series with amébum increase end of period sum of

money.
Objective: Fin P when G is given.

Standard notation: P = G(P/G, i, n)
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Equation:

_ Ta+iy-in-1
P_G{ 2 @+i)" } 4.3

4.1.5 The Geometric Gradient — Present Worth Relation

The geometric gradient-present worth relation sdushen it is desired to know the
present sum of money of a uniform series with aeohgetric increase end of period sum

of money.
Objective: Fin P when {s given.

Standard notation: P =®/G;, g, i, n)

Equation:
_ + n + -n
p:eg{l L+ g)" (1+i) } .
I—dJ '
If i = g then the Equation 4.4 becomes
— -1
P_Ggl_n(1+|) J 45

4.2 The Rate of Return

The internal rate of return of a project is intémase at which the PW of positive cash

flows equals the PW of negative cash flows thud\\R&V is equal to zero.
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When economical alternatives are going to be aedlyk is important to evaluate
then at a reasonable interest rate or discounbedtter known as the minimum attractive
rate of return (MARR), [Canada et al. 2004]. ThARR is the minimum rate of return
that the investor is willing to obtain from an isment. This means that any rate of
return method of economic comparison involves thlewation of a rate of return and
comparison against a minimum standard of desitglthown as the MARR. In general
the MARR is a measure of profit potential and afebe decision of selecting projects
for investment.

The selection of a MARR to evaluate a project isagally controversial and difficult.
Some firms uses criteria such as opportunity cobtsapital, market interest rates and
risks on investment to determine an acceptableevalMARR. Table 4.1, [Canada et al.
2004], shows categories of risk and the MARR thaiutd be used for that risk.

Table 4.1: MARR Values for a Given Risk.

Category of Average
Risk MARR Examples
High 40% New products, new business, acquisitions, joint
ventures
Medium 25% Capacity increase to meet forecastexs sal
Low 15% Cost mprovements, Make versus buy, capacity
increase to meet existing orders

4.3 Comparing Alternatives

The objective of a present worth economic analyisisto evaluate different
alternatives for a specific project and select diternative with the highest positive
present worth, or the alternative with the smaliejative present worth in case that the

available alternatives do not produce a positivanemical yield.
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To compare or evaluate alternatives a systematicegiure or analysis is used.
Figure 2.1 shows a flowchart of the procedure. ptaxzedure is as follows, [Canada et

al. 2004]:
1. Define the alternatives. Select among a few &dtteras or do nothing.
2. Determine the study period. This period can bditbef the project.

3. Provide estimates of the cash flows for each atére. This is the most
important part; poor estimates can give undesiredgalts and selection of an

alternative that is not the best.

4. Specify the time value of money or interest rafée time value of money can
be minimum attractive rate of return (MARR) thae timvestor is willing to

obtain from the project.

5. Select the measure(s) of effectiveness. In thmsish the measure of

effectiveness is a positive value present worth.
6. Compare the alternatives. Which alternative hasighest present worth?

7. Perform sensitivity analysis. Which parameter atawn can affect the

outcome?

8. Select the preferred alternative.
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Figure 4.1: Flowchart for Comparing Alternatives.

4.4 Uncertainty and Risk Analysis

4.4.1 Introduction

Developing a wind farm project is a risky projedihe fundamental risks encountered
in the electricity supply industry are primarily rkat risks and technical risks. Market
risks include demand growth, wind speed, the patéhe land, cost of money, and
tariffs. Technical risks include the breakdownsl aron-availability of wind turbines,

changes in technology, and prospects of future renmental legislation and
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enforcement. During the implementation of the @cojthere are also the risks of cost

overrun and delays in implementation, [Khatib 1997]

4.4.2 Sensitivity Analysis

Following the procedure presented in section 4t8raftep number 6 a sensitivity
analysis should be performed. The sensitivity ysialis an uncertainty analysis. The
sensitivity analysis is performed when there isautainty on one or more parameters of
the present worth analysis. The objective of tbesgivity analysis is to help in the

decision making process by providing information on

» How possible errors in the estimates of one or nparameters can affect the

outcome of the economic effectiveness measure.
* Potential changes in the alternatives preferences.
In this thesis project the focus in sensitivity lgss are in:

1. Single parameter sensitivity graphs. These greghtesv the effect of the
deviation of individual parameters in the projestacmme. Theeteris paribus
assumption is used in which all the parameterdizee to a base value and
only the parameter under study is varied. Thisnitethe study of a particular

relationship (i.e. MARR vs. NPW) in a simplifiedtseg.

2. Two parameters sensitivity graphs. These graplasv sthe effect of the

deviation of two parameters in the project outcofB8anada et al. 2004].
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4.4.3 Monte Carlo Simulation

4.4.3.1Introduction

The final step of the economical analysis is arfmal risk analysis. For risk analysis
the method used is known as Monte Carlo simulafidhatib 1997, Canada et al. 2004].
Monte Carlo permits to develop approximate solugianen a physical experiment or the
use of analytical approaches is either too burdaesor not feasible and it is desired to
analyze situations involving risk. In this thedi® tpurpose of performing Monte Carlo
simulation is to evaluate the most sensitive patarae

In Figure 4.2 we show the flowchart to perform a o Carlo simulation. To
perform a Monte Carlo simulation we have to follthese steps:

1. Define problem and collect data. This data canth® selling price, the
investment, the useful life of the project, salvaghkie, operating costs, etc.

2. The input data. This data includes the probabitligtributions of the
collected data, time patterns, and initial investtre@nditions.

3. Decision rules and program. Randomly select seiispoit data according to
their probability of occurrence.

4. Simulate. Determine a measure of merit for eatlofseonditions.

5. Repeatedly sample until a clear pattern of investmiek is evident.
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Figure 4.2: Monte Carlo Simulation Flowchart.

4.4.3.2Modeling Parameters and Generating Random Numbers

The most important step to perform Monte Carlo $ation is to model the sensitive
parameters under study with the most adequate pilapalistribution. The probability
distributions can be triangular, normal, uniformajrany other empirical form. It is
important to understand that using a not adequataliition to model a parameter can

result in misleading information about the finamcisk of the project.

The next step before making the Monte Carlo sinais to generate random
numbers based on the probability characteristiesrgfor the different parameters of the

problem. The expression for the generation of randormal values is given in [Canada
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et al. 2004]. The expression for generating randomformly distributed values for the
uniform, triangular, or any other empirical distriton can be obtained using the Inverse
Transformation Technique, [Banks et al. 2004]. €ahR shows generic expressions for

generating random numbers for the normal, unifonch taiangular distribution.

In Table 4.2 RND is a random normal deviate withameero, variance one and
standard deviation one, and RN is a uniformly disted random number between zero
and one. The RND are used only with the normalridigion. RND and RN are
obtained from specialized tables found in bookssag [Banks et al. 2004] and also can

be generated by software such as MS Excel and MAILA

Table 4.2: Random Number Generation Expressions.

Distribution Expression
Normal meant (RND)(std _deviatior)
mean_range

Uniform a+(RN)(b-2) = 2

where a = Minimum and b = Maximum

+(RN)(rangg

a+,/(b-a)(c-a)RN, 0<RN(b-a)/(c-a)
where a = Minimum, b = Mode
and ¢ = Maximum
Triangular c-+/(c-b)(c-a)@-RN),
(b-a)/(c-a)<RN1.00
where a = Minimum, b = Mode
and ¢ = Maximum
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4.4.3.3Measurements of Risk

The final step for completing the Monte Carlo siatidn is to analyze the results.

The most popular measurements of risk used are:
1. The Coefficient of Variation
2. The Probability of a negative outcome of NPW

The coefficient of variation is the standard ddweiatof the projected returns of Net
Present Worth (NPW) divided by the expected mealueyalHacura et al. 2001].
Assuming a positive expected mean value of NPWI|awer the coefficient of variation,

the lower the project risk.

For the probability of a negative outcome of NPWegally, the project is quite safe
when this probability is less than 0.2, [Hacuraakt2001]. The critical value of this
measure of risk is subjective since every managsradifferent degree of aversion to

risk.

4.5 The Economic Analysis Problem Formulation

4.5.1 Introduction

In this section the eolic generation economic aialys formulated using basic
concepts from microeconomic theory and engineegz@nomics. Estimation of project

profits, revenues and costs are discussed in detail
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As a general note when we refer in the followingtisas to the year n we mean the

end of year n.

4.5.2 The Economical Profits

To develop an eolic generation project it is impottto establish how the profits of
the project will be obtained. From basic microemorc theory it is established that the
net profit (or loss) is given by the difference voeén the total revenues and the total

expenses or as shown in Equation 4.6,

n(q) =TR(q) -~ TE(q) 64

Where q is the quantity produced of certain godd) are the profits as a function of
g, TR(q) are the total revenues as a function oary TE(q) are the total costs or
expenses as a function of . In this analysisgtid, g, produced by a wind turbine is
electrical energy that is for sale. Then, Equatdoé is interpreted as the net profit
obtained from producing g energy and is the difieee between the total revenues
obtained from selling g energy and the total expsrfsom producing q energy. If the

result from Equation 4.6 is negative we have dost instead of a net profit.

4.5.3 The Revenues (TR)

The revenue or gross profit is the income earned bysiness as a result of providing
products or services to customers. Revenue com fsales of merchandise to

customers and from fees earned by services pertbfonelients or others.



67

The revenues for the eolic energy generation preydtbe given by the quantity of
energy that is sold. Revenues are given by theyatoof the price of the available

electric energy for sale and the established mid¢kis energy as shown in Equation 4.7.

TR(g) = (energy_ pricg * (q) 4.7

Where the energy_price is given in $/kWh and dnésdvailable electrical energy for

sale in kWh and is given by
g = (energy_produced* (avail _fac) * 1—derating_fac) 4.8

Where the energy_produced is the expected elestiécgy produced during a year
assuming the wind turbines will work at ideal wioghditions (no turbulence) during 24
hours a day for a full year, the avail fact is percentage availability factor and is
defined as the total time the wind turbines will bp producing energy, and the
derating_fact is the percentage derating factorigiadderating of the wind turbine output

due to turbulence and wind variations.

4.5.4 The Expenses (TE)

The expenses are the cost of doing business tagjertbe revenues of the specified
operating period. Some common expenses are theotdise goods sold (such as the
manufacturing, production, shipping and distribajiothe depreciation, the employees’

salaries, the operating costs and income taxes.

The expenses or total costs are more complicatedltnlate. Some of the expenses

are fixed and does not depend of the electricatggneroduced, g, others costs are
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variable or controllable and depends on the q dutpie following list shows examples

of different controllable and fixed costs.
Controllable or Variable Costs:

Salaries, payroll, benefits, legal and accountixigeeses, advertising and marketing
expenses, auto and transportation services, offiapplies, utilities, repair and

maintenance, outside services.
Fixed Costs:

Depreciation (amortization of capital assets), |lpagments, insurance, licenses and

permits, other fixed monthly expenses.

The most common costs for the eolic generatiogeptaare the capital costs that
include the turbine costs and wind farm installatiand the annual operating costs that
include the annual debt payments, the wind farnraim and maintenance costs, and

the land right (rent) costs.

4.5.4.1The Capital Cost (CC)

The capital cost is better known as the projetiaincost. Since this cost is estimated
at the beginning of the project it has very lowemainty and very good confidence. The

capital cost of an eolic energy generation prajeay include:

e The price of buying the wind turbines, the powebsation, and any other

material needed to develop the project.
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 The price of transportation of the wind turbinesd anther construction

equipment.

* The installation cost of the wind farm that incledeind turbines, the power

substation, construction of access roads, and gy equipment.

» Other initial costs that may include the trainirfgtiee people that will install

or maintain the wind farm during its operating life

For this project an estimated cost of the coskjéiinstalled in the wind farm will be
used. The cost per kW ($/kW) is a linear relatimade by previous wind farm
developers based on their experience and the edoalohistory of previous wind farm
projects. Using this estimated cost the projeqiit@ahCosts (CC) can be estimated using

Equation 4.9.
CC=(Inst_Cos) * (K) 4.9

Wherelnst_Costis the cost in dollars per kW installed in the evfiarm, anK is the
installed capacity in the wind farm and its units &W.

Investors use a mixture of debt and equity to fogaa wind farm project. The
percentage of the total initial investment provided borrowed funds is known as the
debt ratio. Financing a project with borrowed fand known as debt financing. A
typical debt ratio for a wind farm project is beeme60% to 75%, this means that for the
project the other 25% to 40% is financed throughitggin other words from the investor

or company retained earnings, i.e. their own pocket
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There are two types of debt financing: term loams laond financing.
a) Term loans — These are short-term borrowing frorarftial institutions (banks).

* Involve an equal repayment arrangement, where uhe &f the interest and

the principal payment is uniform.

* Interest payments decrease while principal paymiectgase over the life of

the loan.

» Negotiation between borrowing entity and the finahmstitution is directly.

b) Bond financing — Sale of long-term bonds; monegasowed from investors for

a fixed period.

* Only interest is paid at the end of each year.

» The principal is paid in a lump sum when the boradures.

* Flotation costs are incurred when issuing bonds.

Flotation costs are expenses the company incuatetelvith the issue of a bond, such
as bankers’ fees, lawyer’s fees, accountant’s casts printing and engraving of the

bonds.
There are two types of equity financing: use cdiretd earning and issuance of stock.

a) Use of retained earnings — Use funds invested &yctinrent or new owners of a

company.

* Some companies have cash in hand to make capitdtiments.

b) Issuance of stock — Selling common stock to rdiseréquired funds.
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» The company goes public to raise the required funds
» Flotation costs are incurred when issuing stock.

The initial cost (investment) for the investor aay zero (ICO) is given by the

difference between the capital costs and the baddwnds (BF) and is given by
IC, =CC-BF 4.10

The result from Equation 4.10 can be also knowthasequity. The borrowed funds
are the quantity of money that is borrowed fromlihek or lender to finance the project.

The payment of the loan becomes an annual operatisig

From the previous discussion we know that the eecbfunds will fluctuate from
60% to 75% of the project capital cost. The legdinstitution will expect that the
investor have contributed from his own assets angbive undertaken personal financial
risk to establish the business before asking tleeooinmit any funding. In this case the

investor may need to invest at least 25% of thétalagosts.

In this thesis we evaluate the wind farm projedéhgiglebt financing: term loans and

bond financing.
4.5.4.2The Annual Operating Costs (A)
The annual operating costs are the costs endunedittain the wind farm operating

year by year for the whole life of the wind fari8ome of these costs are fixed, this mean

that they do not change with the volume of energydpction, others are variable and
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depend of the volume of energy production (i.e.enaoduction, higher the costs). The

annual operating costs of an eolic energy generatioject may include:

* The project annual debt payment. This is the duyapaid for the borrowed
funds. In the case of financing through loans plaigment will be constant for the
life of the loan. If the project was financed sgJl bonds then the payment will
become constant interest payments through theofifithe bond and a principal

lump sum at the bond maturity date.

* The operation and maintenance (O&M) costs. The @®sts may include the
maintenance personal (engineers, mechanics), ielepiower and water,

replacement parts and project insurance.

 The Land Costs. This is what is paid for the laritere the wind farm is sited.

The land can be bought or rented.
Other costs may include depreciation and incomestax

The following equations define the annual operatingts used to calculate the total

annual operating costs in this eolic energy geiwaratroject.

The project annual debt payment general expressigiven by,
ADP, = (principal),, + (Interes) 4.11

Where principal is the fee paid, at year n, in @lsllthat contributes to reduce the debt,
Interest is the fee paid, at year n, in dollarsusing the borrowed money. If the project

is financed trough loan terms then annual debt gayns given by,
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ADP = BF(A/ P,i,N) 4.12

Where BF are the borrowed funds, (A/P, i, n) is thkationship that is obtained from
equating Equation 4.2 to the ratio of A/P, i is thterest rate, and N is the loan life in
years. An important note is that the ADP for tdoans will always be constant from

year 1 to year n, after that is zero.

If the project is financed selling bonds is impattéo notice that if the bond matures
at year n then when applying Equation 4.11 to dateuthe annual debt payment, the
ADP will be constant from year j = 1 to year j = i and it will be equal to a constant

interest payment except at year j = n where the ADdyjual to the interest payment plus

the bond principal.
The total operation and maintenance (O&M) costdafaed by equation 4.13.
OM = (OMf) +(OMV) * (q) 4.13

Where OMf are the fixed O&M costs in dollars, OMre ahe variable O&M costs in

dollars per kWh produced and q is the energy preduc kWh.

The total land costs are defined by,
Land = (R) * (gross_rev) + (turb_rend * (T) 4.14

Where R is a percentage value, gross_rev is the projestsgprofit or revenue in dollars
given by Equation 4.7, turb_rent is a fixed quantit dollars paid yearly for every

turbine installed, and T is the total number of dviorbines installed.
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After defining the equations that defines the prb@osts then the project total annual

costs (TE) can be calculated using Equation 4.15.
TE, =I1C,(A/P,i,N)+ ADP+OM + Land 4.15

Where (A/P, i, N) is the relationship that is obhtd from equating Equation 4.2 to
the ratio of A/P, i is the minimum attractive ratereturn, and N is the project life. It is
important to note that the initial cost ()ds converted to an annual constant payment to

be able to compute the annual total costs\JTE

To calculate the project total costs at presene t{if) then Equation 4.16 or 4.17

are used.

TE, =IC, + (ADP+OM + Land)(P/ A,i, N) 4.16

TE, =TC,(P/A,i,N) 1.

Where (P/A, i, N) is the relationship that is obhtd from equating Equation 4.2 to
the ratio of P/A, and i is the minimum attractiee of return, and N is the project life. It
is important to note that the annual costs are edad to a present value to be able to

compute the total costs at present timegTE

4.5.5 The Cash Flow (CF) and the Net Present Worth (NPW)
An engineering economics financial analysis liveslies by the cash flow. The cash

flow statement shows the net result of the sumhefrhoney that goes in and goes out

during a period. Table 4.3 shows an example gpaal cash flow. In a cash flow the
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money we receive (income) is assigned a positieieyathe money that goes out

(expenses) is assigned a negative value.

Table 4.3: Example of a Cash Flow Statement.

Year 0 1 2 3
Gross Revenue 0 $60K | $60K| $60K
Capital Cost -$100K| O 0 0
Borrowed Funds | $75K 0 0 0
Land Costs 0 -$5K | -$5K | -$5K
O&M Costs 0 -$10K | -$10K | -$10K
Ann. Debt Payment 0 -$30K | -$30K | -$30K
Net Cash Flow -$25K | $15K | $15K| $15K

From the previous example it is observed that a&&ash flow is negative at year
zero, because is the moment when the investmentde. In the following years the
expectation is to receive a positive cash flow tfo life of the project, but this is not
always the case. It can occur that the revenweritain year is not as expected and as a
result a negative cash flow is obtained. Alsoalatays the cash flow is constant; there
can be fluctuations in costs due to inflation, anedicted changes, such as wear and tear
of equipment, that affect the revenues thus regulh changes in the cash flow. Another
factor that affects the cash flow are the incomeegathat will be discussed in the

following sections.

The before taxes cash flow (BTCF) for this windigoroject can be calculated using

the following equations:

BTCFn — _lco, where n =0
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BTCF, =TR, - ADP,-OM_ -Land,, wheren>0 4.18

Where 1G is the initial cost for the investor at year zagiven by Equation 4.10,
TR, is the total gross revenue at year n as givenduation 4.7, ADRis the annual debt
payment at year n as given by Equations 4.11 at®l DM, is the annual maintenance
and operation cost at year n as given by Equatid®, 4and Langlis the annual land cost
at year n as given by Equation 4.14. Note thatrtbgative quantities mean costs or

expenses.

Now that the wind farm BTCF is defined the befarets project expected net present

worth (NPW) can be calculated using the followingi&tion:
NPW =-IC, + (TR- ADP-OM - Land)(P/ A/i,N) 4.19

Where (P/A, i, N) is the relationship that is ob&d from equating Equation 4.2 to
the ratio of P/A, and i is the minimum attractiaer of return, and N is the project life.
This equation is valid if the variables TR, ADP, Givid Land remain constant for the
complete life of the project, but unfortunatelytims project that is not the case. Then to
correct for this problem we use the following edmrat

N
NPW =-IC, + > [(TR, - ADP, -OM, - Land, )(P/Fi,n)] 4.20

n=1

Where (P/F, i, n) is the relationship that is oh¢ai from equating Equation 4.1 to the
ratio of P/F, i is the minimum attractive rate efurn, n is the end of year n, and N is the

project life.
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When we add the effect of the income taxes to aghdlow statement it becomes an
after taxes cash flow (ATCF). The taxes are carsd like another cost in the cash
flow. Equation 4.21 shows the after taxes netgmeworth for the wind farm project.

N
NPW =-IC, + > [(TR, - ADP, ~OM, - Land, - IT,)(P/F,i,n)] 421

n=1

Where [T, are the income taxes paid at year n. In one effdhowing sections we

will discussed how to calculate the income taxes.

4.5.6 The Effect of Inflation

The inflation is a general raise in the level daf firices paid for goods and services.
It has the effect of reducing the acquisitive powkthe money. Since the life of a wind
farm project is expected to be of more than 20y#aere can be fluctuations in the price
of the energy that is for sale and some of the alhoperation costs such as the operation
and maintenance costs. If it is desired to evaltia effect of inflating or escalating the
price of X cost variable at a year n then the fellg equation should be substituted for

X,
X, = X1+ f)n, where 1<n< N 4.22

Where X is the base price (price at present timgear zero) of a good or service, fis
the average inflation rate or escalation factothat good X, X is the price of X at the

end of year n, and N is the wind farm project life.
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For example Table 4.4 shows the effect of inflatmm the energy price if it is

assumed a base price (price at time zero) of $0/M/and an inflation rate of 2%.

Table 4.4: Example of the Effect of Inflation.

Year | Effect of Inflation on Energy Price
0 $0.0900/kWh
1 $0.0918/kWh
2 $0.0936/kWh
3 $0.0955/kWh
25 $0.1477/kWh

The inflation of a product is determined from thensumer price index of the
product. The index is based on basket of goodsathaverage consumer buys. The base

price of that basket was $100 in 1967, thus a €RO00 in that year.

The inflation rate of a product varies from yearytar, but for financial analysis to
simplify the analysis the average inflation ratetlodt product is used. This means that
certain product may have a 3% inflation from yeao Qear 1, a 2% inflation from year 1

to year 2, and a 4% inflation from year 2 to yearT® obtain the average inflation we

1
X n
f=|—L| -1
[XOJ 32

Where f is the average inflation rate; ¥ the price or CPI of good X at year zero

use Equation 4.23.

(base price), and Xs the price or CPI of good X at the end of yeaHor example if we
want to obtain the general inflation rate of a prctdbetween the years 1992 and 1996

then n = 1996 — 1992 = 4, the price at year 1992, and ke price at year 1996.
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There are two types of inflation rates: the genanflation rate and the specific
inflation rate. The general inflation rate is bdhem all the products of the market. The
specific inflation rate is based on a specific piidin that market, for example in the
energy market we have different inflation ratestfo fuels such as coal and natural gas,
the distribution and transmission of power, therapen and management of power
plants, etc. For example, the general inflatioty tm@a estimated in 3%, but for the case of
a wind farm the specific inflation rate for the daoosts may be 1%, and for the operation
and maintenance the inflation rate may be 2%. Tfarsthe purpose of this analysis is
important to inflate each variable with is corresgimg inflation rate. If a variable does

not have an inflation rate then that variable feated with the general inflation rate.

4.5.6.1The Economic Analysis Under the Effect of Inflation

There are two types of economic analysis undereffexts of inflation: the actual

dollars analysis and the constant dollars analysis.

The actual dollars analysis use the estimatestofdicash flows and takes in account
any anticipated changes due to the effects oftinfla The constant dollars analysis is a
representation of constant purchasing power. Tdietion is better illustrated with an
example, but first we have to define how they eelat each other using Equation 4.24

and Equation4.25, [Park 1997].

A =C QA+ f,)" 4.24

C,=A@Q+f,)" 4.25



80

Where A, are the actual dollars at the end of year n indash flow, G are the

constant dollars at the end of year n in the clsf, fand {4 is the average inflation rate.

For example, let assume that company invest $100y9@ breaker production line
during a period where the general inflation rat&8%s. The company expects to recover a

positive cash-flow of $50,000 the next five yeafable 4.5 shows the cash-flow.

Table 4.5: Cash Flow in Actual and Constant Dollars

Year | Cash Flow in Actual | Conversion Factor| Cash Flow in Constant
0 -$100,000 (1+0.08) -$100,000
1 +$50,000 (1+0.05) +$47,619
2 +$50,000 (1+0.05) +$45,351
3 +$50,000 (1+0.08) +$43,192
4 +$50,000 (1+0.08) +$41,135
5 +$50,000 (1+0.08) +$39,176

Typical economical analysis without inflation isrfeemed in actual dollars. This
means that the actual dollars analysis is a piiedicf net cash flow that the investor will
have in a future year, for example the investoreeipto receive $50,000 at the end of
year 5. The information the constant dollars g&velue to the effect of inflation what
purchasing power the investor will have at the ehgear 5 with the $50,000 he receives.
The results show that the $50,000 the investoriveseat the end of year 5 are worth
$39,176 in today (year zero) money. In other wafdke investor at the end of year 5
expects to buy a BMW that costs today $50,000 Hienei be able to do it and he will be

able only to afford the BMW that costs today $39,17

The interest rates and the MARR are affected byirtHation. When calculations
using actual dollars are made the interest ratel is&known as the market adjusted

interest rate. It is important to notice that timerest rate given by the lending
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institutions is a market interest rate. When th&wations are made using constant
dollars then the interest rate is known as theirgafest rate. When there is no inflation
both interest rates are the same. Equations @827 show the relation between both

interest rates.

IZIR-I-favg-I-IRfavg .28
- | — favg

R ™ 4.27
1+ f.,

Where i is the market interest rate,is the real interest rate, anggfis the general

inflation rate.

In general, if we have a cash flow in actual dsllg#nen to obtain the net present
worth (NPW) we use the market interest rate (i},ibwe have a cash flow in constant

dollars we use the real interest ratg. (i
Some important remarks about inflation analysis:

» Depreciation expenses do not increase with infiattbey remain as initially

calculated.
» If a depreciable asset is sold, the selling pmoedases with general inflation.

* The repayment size of a loan do not change witatioh since is based on an

historical contract amount.

* The inflation tends to decrease the rate of retdira project, thus reducing its

net present worth (NPW).
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4.5.7 The Income Taxes

There are various types of taxes. In this typprofect the taxes to be considered are

the property taxes and the income taxes.

The property taxes are based on the valuation opgrty owned, such as land,
equipment, buildings, inventory, and the establistex-rates. They do not vary with

income and are usually much lower in amount thaonme taxes, [Canada et al. 2004].

The income taxes are taxes on pretax income ofrgan@ation in the course of
regular business. Income taxes are also leviedyains on the disposal of capital

property. They are usually the most significarpetyof tax to consider in economic

analyses, [Canada et al. 2004, Park 1997].

The calculation of the income taxes is based oowting rules. In accounting the
rules for distinguishing what is a revenue or exygeand what is not is different than in
finance. In finance positive cash flows are rewnand negative cash flows are
expenses. Accountants consider the depreciatiosapftal as an expense, but the
principal paid on the debt is not considered areagp. In finance we don’t consider the
depreciation as an expense because is not a ctal, duwt the principal paid in the debt

is considered an expense (cost) because affectasheflow annually.

Before calculating the income taxes of the windrfgroject we have to follow the
accounting rules to determine the project taxaiderne (TI). The taxable income has to

be calculated for every year in the project lifengsEquation 4.28.
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Tl, =TR, —-Land, —OM —Dep, —Interest, —Inc,, wheren>0 4.28

Where TR is the annual gross revenue at year mlesdc using Equation 4.7, Land are
the annual cost at year n incurred in the leasfripeland where the wind farm is sited,
OM is the annual operation and maintenance cogtat n of the wind farm, Dep is the
annual depreciation of the capital at year n, Bdeis interest paid for the borrowed
money in year n, and Inc is any tax incentive atuidb#ion given to the tax payer in that
taxation period. In the next section we explainvho calculate the depreciation of an

asset.

There is another way to calculate the taxable ire@arting from the before taxes

cash flow of the project. Adjusting Equation 4W& have that the taxable income is:
Tl =BTCF, + ADP, — Dep, —Interest, —Inc,,, wheren>0 4.29

Where BTCF is the before taxes cash flow at the end of yeand ADR is the annual
debt payment at the end of year n.

It is important to notice that the taxable incormenot a constant. The gross revenue
will vary with energy production year by year, tamd and O&M may suffer inflation
effects, the depreciation will depend of the schedssigned to it as discussed in the next
section, the interest paid on the debt decreasmshyeyear, and the incentives can also
vary year by year.

Once the taxable income is determined, the incaxest (IT) at the end of each year

can be calculated using,

IT, =(Tl,)* (tax__rate) 4.30
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Where T}, is the taxable income at the end of year n, andréae is the tax rate imposed

by the government.

It is of importance to take into consideration tiratthe United States of America
(USA) every state has its own taxation rules amdRéderal government has its own. In
the USA the state income tax rate are usually fatwem 10%, states such as Florida and
Texas do not have income tax. The federal incamerdtes are much higher than the

state taxes and fluctuate from 15% to 35% in tlse @d corporations or businesses.

Most citizens and companies established in thendslaf Puerto Rico do not pay
federal income taxes, but the state income tas nat@uerto Rico are much higher than
the state income tax rates in the USA States antpare with the federal income tax
rate. Puerto Rico and the USA federal governmeptaisimilar tax rate known as the
marginal tax rate. A marginal tax rate systema#eithe taxable incomes in brackets and
depending of the taxable income of an individuiadt tindividual is charged a tax. The
logic behind the marginal tax rate is the higheurytaxable income, the higher your tax
rate will be. Table 4.6 shows a federal margirad tate structure for corporations,

[Canada et al. 2004, Park 1997].

Table 4.6: Corporate Tax Structure.

Taxable Income (TI) Tax Rate Tax Formula
$0 - $50,000 15% 0.15*(TI)
$50,001 - $75,000 25% $7,500 + 0.25*(TI - $50,000)
$75,001 - $100,000 34% $13,750 + 0.34*(TI - $75)000
$100,001 - $335,000 39% $22,250 + 0.39*(TI - $100)0

$335,001 - $10,000,000 34% $113,900 + 0.34*(T1354600)
$10,000,001 - $15,000,000 35% $3,400,000 + 0.35*(TI - $10,000,000)
$15,000,001 - $18,333,333 38% $5,150,000 + 0.38*(TI - $15,000,000)
$18,333,334 and higher 35% $6,416,666 + 0.25* 18,333,333
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For the analysis of investment decisions is vemmmn to assume a constant tax
rate equal to the marginal tax rate of the brathkat applies to a project. In the case
where there state and federal taxes, both taxesoanputed using the same methodology
and the state taxes can be deducted from the ®katdme to compute the federal taxes

then the following equation applies to calculateeffactive tax rate, [Canada et al. 2004]:
t.; = fed_rate+st_rate—(fed_rate) * (st_ rate) 4.31

Where fed_rate is the federal tax rate, and stisdtee state tax rate.

4.5.8 Depreciation

The purpose of depreciation is to provide for teeowery of capital invested in
property or capital that is expected to declineatue as a result of time and use. The
depreciation is the decrease in value of physioapgrty with the passage of time. The

depreciation has to be considered when making-&fteengineering economics studies.
For property to be depreciable it should meet ttlewing requirements:
* It must be used in business or held for the pradoaif income.
* It must have determinable life, and the life mustdnger than one year.

* It must be something that wears out, decays, gedd up, becomes obsolete,

or loses value from natural causes.

The depreciation of an asset is executed in whedlied depreciation schedules. In

the following sections we explain two of this depation schedules or methods.
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4.5.8.1The Straight-Line Depreciation Method

The straight-line method assumes that a constaoumaims depreciated each year
over the life of the asset. The annual depreciadeduction (ADD) is given by Equation

4.32.
ADD=(B-S\,)/N 4.32

Where B is the cost basis of the assety $vthe estimated salvage (book) value of
the asset at year N, and N is the project lifee Gbst basis (B) of an asset is normally the
purchase price plus the cost of making the asseiceable, thus including shipping and
handling, insurance, installation, and training enges. In this project, cost basis is

synonymous to the project capital costs.

For this wind farm project, the salvage value @& thrbines is assumed to be zero.
The reason for this is that the objective of dejatewy the asset is to reduce the taxable
income, so a salvage value of zero increases thaahmlepreciation deduction. Also
after a project life of 25 to 30 years is very @ble that the components that compose
the wind farm may have no value in the market. Andlly, any salvage value given to

an asset becomes a capital gain and is taxable.

If we use the straight-line depreciation methochttiee variable Dep from equations
4.28 and 4.29 becomes equal to the ADD, and wilctmestant for whole life of the

project.
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4.5.8.2The Accelerated Depreciation Method

There are various accelerated depreciation methéaghis project we will use the
Modified Accelerated Cost Recovery System (MACRS)The MACRS method
establishes prescribed depreciation rates, cafledvery allowance percentages, for all
assets within a specified class. This eolic enggyeration project is analogous to an
electric power plant, thus we will use the recovpeyiod of an electric power plant that
is 20 years based on the MACRS property classificat Table 4.7, [Canada et al 2004],
shows the MACRS depreciation schedule with it recp\allowance percentages for and

electric power plant.

For eolic generation the United States governmastallowed a special depreciation
schedule for wind turbines. The schedule is based 5 year MACRS. Table 4.8,

[Canada et al. 2004], shows the 5 year MACRS dégaten schedule for wind turbines.
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Table 4.7: MACRS Depreciation Schedules for an Elé&gc Utility.

Year | Recovery Allowance Percentage
1 3.750
2 7.219
3 6.677
4 6.177
5 5.713
6 5.285
7 4.888
8 4.522
9 4.4622
10 4.4621
11 4.4622
12 4.4621
13 4.4622
14 4.4621
15 4.4622
16 4.4621
17 4.4622
18 4.4621
19 4.4622

20 4.4621
21 2.231

Table 4.8: MACRS 5 Year Depreciation Schedule.
Year | Recovery Allowance Percentagé
20.00
32.00
19.20
11.52
11.52
5.76

OO WIN|IF

As an example of using the MACRS lets assume a Wand with a capital cost of
$100M and that will be depreciated with a MACRSeayschedule. Table 4.9 shows the

depreciation schedule fro this type of project.
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Table 4.9: Example of a MACRS Depreciation Schedule

Year 0 1 2 3 4 5 6
Capital Cost | $100M | $100M | $100M | $100M $100M $100M $100M

MACRS 0 20% 32% 19.20% 11.52% 11.52% 5.76%
Depreciation| $0 $20M | $32M| $19.20M $11.52M| $11.52M| $5.76M

4.5.9 Uncertainty Analysis Using Sensitivity Analysis

The objective of the sensitivity analysis is toatatine which parameters affect the
project net present worth when small or large Vianis are made to the value of those
parameters. The sensitivity analysis shows forctvtparameters is important to have
good estimates because small variations can chdmgeutcome of the project from
attractive to non-attractive and vice versa. Hmalysis is a simple way of evaluating the
vulnerability of the profitability of the projecttlikely future deviations in the parameters

best estimates.

In the electrical power industry the price of thectrical energy is the most important

item affecting a project’s financial performance.

In this thesis we are analyzing single parametesiteity analysis and two parameter

sensitivity analysis.

4.5.9.1Single Parameter Sensitivity Analysis

The single parameter sensitivity analysis consitgaphs that show the effect of the
deviation of individual parameters in the projeatamme. All the parameters are fixed to
a base value. These base values are obtainedtimbase cases that are under analysis.

Then the parameter that is going to be studiedarges in a range that can vary from
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minus 75% to plus 75% of its base value. This @¢ardin which only one parameter is

varied and the others are fixed to their base vialkeown as a ceteris paribus condition.

In this thesis our objective is to see how the present worth (NPW) of the wind
farm project changes when one of the parametersyelsat value, and be able to identify
the most sensitive parameters. To perform theitsgtys analysis we have to follow

these steps:

1. Determine the project net present worth equation.

2. Establish a base case in which the estimates tfalparameters are acceptable.

3. Identify or select the parameter to study.

4. Select a variation range for the parameter; anpabk range is from -75% to
75% of the parameter base value.

5. Vary the parameter between the established ranigg uscrements of 10% or
15% and determine the NPW for each variation.

6. Make a plot of the NPW versus the range (% devidtiom estimated value).

The scaling or variation of a parametér,as described in steps 4 and 5 is made using

the following equation:
X, =X(@1+dey 3a.

Where X the base value of the parameter that's usdasitivity analysis, dev is a
percentage value in decimal form that represemtyvaniation of the parameter, and ix

the result of that variation on the parameter X.

As an example, lets assume the land costs haveeaviadue of $50,000 annually and

that it is desired to observe the effect of a cleaimgthat parameter in the project before
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taxes NPW when all the other parameters are fixedheir base value. Lets take
Equation 4.20, the before taxes NPW expressiothfsrproject, and adjust the land costs
for sensitivity analysis. Then the expression tloe sensitivity analysis becomes like
Equation 4.34 where we have an independent varialele, and a dependent variable,
NPW. The variable dev is varied in establishedyeaand the results for the NPW are

tabulated and then plotted.

N
NPW =-IC, + Y [(TR, -~ ADP, ~OM, - Land, (L+dey)(P/F,i,n)] 434

n=1

Table 4.10: Results for the Sensitivity Analysis Eample.
Base Value| $50K | $50K | $50K | $50K | $50K | $50K $50K
Deviation | -75% | -50% | -25% 0 +25% +50%+75%
Change | $12.5K| $25K | $37.5K| O $62.5K| $75K | $87.5K
NPW $115K | $110K]| $105K | $100K| $95K | $90K| $85K

Sensitivity Graphic
§140,000

$120,000

& §100,000 ‘\\\*\

$80,000

$60,000

Net Present Worth (

$40,000

$20,000

§0

-75% -50% -26% 0% 28% S50% 5%
% Deviation from Estimated Value

Figure 4.3: Example of a Sensitivity Graphic.
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For this example it can be concluded that the @oxls are not a sensitive parameter
because the NPW does not change to negative a waleie the land costs are varied in a

wide enough range.

4.5.9.2Two Parameter Sensitivity Analysis

The two parameter sensitivity analysis also is kmaw sensitivity surface analysis. It
consists of a graphic that show the effect of tea@ation of two parameters in the project
outcome. All the other parameters are fixed toaaebvalue. This base values are
obtained from the base cases that are under analysi

This analysis allows us to examine how the intéwacof two parameters that can
have estimation errors will affect the result of fbroject. For example, the case where
the energy price decreases 10% and the operatmmanagement costs of the project
increases 5%. A two parameter sensitivity graptdaild predict the outcome of the
project for a situation like this.

As an example of a two parameter sensitivity anslyse want to analyze how
changes in the energy price and the annual debhgmiyaffect the wind farm project
outcome, in other words, to see if we get a pasitiv negative present worth. As a first
step, we need an expression that describes thpresént worth of the project. From
previous sections, we have that Equation 4.20 tescithe project net present worth.

For simplification of the analysis Equation 4.20 ¢ee rewritten as,
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NPW=-IC, +TR, - ADR, —OM, - Land, 4.35

Where |G is the initial costs, TiRare the gross revenues at time zero, ABPhe annual
debt payment at time zero, @Mre the operation and management costs at tintg zer
and Land are the land costs at time zero.

The projects energy price affects the variable e net present worth expression.

Equation 4.7 defines the variable TR. The varidii®gis defined as,
TR, = (energy_price * (q)(P/A,i,N) =TR(P/ A,i,N) 4.36

Where q is the available electrical energy for salekWh, and (P/A, i, N) is the
relationship that is obtained from Equation 4.2the ratio of P/A, i is the minimum
attractive rate of return, and N is the projeat.liThis equation is valid if the parameter
TR remains constant for the complete life of thejgut, but unfortunately in this project

that is not the case. Then to correct for thibjemm we use the following equation:

TR, =3 [TR)(P/F i.n) s37

Where (P/F, i, n) is the relationship that is o¢al from equating Equation 4.1 to the
ratio of P/F, i is the minimum attractive rate efurn, n is the end of year n, and N is the
project life.

Equations 4.7 and 4.36 show the linear relatiohekests between the gross revenues
(TR) and the energy price. Now we can escalateetiergy price as shown in the

following equations.

TR,(1+Y) = [(energy_price, A+ V)@)P/Fin] 4z
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TR@+Y) = +Y) X [TR (P/F i.n)] 439

Where Y is a percentage value that representsathation of the energy price.

The second parameter we want to study is the arhelatl payment (ADP). The
expression is developed using the same analysisrided above modifying the
expression of the annual debt payment and insettingan expression to escalates its
values. The following expression is obtained,

N
ADP, (L+ X) = 1+ X)> [ADPR,(P/F i, n)] 4.40
n=1
Where X is a percentage value that representsathation of the energy price.

The next step is to substitute the expressionthioescalated parameters in the NPW
equation and equate to be equal or higher than ZEhe condition for the project to be
profitable occurs when the NPW is equal or gre#tan zero for a given minimum

attractive rate of return (MARR).
NPW=-IC,+TR,(1+Y)—- ADR 1+ X)-OM, —Land, =20 4.41
Now we take Equation 4.41 and equate it for Y &sation of X and obtain,

_ 1C, + ADR, +OM, + Land, ~TR, + ADR * X
TRy

The final step would be to make a plot of the abfwetion. It can be appreciated

Y

4.42

that the function is linear. To make the plot wake a table as shown in Table 4.12 and
evaluate the Equation 4.42 for a range of values. oA typical range is from minus 90%
to plus 90%. Equation 4.42 describes the enerigpe mersus annual debt payment two-

parameter sensitivity analysis.
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Table 4.11: Results of a Sensitivity Surface (TwodPameter) Analysis.

% Change in % Change in
Annual Loan Payment (X) | Electric Energy Price (YY)
-90.00% -62.56%
-70.00% -54.07%
-50.00% -45.58%
-30.00% -37.09%
-10.00% -28.60%
0.00% -24.35%
10.00% -20.11%
30.00% -11.62%
50.00% -3.13%
70.00% 5.36%
90.00% 13.85%

Two Parameter Sensitivity Analysis

200,

NPW:=0

=t

L

/

-00% -T0%

-50% -30% 10%

30% /«m/ 0% 00
A

%o

Ty /
AN,

NPW <0

% Change in Annual Loan Payment
|— Break-Even Lin4

Figure 4.4. Example of a Two-Parameter Sensitivitysraphic.



96

In two parameter sensitivity graphics we have tmgmize three zones:

* The area over the curve. Every combination of gkann the two parameters
that is over the curve will give a positive presemtrth or favorable outcome to
the project.

* The area under the curve. Every combination ohgha in the two parameters
that is under the curve will give a negative préseworth or not favorable
outcome to the project.

» The Break-Even Line. Every combination of chanigethe two parameters that
is in the line will give a present worth equal ter@, this can be interpreted as a
favorable outcome to the project.

For example a 70% increase in the annual debt patym@mbined with a 20%
increase in the energy price will result in a gesifpresent worth, but a 50% increase in
the annual debt payment combined with a 10% deeneathe energy price will result in
a negative present worth.

In this thesis we will use the two parameter searnsitanalysis and study four cases:

The energy prices versus the annual debt paymetdsasibed by Equation 4.42.

The energy prices versus the operation and maintenzosts as described by,

 1C, + ADR, +OM, + Land, = TR, +OM, * X
TRy

The energy prices versus the land costs as deddrihe

Y

4.43
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_ IC, + ADR, +OM, +Land, ~TR, +Land, * X
TRy

The operation and maintenance costs versus theabdebt payment as described by,

Y

4.44

~IC, - ADP, ~OM, - Land, + TR, - ADP, * X
YZ 0 0 0 dO R) 0 4.45
oM,

4.5.10 Risk Analysis Using Monte Carlo Simulation

In this thesis we use Monte Carlo analysis as httbomeasure the risk of the wind
farm project. Typical construction of energy paige such as building a power plant,
may be assessed for uncertainty and risk using semgitivity analysis, [Khatib 1997].
Developing a wind farm in the island of Puerto Ris@onsidered a risky project because
it is “particularly a new venture with little paskxperience.”

The Monte Carlo simulation is a probabilistic methao which the net effect in the
project net present worth is assessed due to changhe economic parameters or the
likelihood of various changes occurring togeth@&he reason for this analysis is that in
the real world there is no guarantee to ensuretti@abest estimate of the economical
parameters will match the actual values, in otherds, the cash flows are difficult to
estimate accurately.

The objective of the simulation is to obtain a nafmistribution that represents the
outcome of the project: the projects net presemtttwor the internal rate of return,

[Khatib 1996].
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45.10.1  Setting Up the Monte Carlo (MC) Simulation

To set up a Monte Carlo simulation we have to maoldelmost sensitive parameters
as probability functions. In this thesis we wilseu the most common probability
distributions used in Monte Carlo analysis. Thais&ributions are:

* Normal distribution
» Uniform distribution
* Triangular distribution

The normal distribution will be used with any d#tat is known to follow a normal
distribution, [Canada et al. 2004]. This is uspdhown from previous experience or
collected data that shows that a parameter folltvse distribution.

The uniform distribution is used when it is knowatha parameter follows this
distribution or when the only information known alb@ parameter is data that shows a
range of value and it is known from that data thadry value has the same probability of
occurrence, [Park 1997].

The triangular distribution is used when it is kmothat a parameter follows this
distribution or when the only information known alb@ parameter is data that shows a
range of values and from this data a mode can t@nald. The mode is a value that is
more likely to occur than are the other valuest§R®97].

From this data using the expressions from Table rdrtlom numbers can be
generated. The numbers generated are used as inpihie economical analysis Monte

Carlo simulation.
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In this thesis we will assign the following probi#li distributions to model the

parameters of our cash flow:
* The installed turbine cost ($/kW) — Triangular disition
* Energy price ($/kWh) — Normal distribution
* Operation and Maintenance Cost ($/kWh) — Uniforstrddution
* Land Costs ($/turbine) — Uniform distribution
Now substituting the corresponding expression fiteble 4.2 in Equation 4.35 we
obtain:

NPW =(-IC, +TR,c = ADR,. —OM,,c —Land,), 4.46

Each parameter of the above equation is definédllasvs:

Project Initial Cost

ICMC = (acc +\/(bcc _acc)(ccc _acc)RN) *K-BF,

when 0 < RN < (bcc _acc)/(ccc _acc) or

ICyc = (Ccc _\/(CCC —bec)(Coc —acc)JA-RN) *K -BF,

when (Bec ~8cc)/(Coc —acc) <RN< 100 4.47

Where @ is the minimum value of the installation costk{8), . is the mode of the
installation costs, g is the maximum value of the installation costs, RN uniformly
distributed random number as discussed in sectib3.2, K is the wind farm installed

capacity in kW, and BF are the borrowed funds.
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Project Gross Revenues

TRic = 2 [(iep + (RND * o) * 4 (P/F i, )] 4.8

Where |¢p is the mean value of the energy price ($/kVhp,is standard deviation of the
energy price, RND is a random number deviate asudged in section 4.4.3.2, g is the
energy produced in a year (kWh), (P/F, i, n) is thkationship that is obtained from
equating Equation 4.1 to the ratio of P/F, i is th@imum attractive rate of return, n is
the end of year n, and N is the project life.

Project Operation and Maintenance Cost
N
OMyye = D_[(OM +(agy +(RN* (boy ~80y )* @ * (P/F,iim)] 2.4
n=1

Where aw is the maximum value of the variable O&M cost {®#H), oy is the
minimum value of the O&M costs, RN is a uniformlisttibuted random number, q is
the energy produced in a year (kWh), and:@Mhe fixed O&M cost which in this thesis
we presume to be zero.

Project Land Costs

N
Land,,. =D [(P_* gross_rev+(a., + (RN * (b —a.))* T) * (P/F,i,n)] 4.50

n=1
Where ar is the maximum value of the land rent per turbimstalled ($/T), br is the
minimum value of the land rent, RN is a uniformigtdbuted random number, T is the
total number of wind turbines installed, B a percentage value, and gross_rev is the

project gross profit or revenue in dollars givenHryuation 4.7.
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The Monte Carlo Simulation and the Measuremenkisk

After the Monte Carlo simulation problem has beedfireéd, the next step is to

perform the simulation. The best method to keapktiof the Monte Carlo simulation is

by tabulating each trial. As an example lets obsdrable 4.13.

Table 4.12: Example of a Monte Carlo Simulation.

. Cumulative Avg.
Trials RNcc RNowm RNr RNDgp NPW NPW
NPW Trial
1 0.3820 | 0.2144| 0.714% -1.0326 $1.95M $1.95M $1.95M
2 0.1007 0.4136 0.4992 -0.0767 -$850K $1.11m $557K
3 0.5965 0.3837 0.9645% 2.2400 $4.08M $5.20M $1.73M
999 0.7175 0.2705 0.6741 -0.0389 $5.29M $3.18G 83.1
1000 0.6309 0.5019 0.3800 -0.4180 $4.43M $3.18G 1833.

From observing Table 4.12 it can be appreciated fba every Monte Carlo
simulation trial we obtain a different value of NPWnh some trials the results will be
negative. A histogram of the NPW can be made irckwinformation of the probability
of different outcomes can be obtained, such asptfudability of having negative
outcomes, the probability of obtaining the predicdPW, the probability of obtaining a
higher NPW than predicted, or the probability ofasbing a lower NPW than predicted,
[Hacura et al. 2001].

The Monte Carlo analysis gives us the following suaments of risk:

» The project's mean NPW, standard deviation andfioosit of variation that
is the obtained dividing the standard deviatiorii®ymean (expected) NPW.

* The most probable maximum and minimum value ofNR&V.
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* The negative NPW results and the percentage (pildppbf negative NPW
results.

Table 4.13: Example of a Monte Carlo Simulation Masurements of Risk.

Measurements of Risk Results
Expected Value (Mean) | $3,181,940
Standard Deviation $2,955,740
Coefficient of Variation 0.93
Maximum NPW $8,079,444
Minimum NPW -$1,812,790
Negative NPW Results 194
% of Negative NPW Resultsf 19.4%

The interpretation of the measurements of riskegawith the willingness to take risk
that every manager or investor has. The followlisg suggests how to interpret the
measurements of risk:

* Usually the smaller the standard deviation the sy is the project.

» If the coefficient of variation is less than oneg less risky is the project.

» If the probability of a negative outcome (perceetadl negative NPW) is less
than 20%, the less risky is the project, [Hacural €2001].

One of the important aspects of the Monte Carloutation is the number of trials.
Monte Carlo simulation experts consider that theimum number of trials should be
3,000. Others suggest a method in which the aeeaagwer of interest for increasing
number of trials is plotted, and observe at whaniper of trials those answers have
become stable enough within an acceptable rangearmétion, [Canada et al. 2004].
Figure 4.5 shows an example of this plot. The rgahows that after 700 trials the

simulation is stable enough to be within the accyraquired.
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Average NPW per Monte Carlo Trial
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Figure 4.5: Example of a Monte Carlo Trials Plot.

The Monte Carlo method is limited by the probapilitistribution models and the
parameter estimates used. This reminds us of niporiance of been careful when

modeling the economic analysis parameters.
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4.6 Concluding Remarks

In this chapter we developed an economic modeh#dyae the feasibility of a wind
farm project. The model is based on the net pteserth method. Our model considers
five main variables:

e The initial investment (cost). The cost incurrgdthe investor when starting
the project. The initial cost is equity the investise to finance the project.

* The annual gross revenue. The gross revenuesaresult of selling the
energy the wind farm produces.

 The annual debt payment. This is the operatingeies@ that results from
borrowing money from a financial institution.

* The annual operation and maintenance cost. The afogiving proper

operation and maintenance to the wind farm evesy.ye

The annual land rent cost. The quantity that id pathe land owner for the
rights of installing wind turbines in his property.

Also in this chapter we discussed the effect ofatidn and income taxes to this
economic analysis. Both tend to reduce the projext present worth. Finally
uncertainty and risk analysis was discussed usemgi8vity analysis and Monte Carlo

simulation.
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5 WIND TURBINE SITTING

Establishing a wind farm requires some level ofeziipe in different areas of study
that includes engineering, social sciences, lamdesing, geology and ecology just to

mention a few ones.

In this chapter, we divide the important aspectesifblishing a wind farm in two
categories: the technical or engineering conssédimit have to be addressed in order to
establish a wind farm, and the social and enviranaleeffects that a wind farm may
cause to the area where it is sited. When evalgadi site both aspects should be

evaluated concurrently.
Also in this chapter we, discussed the spacingsrtilat have to be considered when

designing a wind farm array.

5.1 Technical and Engineering Aspects

Technical aspects include having favorable windddgons in the site, having a wide
open area or suitable terrain with a strong enaghto hold the wind turbines in that
site, having access roads to that site, and havsgtable and near interconnection point

to the electric power grid.

5.1.1 Wind Conditions

To develop a wind farm project is necessary to Hanmvledge of the wind behavior

in the site or location where the turbines willibstalled. Vegetation deformation in the
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site provides a visual guide to asses if a site beagdequate for developing a wind farm.
Other wind turbines already sited are another Viguade of the wind conditions in the

site. Historic knowledge from residents of theaacan help to identify sites with good
wind resources. The topography of the terrainalaa contribute to determine if the site

has an adequate wind resource.

If a wind farm is intended to be developed in aatam, then wind speed
measurements for that location have to be takeeasdrements of the wind speed and
direction shall be taken in the site for at ledstd 24 months. The measurements should
be taken at the hub height of a typical wind tueb{BO to 60 m), but if it is not possible
to do that then measurements should be taken ghtseof 10 meters and 20 meters.
Measurements are taken at two different heightset@able to determine the wind shear
factor at that site. Knowing the wind shear factemd speed measurements can be

adjusted to any height at the site as discuss€thapter 3.

The wind measurement equipment consists of an ameteo and a wind vane. The
anemometer is installed at the top of a pole amhected to a data logger to record the
wind measurements. Some poles permit to instatertttan one anemometer, one at the
top of the pole and other at any other height & rtiddle of the pole. The wind vane
measures the prevailing direction of the wind. Phiee of this measurement equipment
is around $5,000. More expensive towers that gemnsitallation of three or more

measurement units are available at considerable pumt.

Knowing the prevailing wind direction is very impant. The wind turbines shall be

installed facing the prevailing wind direction. Merological data in terms of a wind
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ros€ calculated over a 30 year span is a very useitd tb determine the prevailing

wind direction in an area.

An important factor to consider in Puerto Rico #re tropical storms and hurricanes
common in the period from June to November. Wumihes have a rated wind speed
known as the survival wind speed. At this wind eshethe rotor of the turbine can
survive without receiving damage. The survival dvBpeed of a turbine varies with the
model. A typical range is between 50 to 70 m/ss #guivalent to 113 to 159 mph.
Figure 5.1 shows a map of the worst hurricanes lilage hit Puerto Rico in the last

century. Table 5.1 shows sustained wind data cf éarricane.

Figure 5.1: Hurricane Map for Puerto Rico (1900-199).

®> A wind rose is a graphical representation of tiredvepeed and wind direction for a set of giveredat a
particular location. The wind rose can be reprieg@em of the wind for a single month, a singleryeaa
long term average by month or year. There aregraphics for each wind rose. One graphic depis t
average wind speed by wind direction in miles pmirh The other graphic represents the percentge o
frequency by wind direction.
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Table 5.1: Hurricane Data.

# | Hurricane Name | Year | Winds in mph | Category
1 San Felipe 1928 160 5
2 San Ciprian | 1932 120 3
3 Santa Clara 1956 92 1
4 Hugo 1989 140 4
5 Marylin 1995 <130 3
6 Hortense 199¢ 80 1
7 Georges 1998 115 3

Although hurricanes are common in the Caribbeansamge major hurricanes had hit
the Island, the probability of a hurricane hittitige Island every year is very low.
According to statistical data compiled for a 10@yeeriod by the National Hurricane
Center, on average every 2 to 3 years a tropioainsivith the potential to cause damages
passes near the island. In the case of hurriaghhappens every 5 to 6 years on average,
[Link 2003]. The east coast of Puerto Rico isukaal entrance point of hurricanes to the
island. Since the most favorable places for wenans are on the east coast, selecting a

wind turbine with a survival wind speed of not Iésan 60 m/s (136 mph) is necessary.

5.1.2 Terrain

The terrain should have a wide an open view ofptfexailing wind direction. There
should be as few obstacles and as low terrain mesfhas possible in the prevailing
wind direction. Sites with rounded hills can caasspeed up effect on the wind. Also
spaces between mountains can cause a tunnel dffest, creating a speed up effect,

[DWIA 2003].

® Terrain roughness is a measure of the undulafitimecterrain surface.
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Wide open areas with a good wind resource are é¢ise for developing a wind farm
because they reduce the energy losses due tog¢ndsulind provide space making easier
to maneuver heavy equipment needed to install the wurbines. If the site is located
near coastal area with a commercial dock, tranaport costs of the wind turbine towers
can be reduced and the energy losses to turbubkmeceinimized because the water is

considered to have the lowest terrain roughness.

Installing turbines at the top of hills or betwaaountains (valleys) is also favorable
for wind farm development. The hill and tunneleets cause a speed up of the wind
speed in those areas. The effect is similar truhozzle into a garden hose that causes

the speed of the water to increase.

5.1.3 Grid Connection

Sites with at least a moderate (5 m/s) wind resouse large wind turbines that are
usually connected to the electrical grid. The getoe output voltage is between 400 V
to 800 V. Each turbine in a wind farm has its dweaker panel inside of the base of the
tower that connects them to a step-up pad mourdedformer located next or inside the
tower. The transformer of each turbine is conrtetbea 4 feet deep underground cable
that runs besides the wind farm roads and conribets with a power substation that
converts electricity to transmission or distributievel voltages. The substation consists
of a control house, transformer bank, protectiosteay, support structure and lightning
suppressors. The substation is installed on aredoundation designed for the soil

conditions of the site.
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Wind turbines can cause power quality problemshe e¢lectrical grid such as
frequency and voltage stability problems, harmatigtortion and flicker. To prevent
power quality problems, wind turbines are conneard disconnected gradually from
the grid using electronically controlled switchegls as thyristors. If the turbines were
not controlled when the wind conditions were unitheir cut-in wind speed the turbines
would act as a motor to the system. Otherwise vtherwind speed increase above the
cut-in the sudden switch from motor operation tmegator would cause a brownout
followed by a power surge. If the turbine is ceated to a weak electrical grid (one
with low power carrying ability and very far awaf/tbe system) brownout, power surge

and flickering problems due to wind variations cacur, [DWIA 2003].

Wind farms can be used in distributed generatioB)(Bpplications. One of the main
problems of DG is islanding. Islanding occurs whbe main power source stops
supplying power to a region due to a fault in @ land the DG source continues to supply
power to the isolated part of electrical grid cagsan island or a separated grid. The
problem is that when the main power source is aidished, two separate out of phase
grids become one again causing a sudden curregé shat can damage the grid and
wind turbines. To prevent islanding, the turbiredsctronic controller monitors the
voltage and frequency in the grid, and automaiicdisconnects the turbines from the
grid if the voltage and frequency variations in tipéd are out the acceptable limits,

[DWIA 2003].
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5.1.4 Soil Characteristics

The soil where the wind turbines will be installedist be capable of holding the
foundations needed for the turbines and the tusbiteelf. Table 5.2 shows typical

weights for wind turbines.

Table 5.2: Wind Turbine Weight.

Turbine H_ub Height Weight in Tons
in meter Rotor Nacelle Tower Total
60 459 61.2 120 227.1
Gamesa 67 “ . 135 242.1
G832 MW 78 “ “ 190 297.1
100 231 338.1
40 10 22 39 71
44 “ “ 44 76
Vestas V52 49 “ “ 49 81
850 kW 55 “ “ 57 89
60 “ “ 69 101
65 ! “ 77 109

The type of foundations needed vary with the soiiditions of a site. A wind farm
site can have different soil conditions. Some $ypEsoil require the installation of piles
(pile driving) which complicates the installatiohaturbine and increases the installation
costs. The most common type of foundations foshiore wind farms are the concrete
slab type and the concrete cylinder type. The @acslab foundations have a diameter
of 30 to 50 feet and a support column. The bucohder foundations have a diameter
of 15 feet. The depth at which both of these fatioths are constructed depends on the

type of soil and sub-soil.
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5.1.5 Roads

A prospective wind farm site must have access roddwere has to be an access to
the site so the developers will be able to visidl atudy the wind and soil conditions.
Before the construction phase starts, the accests rehall be graveled and reinforced to
allow heavy equipment to reach the site. The rehdsild be reinforced according to the

weight of the wind turbine that will be installedthe site.

Another important aspect to consider is where tirwurbines are to be delivered.
How far from the delivery point is the wind farnte Are there access roads capable of
withholding the weight of the turbines when theg &mansported to the site? Are there
bridges along the way that can withhold the weigihthe turbines? It is important to
have a road map that shows the weight capacityaoh @oad and bridge as well as

turning radius.

5.2 Social and Environmental Aspects

Social and environmental aspects are incrediblyontamt. Although wind power
does not pollute the air on the water, it does fhyofree of social and environmental
concerns. The development of a wind farm can Wiedhdor social and environmental
issues such as the noise the turbines producelatihger that the construction phase and

particularly the turbines’ blades represent towfildlife especially migratory birds.
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5.2.1 Visual Impact

The visual impact of a turbine is subjective. Sqgmeple may like how the turbine
looks in the landscape, others would not, [Moragared Rapallini]. Other people like
the idea of wind farms, but they don't like the adef having a wind farm in their
community because they are concerned with the h{s@sthetical) and noise impacts.

The “Not In My Back Yard” (NIMBY) syndrome is alwaya problem.

When a wind farm is installed near a community ¢bor, the array of the turbines,
and the rotor speed influence the visual impact éhéurbine has. The wind turbines
tower should be painted light grey because the wimbdines will blend well into the
landscape, [DWIA 2003]. Also the use of large windbines is preferred because it
means less wind turbines in a wind farm array. T&we moving turbines are also

preferred because they attract less the attenfitre@eople.

The natural contours where the turbines are irstadllso contribute to the visual
impact they have. When the turbines are sitethirafeas the turbines are arranged in an
array forming a simple geometrical shape. Alsdings placed in a straight line work
well where landscapes contour invites such a swiutilf the contour is hilly the wind
turbines are arranged following the altitude corgoof the landscape, [DWIA 2003].
Arranging the turbines with the natural contouregivthe visual impression of having a

reduced amount of turbines, [Kingsley and Whittam].

Shadow casting is a visual effect that affects fgeaeyho lives near a wind farm.

Wind turbines cast shadow on the neighboring arBator blades chop the sunlight
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causing a flickering effect while the rotor is irotion. This flicker can be annoying to

neighbors, [DWIA 2003].

5.2.2 Noise

Modern turbines produce little noise. The effaxftthe noise of a wind farm are very
irrelevant. It is recommended for communities ngeud turbines that turbines should be
installed a minimum distance to the nearest neiglbseven rotor diameters or 300m
(1000 ft.). The noise level at 300m away from thebine is less than 40 db, [DWIA

2003].

Other noise effect of a wind farm occurs during tle@struction phase of the farm.
The use of heavy machinery and the pile drivindg pribduce noise that can be annoying
to the near neighbors, but such noise is mostylit@loccur during daytime hours only,

[IEC].

5.2.3 Environmental and Wild Life Impact

The environmental effects of a wind farm can beddig as construction phase effects
and project life effects. The most common consioacphase effects are damage to the
vegetation and turf, and the difficulty of reesislhing that vegetation when the
construction phase is over, [IEC]. The project Effects are usually associated with the

migratory birds and bats.

During the construction phase large quantitiesh& top soil and vegetation are
removed for the construction of the access roadk the turbine foundations. This

process put in danger plants and small animalslithetn that area. The problem could
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be worse if that is the habitat of endangered sgecit is of importance that the turf and
vegetation that is removed to be preserved ane teelayed after the construction phase

is completed, [IEC].

In the case of offshore wind turbine installatibie ttonstruction phase problems are
more challenging. The construction of foundatioas cause the destruction of the flora
and fauna that lives in the bottom of the sea. Uiderwater excavations cause sediment
spill and increase in the turbidity of the wateFhe turbidity of the water changes the
composition of the flora and fauna in the area. e Toise and vibration of the
construction affects the communication and hunhiagits of animals and force them to

leave their habitat.

After the wind farm construction phase is over dhe project life starts there is
another environmental impact to consider: migratorgls. Birds are seldom bothered by
wind turbines as supported by studies that showality rate at wind sites between 1 to
2 birds per year per turbine, [FWS]. Some birdsageustomed to wind turbines very
quickly; others take somewhat a longer time. Humedated causes such as power lines,
communication towers, cats, buildings, vehicles pesticides are a much greater danger
to birds. A house cat kills more birds in a ydwart a wind turbine, [Curry and Kerlinger
2000]. Out of every 10,000 birds killed annualtythe U.S.A. by human related causes

less than one is killed by wind farms, [FCN].

The bird mortality problem due to wind turbineskisown as “avian issues”. The
source of the avian issues came from a famous faimd in the state of California, the

Altamont Pass Wind Resource Area (APWRA) estabtishel982. This wind farm is
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one of the biggest in the world and contains 5,40@d turbines and the capacity to

generate 584 MW. The problem that APWRA has is ih&as the highest mortality of

birds. Estimates show that 1,766 to 4,721 bira@skadled each year in the wind farm, of

those birds 881 to 1,300 are protected raptorsp[@B804, FCN].

Studies have been made by the California Energy rmiiesion and NREL to

determine how it is possible to deduce the moytalitbirds in the APWRA. The studies

suggest the following recommendations:

Replace outdated wind turbines with modern turbinkl®dern turbines have
higher output power and are taller, so fewer twbiwill be needed and the

blades are above most raptors flight patterns.

Use of tubular towers to prevent the birds perclmipem.

Shutdown the turbines that are considered lethahguhe parts of the year

when the species migrate.

Retrofitting power poles to eliminate the electromu of birds in the adjacent

power lines.

Paint the blades of the turbines to increase thibility of them.

Install structures at the end of the turbines g&ito divert birds around the

turbines blades.

Rodent prey management practices to control foagdcgopopulations that

congregate around the base of the turbines.
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Environmentalists refer to Altamont Pass as a @iasAltamont Pass has hampered
wind power development in the United States, egfigan the state of California. Tom
Gray, communication director of the American WingeEyy Association (AWEA) said:
“Altamont Pass is not representative of wind faraesoss the United States.”, “Wind

farms do coexist successfully with wild life in nyaother locations.”

On the other hand, the APWER wind farm has provithedstate of California with

the following environmental and economical bengffECN]:

Reduced air emission by the equivalent of 1.2dsillpound of CO2, 183,000

pounds of NOX, 161,000 pounds of particulate, aa@00 pounds of SOX.

* Avoided the annual consumption of conventional guebuivalent to 3.7
billion cubic feet of natural gas, or 152,000 tafscoal, or enough nuclear

fuel create 7,000 pounds of high level nuclear aast
* Reduced water consumption by 282 million gallonsyear.
* Generates enough electrical energy to serve thgagat of 180,000 homes.

* Provided more than $500 million in local economénéfits over the past 20

years.

Although the APWER project has a high bird mornaliate, it has provided other
environmental benefits. Altamont Pass has beeisaated case and from it developers
and wind energy advocates have learned of waysdace the bird mortality in other

wind farms.
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To avoid bird collisions with wind turbines the Galan Wild Life Service, [CWS],

and the AWEA suggest:

Selecting sites with small population of birds.

* Avoid large-scale wind projects in areas of higidhisage or significance,

and where endangered species live.
* Avoid natural areas and use human-altered landscape
» Space turbines more widely in areas of heavy bigtation.
» Painting the blades so they contrast with the baka.

* Use a radio frequency broadcast to discourage Ihicis entering the wind

farm area.

* Use of bird path maps to avoid sitting the turbimesar populations of

endangered species.

Studies realized in the Yukon area and in Canadaleded that migratory birds do
not collide with wind turbines. A study using radachnology made in Tjaereborg,
Denmark where a 2 MW wind turbine was installedveéd that the birds modified their
flight route 100m to 200m before the turbine aneldflat a safe distance from it, [DME].
Also in a wind farm in Garret, Pennsylvania theawdanot been documented bird deaths

since they started operation in the year 2000 kglgy].
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5.3 Designing a Wind Turbine Array

Wind turbine arrays are designed using a rule amith suggested by the Danish
Wind Energy Association. The “Rule of Thumb” (ROfGy making and array of wind

turbines is, [DWIA 2003]:

One row of wind turbines have to be 5 to 9 rota@ndeter apart to the other row in the
prevailing winds (parallel) direction. One row wfind turbines have to be 3 to 5 rotor

diameter apart to the other row in the directiorrgendicular to the prevailing winds.

The rule of thumb can be applied in open field sréa form arrays with a
rectangular or square geometric shape. Figurstofys a visual example of the “Rule
of Thumb”. The idea of the rotor spacing of thiteris with the objective of minimizing
the shading one turbine causes the other, in etbeds the turbulence of the wind that
enters a turbine. The first row of turbines wilitrencounter turbulence problems, but
due to the wake effect, the row behind the first tmbe spaced considerably to avoid
turbulence and low energy winds. The wake occesabse when a turbine extracts
energy from the wind, the wind exiting the turbiseslowed down and turbulent. Using

the ROT the energy losses due to turbine shadiddguabulence can be reduced to a 5%.

When designing wind farms in areas where the consopart of the natural beauty of
the site the turbines should be placed following ttontour, but with the spacing

suggested by the ROT.



120

Figure 5.2: Visual Example of the “Rule of Thumb”.
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5.4 Concluding Remarks

In this chapter we discussed engineering, socidl emrvironmental aspects of wind
farm sitting. The engineering aspects include theasurement of wind speed to
determine wind conditions, the analysis of terramd soil conditions adequate for the
construction of roads and the installation of wintines, and considerations that have to
be taken for the grid connection such as harmoisiorion, islanding, and voltage and
frequency variations.

In the social and environmental aspects we discuise noise and visual impacts
that wind turbines cause to people, and the wigdifnpact especially to migratory birds.
Wind farms kill fewer birds than other human rethteauses. @ We also mentioned
suggestions to reduce bird mortality.

Finally the “Rule of Thumb” for spacing wind turlgie in wind farm arrays was
discussed. The “Rule of Thumb” helps reduce en@agses, by reducing turbulence, to

less than 5%.
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6 RESULTS AND DISCUSSION

In this chapter we present the results of the @msiyade to determine the favorable
conditions for the development of a wind power fanrPuerto Rico. This chapter is
divided in two main sections in which the resutisthe data analysis and the economical

analysis are shown.

The wind speed data analysis results show the Wegawmameter estimation, the
average wind speeds and the expected energy piadior each month and a year.
Also energy production curves are presented fdemint turbine models using the year

data.

The economic analysis sections are divided in twannstudy cases: the private
investor case and the utility case. In the priviateestor case, we examine various
scenarios given the proper economic parametersatpatvate investor will encounter if
he/she decided to develop a wind farm. In thetytdase, we assume the Puerto Rico

Electric Power Authority (PREPA) is the developer.
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6.1 Data Analysis Results

6.1.1 Quarterly and Full Year Data Analysis

In this section we divide the wind data analyssutes in quarters. The first quarter
includes the months of February and March. Thersgguarter includes the months of
April and May. The third quarter includes the ntenof July and August, and the fourth
guarter includes the months of November and Decemb&hen the wind data
measurements are added to form a set of data espagise of a full year. The
measurements were taken in the year 1987 in Faj&derto Rico at a height of 25
meters. The site of the measurements is located near the coast in an area that is
known as the Cape of San Juan. The results freniulthyear analysis are used as the
base for energy production estimates for the ecomamalysis.

Data for the months of January, June, SeptemberGauidber is missing due to
failures in the measurement equipment and lack istiat inspection during the
measurement stage, [Soderstrom 1989].

The wind speed data is tabulated as hourly obsensin [Soderstrom 1989]. Also
in Appendix A, we show the results for the datalgsia of every available month
individually.

The first step in the data analysis was to estintfageWeibull pdf parameters. As
stated in Chapter 3, the Weibull pdf has two patarse the shapeB) factors and the
scale {)) factor. In Table 6.1 we show the parametersinbth using the different

parameter estimation methods previously discussed.



Table 6.1: Parameter Estimation Results.
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Parameter Estimation Resultsfor the First Quarter for 1987

Parameter Estimation Method

Weibull Maximum Justus’ Least Squares| “Ouick”
Parameters Likelihood ustus- qu Qui
Esii Approximation Method Method
stimators
Shape Factor 3.01 3.62 233 3.07
B, k)
Sca('ﬁ i";‘cmr 6.82 6.85 7.15 6.85
Parameter Estimation Results for the Second Quarter for 1987
Parameter Estimation Method
Weibull Maximum Justus’ Least S “Ouick”
Parameters Likelihood ustus' east squares Quic
) Approximation Method Method
Estimators
Shape Factor 2.72 3.13 227 276
(B. K
Sca('ﬁ FC";‘Ctor 6.87 6.90 7.08 6.89
Parameter Estimation Resultsfor the Third Quarter for 1987
Parameter Estimation Method
Weibull Maximum , Wy AL
Parameters Likelihood Jus_tus . Least Squares Quick
. Approximation Method Method
Estimators
Shape Factor 3.16 3.72 2.69 3.14
(B. K
Sca('ﬁ ':C";‘Ctor 7.14 753 7.30 7.17
Parameter Estimation Resultsfor the Fourth Quarter for 1987
Parameter Estimation Method
Weibull Maximum Justus’ Least Squares| “Ouick”
Parameters Likelihood ustus' qu Qui
; Approximation Method Method
Estimators
Shape Factor 2.47 278 210 251
B. K
Sca('ﬁ 'Z‘;‘Ctor 8.25 8.30 8.47 8.28
Parameter Estimation Results for the Full Year for 1987
Parameter Estimation Method
Weibull Maximum Justus’ Least Squares| “Ouick”
Parameters Likelihood ustus- qu Qui
) Approximation Method Method
Estimators
Shape Factor 268 3.60 233 274
B, k)
Scale Factor 7.29 7.22 7.49 7.31

(m, ©)
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After estimating the Weibull pdf parameters, we lgpred the Weibull pdf and
calculated the site average wind speeds. Two geerand speeds were calculated: the
arithmetic mean speed and the cubic root cube meaed. This process was made using
the parameters obtained from the different estmnathethods. Table 6.2 includes the
average wind speed obtained using the differergmater estimation methods previously
discussed.

To calculate the available energy and wind powersie in the site we used the
Weibull pdf parameters estimated using the maxinikedihood (ML) function since
this method gives more precise results for a lasgemple. First, we calculated the
maximum energy that can be produced or extracted Wwind turbine in the site; this is
not considering the Betz's limit and assuming a%0Qdf efficiency for a wind turbine.
The energy density, in kWh/mis calculated using two different methods. Thetf
method is integrating the energy probability fuoot(EPF) from O to infinite; the second
method is substituting the calculated arithmeticamer cubic root cube mean wind
speed in the wind power equation and multiplyingpyitthe total hours in the analysis
period. We also calculated the energy an ideairiar(no Betz’s limit, 100% efficiency)
can capture if it operates between the typical @anfh3 m/s to 25 m/s. This is done
integrating the EPF from 3 m/s to 25 m/s.

In Tables 6.3 and 6.4 we present the energy an@ipdensity results obtained using
the parameters estimated from the ML function dredrhethods described in the above

paragraph.



Table 6.2: Average Wind Speed Results.
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Average Wind Speed Resultsfor the First Quarterforf 1987

Parameter Estimation Method

Average Wind Maximum Justus’ Least “Quick”
Speed (M/s) Likelihood A mat Squares Method
Estimators pproximation Method €tho
Arithmetic Mean 6.09 6.17 6.33 6.12
Speed
Cubic Root Cube 6.81 6.70 7.50 6.81
Mean Speed
Average Wind Speed Resultsfor the Second Quarter for 1987
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood A mat Squares Method
Estimators pproximation Method €tho
Arithmetic Mean 6.09 6.18 6.27 6.13
Speed
Cubic Root Cube 6.95 6.86 7.48 6.96
Mean Speed
Average Wind Speed Resultsfor the Third Quarter for 1987
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood A mati Squares Method
Estimators pproximation Method €tho
Arithmetic Mean 6.39 6.41 6.49 6.79
Speed
Cubic Root Cube 7.09 7.10 7.43 7.10
Mean Speed
Average Wind Speed Resultsfor the Fourth Quarter of 1987
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (M/s) Likelihood A mati Squares Method
Estimators pproximation Method €tho
Arithmetic Mean 7.27 7.39 751 7.35
Speed
Cubic Root Cube 8.47 8.38 9.17 8.52
Mean Speed
Average Wind Speed Resultsfor the Full Year for 1987
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (M/s) Likelihood A mat Squares Method
Estimators pproximation Method €tho
Arithmetic Mean 6.48 6.51 6.63 6.51
Speed
Cubic Root Cube 7.42 7.07 7.83 7.42

Mean Speed
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Table 6.3: Energy Production Results.

Energy Production Resultsfor the First Quarter of 1987

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (KWh/nt)

418.56

298.58

418.56

Maximum Energy Wind Turbine can Capture in the 3
to 25 m/s range (kWh/nf)

417.11

Energy Production Results for the Second Quarter of 1987

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (KWh/nt)

449.46

302.59

449.46

Maximum Energy Wind Turbine can Capture in the 3
to 25 m/s range (KWh/nf)

447.76

Energy Production Results for the Third Quarter of 1987

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (KWh/nt)

481.89

353.08

481.89

Maximum Energy Wind Turbine can Capture in the 3
to 25 m/s range (KWh/nf)

480.72

Energy Production Resultsfor the Fourth Quarter of 1987

Energy Production Parameter

Energy Probability
Function (kWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

823.09

519.95

823.09

Maximum Energy Wind Turbine can Capture in the 3
to 25 m/s range (KWh/nf)

821.79

Energy Production Resultsfor the Full Year of 1987

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

2,191.83

1,459.06

2,191.83

Maximum Energy Wind Turbine can Capture in the 3
to 25 m/s range (KWh/nf)

2,185.84
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Table 6.4: Power Production Results.

Power Production Results for the First Quarter of 1987

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

193.80

138.23

193.78

Power Production Results for the Second Quarter of 1987

Power Production Parameter

Wind Power Density

Arithmetic Mean Wind

Cubic Root Cube Mean

(W/m?) Speed (W/nf) Wind Speed (W/nf)
206.94 138.55 205.80
Power Production Results for the Third Quarter of 1987

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

219.04

159.91

218.25

Power Production Results for the Fourth Quarter of 1987

Power Production Parameter

Wind Power Density
(W/m?

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

378.52

235.48

372.78

Power Production Resultsfor the Full Year of 1987

Power Production Parameter

Wind Power Density
(W/m?

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

249.91

166.56

250.21

The data analysis was made using data measurdueaila of 25 meters. Since wind
turbines are sited at heights greater than 50 seteg data has to be adjusted taking into
consideration the wind shear.
greater that the one measured.
measurements were made we can make a plot of ticeskiear factor versus height. The

plot in Figure 6.1 shows how the wind speed wilamhe relative to the 25 meter base

measurement.

It is expected wiatd speeds at higher heights will be

Using as a bas@5thmeter height at which the




129

] | i ' i

L St N s Sl A il SaTiSCasante el o et T
' i ' . [ e
] ! ! } 1 i
] i ] I e S
' : i i it
i i ' - e .
] ] i ] i
. ! e :
] I - e ;

11— B DT - ]

3 el s
i ™ i
A o
' __,’ i
e [
‘.—"

- I W S, S— U . S S_— M S—

|

Wind Shear Factor

04

q | | i | ] i i i |
0 10 20 a0 40 5 &0 70 a 80 100
Height [meters]

Figure 6.1: Wind Shear vs. Height (Using 1/7 Powdraw).

The shear factor at 25 meters is 1, but at 100 mé&teexpected to be 1.22, meaning
that the winds at that height will have a 22% higléend speed than at 25 meters. The
wind turbines we are considering for this projeavér hub heights in the range of 60 to
100 meters. In Table 6.5 we show how the wind skdf@cts the wind speed at the

heights the wind turbines are recommended to helied.



Table 6.5: Wind Shear Effect at Different Hub Heighs.
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Height Shear Arithmetic Mean Cubic Root Cube [I)Deorriatg/

(meters) Factor Wind Speed (m/s) | Wind Speed (m/s) (W/m?)
25 1.0000 6.48 7.42 250.22
60 1.1332 7.34 8.41 364.14
64 1.1437 7.41 8.49 374.35
65 1.1463 7.43 8.51 376.85
67 1.1512 7.46 8.54 381.77
68 1.1537 7.48 8.56 384.20
74 1.1677 7.57 8.66 398.38
78 1.1765 7.62 8.73 407.47
86 1.1930 7.73 8.85 424.89
92 1.2046 7.81 8.94 437.34
100 1.2190 7.90 9.05 453.26

6.1.2 Power Curves and Energy Curves

In this section we show plots of the best threbih@ power curves, power coefficient
and energy curves for the site. We selected sewmeah turbines for the analysis. Of the
selected turbines, the best three are the Suzldn t8é DE Wind D6-1000, and the
Gamesa G80. The seven selected wind turbinesibutated in Table 6.6, the best three

are highlighted in bold font. The best three tnesi are identified from the results of the

economic analysis that will be shown in the nextises.

For the selected site it is important to remembat the arithmetic mean average for

a year is 6.48 m/s, and the site has a non hemgterdlent yearly shape factor of 2.68.

The site scale factor is height dependent andvaily with the turbine hub height.

Figures 6.2 to 6.4 show the wind turbines powevesir power coefficient curves and

energy curves for the S64, the D6-1000 and the G&fles 6.7 to 6.12 show the energy

and output power for this turbines based on theggneurve data.
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Table 6.6: Turbine Information.

Turbine Information
Manufacturer | Model | Rated Power (kW) | Rotor Sweep Area (m)
Suzlon S64 950 3,218
DE Wind D6-1000 1,000 3,019
DE Wind D6-1250 1,250 3,217
Gamesa Gbh2 850 2,124
Gamesa G80 1,800 5,027
Gamesa G83 2,000 5411
Vestas V66 1,750 3,421
Wind Turbine Power Curve
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Figure 6.2: Power Curve, Power Coefficient and Enmgy Curve for S64 Wind

Turbine.

At the site 25 meters arithmetic mean wind spdwelgkpected average output power

for a year is 315 kW, and the energy productiondoyear is 2.759E+06 kWh. The

Suzlon S64 can be installed at 64m. Table 6.8 shihe average power output and

expected energy production for that height.
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Table 6.7: S64 Expected Power and Yearly Energy Pdoiction vs. Arithmetic Mean

Wind Speed.
Average Wind Expected Power Output Expected Energy Production
Speed (kW) (kWh)
1 1.89E-04 1.66E+00
2 4.73 4.14E+04
3 26.08 2.28E+05
4 73.86 6.47E+05
5 153.75 1.35E+06
6 260.17 2.28E+06
7 374.21 3.28E+06
8 479.15 4.20E+06
9 567.69 4.97E+06
10 639.12 5.60E+06
11 695.06 6.09E+06
12 736.84 6.45E+06
13 764.87 6.70E+06
14 779.25 6.83E+06
15 780.59 6.84E+06
16 770.30 6.75E+06
17 750.44 6.57E+06
18 723.30 6.34E+06
19 691.11 6.05E+06
20 655.81 5.74E+06
21 619.00 5.42E+06
22 581.89 5.10E+06
23 545.38 4.78E+06
24 510.08 4.47E+06
25 476.38 4.17E+06

Table 6.8: S64 Expected Power and Yearly Energy Bduction vs. Height.

Height (meters)

Power Output (kW)

Energy Production (kwh)

64

417

3.655E+06
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Figure 6.3: Power Curve, Power Coefficient and Eneyy Curve for D6 (1,000 kW)
Wind Turbine.
At the site 25 meters arithmetic mean wind spdwelgikpected average output power
for a year is 294 kW, and the energy productionafgrear is 2.577E+06 kWh. The DE
Wind D6 (1000 kW) can be installed at 68m or 92Mable 6.10 shows the average

power output and expected energy production faseheeights.
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Table 6.9: D6 (1000 kW) Expected Power and Yearlyriergy Production vs.

Arithmetic Mean Wind Speed.

Average Wind Expected Power Output Expected Energy Production
Speed (kW) (kWh)
1 1.42E-04 1.24E+00
2 3.73 3.27E+04
3 21.93 1.92E+05
4 64.41 5.64E+05
5 138.14 1.21E+06
6 239.59 2.10E+06
7 353.33 3.10E+06
8 462.05 4.05E+06
9 554.54 4.86E+06
10 625.61 5.48E+06
11 673.77 5.90E+06
12 699.90 6.13E+06
13 706.44 6.19E+06
14 696.88 6.10E+06
15 675.12 5.91E+06
16 644.93 5.65E+06
17 609.54 5.34E+06
18 571.52 5.01E+06
19 532.77 4.67E+06
20 494.61 4.33E+06
21 457.92 4.01E+06
22 423.22 3.71E+06
23 390.78 3.42E+06
24 360.72 3.16E+06
25 333.01 2.92E+06

Table 6.10: D6 (1000 kW) Expected Power and Yearknergy Production vs.

Height.
Height (meters) | Power Output (kW) | Energy Production (kWh)
68 406 3.552E+06
92 441 3.867E+06
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Wyind Turbine Power Curve
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Figure 6.4: Power Curve, Power Coefficient and Eneyy Curve for G80 Wind
Turbine.
At the site 25 meters arithmetic mean wind spdwelgeikpected average output power
for a year is 486 kW, and the energy productiondoyear is 4.258E+06 kWh. The
Gamesa G80 can be installed at 60m, 67m, 78m anl10Mble 6.12 shows the average

power output and expected energy production faseheeights.
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Table 6.11: G80 Expected Power and Yearly Energy Bduction vs. Arithmetic
Mean Wind Speed.

Average Wind Expected Power Output Expected Energy Production
Speed (kW) (kWh)
1 1.00E-10 8.77E-07
2 1.63 1.43E+04
3 29.40 2.58E+05
4 102.98 9.02E+05
5 227.39 1.99E+06
6 395.15 3.46E+06
7 584.49 5.12E+06
8 771.28 6.76E+06
9 939.78 8.23E+06
10 1,083.60 9.49E+06
11 1,201.60 1.05E+07
12 1,293.60 1.13E+07
13 1,359.10 1.19E+07
14 1,397.50 1.22E+07
15 1,409.90 1.24E+07
16 1,399.00 1.23E+07
17 1,368.80 1.20E+07
18 1,323.70 1.16E+07
19 1,268.10 1.11E+07
20 1,205.90 1.06E+07
21 1,140.20 9.99E+06
22 1,073.30 9.40E+06
23 1,007.20 8.82E+06
24 942.89 8.26E+06
25 881.32 7.72E+06

Table 6.12: G80 Expected Power and Yearly Energy Bduction vs. Height.

Height (meters)| Power Output (kW) | Energy Production (kWh)
60 648 5.677E+06
67 670 5.873E+06
78 700 6.135E+06
100 753 6.593E+06
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6.1.3 Discussion of Wind Data Analysis Results

Parameter Estimation Results Analysis

Comparing the parameter estimation methods we asstimt the maximum
likelihood estimation (MLE) method give the mostegise values of the Weibull
parameters. MLE asymptotically consistent, -edfitji and -unbiased properties assure
that parameter estimation converge to the righuesl produces the most precise
estimates, and gets the right value on average.

From the observations it can be shown that thelteeflom the MLE are similar to
the “quick method” (QM) of estimation. The QM pareters are similar to fitting the
data as a normal distribution. Since the QM and=ENplarameters are similar, the data we
analyzed seems to also fit a Normal distribution.

The quarterly results show that the Justus’ appmakion parameter estimation
method, compared to the MLE, over estimated theetmrameter by 0.3 to 0.6, but
when the sample gets bigger, the year data cas@yvélr estimation increases over 0.90.
In the case of the scale parameter, the estimatgults are very similar with differences
of 0.07, except the third quarter data that sho@s3 difference between the MLE scale
factor and the Justus’ scale factor. Estimatingibde parameters using the Justus’
approximation may result in over estimation of shape parameter.

The least squares (LS) method tends to underestithat shape parameter of the
Weibull distribution compared to the MLE methodhelresults show a difference in the
shape parameter in the range of 0.35 to 0.68. h@rother hand it over estimates the

scale parameter. The results show a differentieeiscale parameter in the range of 0.16
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to 0.33. The least squares method tends to ovesdst the scale parameter and
underestimates the shape parameter.
Wind Speed Results Analysis

Again we assumed the MLE parameters to be the exalcte of the Weibull
distribution parameters. We will assume that therage wind speed calculated with the
MLE parameters are the exact wind speed average val

The quarterly average wind speeds results showshaustus’ method overestimate
the arithmetic mean and cubic root cube (CRC) nwiad speed by a small difference
(approximately .10 m/s). In the year data, théharetic mean wind speed is similar, but
there is considerable difference in the CRC meamdwgpeed. The Justus’ method
underestimates the CRC mean wind speed by 0.35jdlthe same as underestimating
power production by 55 W/m The LS method average wind speeds over estirtaes
average wind speeds calculated using MLE. Thelteeshow that appears to be a
tendency for the over estimation to decrease whemsample is greater, i.e. year data, but
the third quarter data showed the less differeratevdren MLE and LS average speeds
results.

In general the MLE estimates must be the most ateurCalculating average wind
speed using the parameters estimated using Jusfogroximation method may
overestimate the arithmetic mean wind speed ancdkrestimate the cubic root cube
(CRC) mean wind speed. Calculating average wiegdusing the parameters estimated
using the least squares method may overestimatarttienetic mean and CRC mean

wind speed.
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Energy and Power Production Results Analysis

The results were calculated using the MLE parametéfhe results show that the
energy density (kWh/fi) obtained from integrating the energy probabifitpction from
0 to w is the same as substituting the CRC mean winddspe¢he energy equation
(Equation 3.26) discussed in Chapter 3. This shibvasif we substitute the arithmetic
mean wind speed in the energy equation (Equati@6)3we will underestimate the
energy that the site may be capable of producing.

The results also show that the fourth quarter efybar is the quarter that produced
more energy and the first quarter is the one thatlyces less energy. The expected
power production for a year is 250.21 W/mit can be observed that calculating wind
power density using Equation 3.36 and calculatimgdwoower density substituting the
CRC mean speed in Equation 3.23 gives similar tesul
Wind Shear and Energy Curves

The wind shear results show that at heights ovanéters the wind speeds increases
over 13% with respect to the 25 meter measurenmaghh

From the turbines power curves and energy curveitbe observed:

* Suzlon S64 950 kW — For this turbine at wind spdesisveen 11 m/s and 25
m/s the wind turbine works at its maximum powerr Eis site the turbine
will produce an average of 417 kW every year. Taximize yearly energy
production the turbine should be at a height whkeewind arithmetic mean
speed is equal to 15 m/s.

 DE Wind D6 1000 kW — For this turbine at wind speégtween 11 m/s and

16 m/s the wind turbine works at its maximum powgor this site the turbine
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will produce an average of 406 kW every year. Taxmmize yearly energy
production the turbine should be at a height whieeewind arithmetic mean
speed is equal to 14 m/s.

« Gamesa G80 1.8 MW — For this turbine at wind spdexdween 15 m/s and
25 m/s the wind turbine works at its maximum powgor this site the turbine
will produce an average of 700 kW every year. Taximize yearly energy
production the turbine should be at a height whieeewind arithmetic mean

speed is equal to 15 m/s.

6.2 Net Present Worth Economic Analysis Results

6.2.1 Case Studies

For the economic analysis we established two casdé® studied. One case is to
study the wind farm project as being developed byraup of private investors. The
second case is to study the wind farm project asgbageveloped by an existing electric
utility company.

Both cases will have similar costs, but the demaricing terms and alternatives will
be different. Tables 6.13 and 6.14 show the warthfand the economical parameters
that were used for the economic analysis.

Table 6.13: Wind Farm Parameters.

Parameter Value
Wind Farm Installed Capacity 10 MW
Wind Farm Availability Factor 98% of the time
Wind Farm Performance Derating
1% yearly
Factor
Wind Farm Wear and Tear Derating 0.5% decrease of previous energy output each
Factor year
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Table 6.14: Economical Analysis Parameters.

Parameter

Value

Project Life

25 years

Installation Costs

$1,400/kW installed

Operation and Maintenance (O&M)

$0.018/kWh produced

W24

Costs
Land Costs $4,000/turbine installed plus 1% of the gros
revenue
Energy Price $0.09/kWh
Minimum Attractive Rate of Return
15%
(MARR)

Income Tax Rate 35%
Depreciation Method 20 years MACRS
General Inflation Rate 3%

O&M Costs Specific Inflation Rate 1%
Land Costs Specific Inflation Rate 1%
Energy Price Specific Inflation Rate 1%

Private Investor Debt Financing Terms - Loan Terms

Debt Financing Percentage

75% of Initial Cost

Loan Interest Rate

12%

Loan Repayment Term

12 years

Utility Company Debt Financing Terms - Loan Terms

Debt Financing Percentage

75% of Initial Cost

Loan Interest Rate

7.5%

Loan Repayment Term

20 years

Utility Company Debt Financing Terms - Bond Terms

Bond Face Value

$1000

Bond Maturity Time

20 years

Bond Annual Coupon Rate

5% of Bond Face Value

Flotation Costs

3% of Bond Market Price

Bond Market Price

90% of the Bond Face Value

Bond Sold

12,569 bonds

In this economic analysis environmental factors aoé considered because those

factors are intangibles and there is not enougbrimdtion to quantify them, but it is

important to know they exist and if we compare ssibfuel electric generation facility

with a wind farm the environmental factors couldkma difference in the result.

S
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As shown in the previous tables the difference betwboth cases will be in the debt
financing method and terms. The private invesaseqCase #1) was evaluated under the
following conditions:

e Case 1.1 — before and after taxes net present w&palysis without inflation.

» Case 1.2 — after taxes net present worth analy#isinilation.

» Case 1.3 — after taxes net present worth analgdding the production tax
credit incentive, with inflation.

 Case 1.4 — after taxes net present worth analgdding a 5-year MACRS
incentive, with inflation.

The utility company case (Case #2) was evaluate@tie following conditions:

» Case 2.1 — before and after taxes net present vaodlysis using loan debt
financing, without inflation.

» Case 2.2 — after taxes net present worth analysig) Uoan debt financing,
with inflation.

» Case 2.3 — after taxes net present worth analysigy bond debt financing,
with inflation.

» Case 2.4 — after taxes net present worth analysig) Uoan debt financing,
adding the production tax credit incentive, witHation.

» Case 2.5 — after taxes net present worth analysig) doan debt financing,
adding a 5-year MACRS incentive, with inflation.

There are a few cases where tax incentives wergidered in the analysis. The two
types of incentives that we used in this economiglyesis are the production tax credit

(PTC) and the 5 year MACRS depreciation schedulevind projects. The PTC actually
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has a value of $0.018/kWh produced and it's giveningj the first 10 years of the
project. The PTC is adjusted each year for irdlatising a 1% rate. The 5 year MACRS
offers a depreciation schedule that permits rectheecapital investment in six years, this
represents higher tax deductions in the first ssarg of the project and reduces the
effects of inflation on taxes.

In large corporations with multiple business operst when the taxable income in
business is negative it becomes tax savings tmabeaised to deduct the taxable income
generated by other business operations. In thésighan important assumption
considered in the economic analysis we presentas when the taxable income in a
given year is negative we assume no revenue, stakas paid that year are equal to
zero. The United States Internal Revenue Sen{i€&s) allows carrying forward up to
15 years the operating loss or carrying back fgedrs to offset the taxable income in
those years. In Puerto Rico they allow to carryvard it up to 7 years. In our analysis

we do not use neither the carry forward nor caagkialternative.

6.2.2 Results for Case #1 Economic Analysis

For the private investor case we performed the @wmim analysis using seven
different wind turbines. The analysis was perfaidniensidering that the power captured
by the turbines is much less at the height (25 me) wind speed measurements were
taken compared with the turbine manufacturer recendud turbine hub height. Table
6.15 shows the wind turbine average yearly outputgrs, as given by the energy curves,
for the heights of 25 m and each turbine recommeimadd height, the best three turbines

are highlighted in bold. Tables 6.16 to 6.18 shbw case #1 economic analysis results
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for the best three turbines. The results show piggect net present worth (NPW),

internal rate of return (IRR) and simple paybackque

Table 6.15: Wind Turbine Output Power at Different Hub Heights.
Turbine Height | Power | Height| Power

Suzlon S64 950 kW | 25m | 315 kW| 64 m | 417 kW
DE Wind D6 1000 kW | 25 m | 294 kW| 68 m | 406 kW
DE Wind D6 1250 kW| 25 m| 323 kW 68 m | 455 kW
Gamesa G52 850 kW 25m 220 kw5 m | 302 kW
Gamesa G80 1.8 MW| 25m | 486 kW| 78 m | 700 kW
Gamesa G83 2.0 MW 25m 529 kW78 m | 764 kW
Vestas V66 1.75 MW| 25m| 385kW 78 m | 580 kW

When performing engineering economics analysigiieasure of effectiveness is the
method better understood by management, [Canaala 2004]. The NPW method is a
common tool used when evaluating investments gept® The method is easier to use
when all the alternatives have the same life. NRUlts are always consistent: the
alternative with the highest NPW is the best.

In this work we do not consider the IRR as a measireffectiveness. To use the
rate of return for comparisons we have to use tleeemental approach. Using an
incremental approach when we compare seven prq@ogsfor each different turbine) is
a burdensome task. Instead we use the rate ahr&guwbtain information of how the
project is yielding a negative or positive NPW.p#soject with a positive or negative IRR
that is near the project MARR (15%) may give anaunfable or favorable result with a
small change in one of its sensitive parameters.

The simple payback period is a quick screening oreasf merit. It measures how
quickly the investment is recovered without inténesluded. In this work the payback

results are presented with the purpose of givingenmdormation to the reader.



Table 6.16:

Suzlon S64 950kW Case #1 Economic Resul

Turbine: Suzlon S64 950 kw

Hub Height | 25 m | 64 m
CASE 1.1
Before Taxes Results:
NPW -$495,659.29 $3,729,459.21
IRR 13.655% 27.015%
Payback Period 13 years 4 years

After Taxes Results:

NPW -$1,464,034.24 $1,397,439.00

IRR 10.515% 19.822%
Payback Period 13.5 years 5 years

CASE 1.2
Before Taxes Results

NPW $389,680.71 $4,908,164.11

IRR 15.998% 29.760%
Payback Period 11.5 years 3.5 years

After Taxes Results

NPW -$858,819.43 $2,163,597.18

IRR 12.496% 22.019%
Payback Period 13 years 5 years

After Taxes + I nflation Results
NPW -$1,623,772.81 $875,995.74
IRR 9.219% 18.465%
CASE 1.3
After Taxes + PTC I ncentive Results

NPW -$458,719.46 $3,331,548.31

IRR 13.637% 26.873%
Payback Period 12.5 years 4 years

After Taxes + PTC Incentive + Inflatio

n Results

NPW -$1,292,109.53 $1,898,885.24
IRR 10.327% 23.178%
CASE 1.4
After Taxes + 5-Year MACRS I ncentive Results
NPW -$1,319,753.83 $2,416,551.27
IRR 10.898% 24.43%
Payback Period 14 years 3.5 years

After Taxes + 5-Year MACRS I ncentive + | nflation Results

NPW

-$1,930,885.43

$1,227,476.38

IRR

7.668%

20.806%




Table 6.17: DE Wind D6 1000 kW Case #1 Economic Réss.
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Turbine: DE Wind D6 1000 kwW

Hub Height | 25 m | 68 m
CASE 1.1
Before Taxes Results:
NPW -$1,875,817.83 $2,341,769.26
IRR 9.966% 22.498%
Payback Period 15 years 5 years
After Taxes Results:
NPW -$2,501,678.65 $539,652.90
IRR 7.430% 16.886%
Payback Period 15.5 years 7 years
CASE 1.2

Before Taxes Results

NPW -$1,125,871.16 $3,384,557.90
IRR 12.141% 25.153%
Payback Period 14 years 4.5 years

After Taxes Results

NPW -$1,959,676.06 $1,217,465.52
IRR 9.327% 19.011%
Payback Period 15 years 6 years
After Taxes + Inflation Results
NPW -$2,507,251.59 $135,457.79
IRR 6.142% 15.545%
CASE 1.3
After Taxes + PTC I ncentive Results
NPW -$1,769,672.55 $2,146,019.43
IRR 9.864% 22.650%
Payback Period 14 years 4.5 years
After Taxes+ PTC Incentive + I nflation Results
NPW -$2,358,527.83 $943,982.48
IRR 6.664% 19.078%
CASE 1.4
After Taxes+ 5-Year MACRS | ncentive Results
NPW -$2,505,282.21 $1,233,278.66
IRR 7.415% 19.704%
Payback Period 16 years 4.5 years

After Taxes + 5-Year MACRS I ncentive + | nflation Results

NPW

-$2,898,026.80

$262,396.02

IRR

4.286%

16.218%
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Turbine: Gamesa G80 1.8 MW

Hub Height | 25 m | 78 m
CASE 1.1
Before Taxes Results:
NPW -$2,877,841.75 $1,957,320.59
IRR 8.051% 20.669%
Payback Period 16 years 6 years
After Taxes Results:
NPW -$3,432,744.14 $211,161.50
IRR 5.721% 15.674%
Payback Period 17 years 9 years
CASE 1.2

Before Taxes Results

NPW -$2,126,664.86 $3,044,219.89

IRR 10.136% 23.275%
Payback Period 15 years 5 years

After Taxes Results

NPW -$2,874,424.49 $917,646.04

IRR 7.554% 17.763%
Payback Period 15.5 years 7 years

After Taxes + Inflation Results
NPW -$3,349,033.11 -$181,381.09
IRR 4.421% 14.333%
CASE 1.3
After Taxes + PTC I ncentive Results

NPW -$2,731,205.41 $1,805,333.12

IRR 7.918% 20.817%
Payback Period 15.5 years 5 years

After Taxes+ PTC Incentive + I nflation Results
NPW -$3,238,412.77 $587,842.19
IRR 4.775% 17.298%
CASE 1.4
After Taxes+ 5-Year MACRS | ncentive Results

NPW -$3,474,546.55 $824,752.58

IRR 5.607% 17.823%
Payback Period 17.5 years 5.5 years

After Taxes + 5-Year MACRS I ncentive + | nflation Results

NPW

-$3,780,171.63

-$145,828.93

IRR

2.531%

14.392%
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6.2.3 Results for Case #2 Economic Analysis

For the utility company case we performed the eoutoal analysis using seven
different wind turbines. As in Case #1, the analygas performed considering that the
power captured by the turbines is much less athiight (25 m) the wind speed
measurements were taken compared with the turbamufactures recommended turbine
hub height.

It is important to remember that all the cases wetamined with 75% loan debt
financing, except Case 2.3 where 12,569 bonds sk for an approximated 70% to
80% bond debt financing.

Tables 6.19 to 6.21 show the case #2 economic sinalgsults for the best three

turbines.



Table 6.19: Suzlon S64 950 kW Case #2 Economic Rksu
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Turbine: Suzlon S64 950 kwW

Hub Height | 25m | 64 m
CASE 2.1
Before Taxes Results:
NPW $2,369,215.30 $6,594,333.80
IRR 25.388% 44.102%
Payback Period 4 years 2 years

After Taxes Results:

NPW $1,079,559.29 $3,825,886.32
IRR 20.240% 32.993%
Payback Period 4.5 years 3 years
CASE 2.2

Before Taxes Results

NPW $3,254,555.29 $7,773,038.69
IRR 27.941% 46.456%
Payback Period 4 years 2 years

After Taxes Results

NPW $1,655,030.29 $4,592,044.50

IRR 22.336% 34.915%
Payback Period 4.5 years 3 years

After Taxes + Inflation Results
NPW $758,599.02 $3,148,459.86
IRR 18.773% 30.985%
CASE 2.3
Before Taxes Results

NPW $5,290,168.22 $9,808,651.62

IRR 39.740% 58.562%
Payback Period 3 years 1.5 years

After Taxes Results

NPW $3,585,012.89 $6,522,027.10
IRR 33.266% 45.739%
Payback Period 3 years 2 years

After Taxes + Inflation Results

NPW $2,521,605.06 $4,941,465.90
IRR 29.385% 41.494%
CASE 2.4
After Taxes + PTC I ncentive Results
NPW $2,449,270.24 $5,858,086.44
IRR 26.246% 41.602%
Payback Period 3.5 years 2 years

After Taxes+ PTC Incentive + I nflation Results

NPW $1,420,682.51 $4,263,051.39
IRR 22.569% 37.477%
CASE 2.5
After Taxes + 5-Year MACRS I ncentive Results
NPW $1,605,907.71 $5,219,589.57
IRR 23.516% 42.808%
Payback Period 3.5 years 2 years

After Taxes + 5-Year MACRS I ncentive + I nflation Results

NPW

$803,418.41

$3,854,263.07

IRR

19.918%

38.648%
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Turbine: DE Wind D6 1000 kW

Hub Height | 25m | 68 m
CASE 2.1
Before Taxes Results:
NPW $865,688.95 $5,083,276.04
IRR 18.937% 38.424%
Payback Period 5.5 years 2.5 years
After Taxes Results:
NPW $107,661.19 $2,863,525.93
IRR 15.553% 29.183%
Payback Period 5.5 years 3 years
CASE 2.2

Before Taxes Results

NPW $1,615,635.62 $6,126,064.68
IRR 21.638% 40.809%
Payback Period 5 years 2.5 years
After Taxes Results
NPW $604,183.52 $3,541,338.55
IRR 17.828% 31.135%
Payback Period 5.5 years 3 years
After Taxes + Inflation Results
NPW -$110,550.28 $2,310,064.61
IRR 14.396% 27.316%
CASE 2.3
Before Taxes Results
NPW $3,833,637.54 $8,344,066.61
IRR 37.441% 60.189%
Payback Period 3 years 1.5 years

After Taxes Results

NPW $2,785,767.40 $5,717,546.30
IRR 32.917% 47.988%
Payback Period 3 years 2 years

After Taxes + Inflation Results

NPW $1,972,395.86 $4,387,943.22
IRR 29.045% 43.678%
CASE 2.4
After Taxes + PTC I ncentive Results
NPW $1,095,760.19 $4,661,925.05
IRR 20.235% 37.285%
Payback Period 4.5 years 2.5 years

After Taxes+ PTC Incentive + I nflation Results

NPW $312,295.03 $3,296,600.82
IRR 16.733% 33.286%
CASE 2.5
After Taxes + 5-Year MACRS I ncentive Results
NPW $294,393.91 $3,982,386.80
IRR 16.612% 37.168%
Payback Period 4.5 years 2.5 years

After Taxes + 5-Year MACRS I ncentive + I nflation Results

NPW

-$281,468.11

$2,834,708.98

IRR

13.216%

33.172%




Table 6.21;: Gamesa G80 1.8MW Case #2 Economic Rdsul
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Turbine: Gamesa G80 1.8 MW

Hub Height | 25m | 78 m
CASE 2.1
Before Taxes Results:
NPW $82,985.58 $4,918,147.92
IRR 15.347% 35.963%
Payback Period 7 years 3 years
After Taxes Results:
NPW -$500,557.31 $2,720,944.37
IRR 12.619% 27.521%
Payback Period 7 years 3.5 years
CASE 2.2
Before Taxes Results
NPW $834,162.46 $6,005,047.21
IRR 18.145% 38.368%
Payback Period 6 years 2.5 years
After Taxes Results
NPW $11,764.14 $3,427,428.91
IRR 15.051% 29.491%
Payback Period 6 years 3 years
After Taxes + Inflation Results
NPW -$653,185.97 $2,167,194.27
IRR 11.700% 25.719%
CASE 2.3
Before Taxes Results
NPW $2,727,917.28 $7,898,802.03
IRR 27.035% 46.456%
Payback Period 4 years 2 years

After Taxes Results

NPW $1,804,827.98 $5,165,903.07

IRR 23.852% 37.086%
Payback Period 4.5 years 2.5 years

After Taxes + I nflation Results
NPW $969,380.25 $3,738,632.75
IRR 20.245% 33.094%
CASE 2.4
After Taxes + PTC I ncentive Results

NPW $372,081.18 $4,579,531.68

IRR 16.629% 35.310%
Payback Period 5.5 years 3 years

After Taxes+ PTC Incentive + I nflation Results

NPW -$347,135.28 $3,181,033.31
IRR 13.232% 31.369%
CASE 2.5
After Taxes + 5-Year MACRS I ncentive Results
NPW -$437,590.21 $3,828,989.27
IRR 12.809% 34.726%
Payback Period 6 years 2.5 years

After Taxes + 5-Year MACRS I ncentive + I nflation Results

NPW

-$943,144.56

$2,663,119.55

IRR

9.523%

30.802%
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6.2.4 Summary of the Economic Analysis Results

In this section we tabulate the best results fahezase and sub-case studied. For
Cases 1.1 and 2.1 the results tabulated are aftes,tfor the other cases the results are
after taxes including inflation. The results ardeved from best net present worth result
to the worst. Table 6.22 show the results for Gdsand Table 6.23 show the results for
Case #2.

Additional results for the other four wind turbingst were not considered are shown
in Appendix B. In Appendix C we show pictures betspreadsheet and cash flow
diagram for the five years of the economic analg$i€ases 1.1 and 1.2 using the Suzlon

S64 wind turbine.
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Table 6.22: Case #1 Results Summary — Hub Height Yiable.

Ranking | Turbine / Height | NPW | IRR [ Payback Period
Case 1.1
1 Suzlon S64 950 kW /64m  $1,397,439.00 19.822% 5 years
2 DE Wind D6 1000 kW / 68m $539,652.90 | 16.886% 7 years
3 Gamesa G80 1.8 MW /78m  $211,161.50 15.674% 9 years
4 Gamesa G832 MW /78 m $36,237.21  15.124%11.5 years
5 DE Wind D6 1250 kW / 68m -$471,885.02| 13.419% 13 years
6 Gamesa G52 850 kW /65m  -$783,984.57 12.459% 13 years
7 Vestas V66 1.75 MW / 78m -$1,376,596/4110.786% 14 years
Case 1.2
1 Suzlon S64 950 kW / 64m) $875,995.14 18.465% 5 years
2 DE Wind D6 1000 kW / 68m $135,457.79 | 15.545% 6 years
3 Gamesa G80 1.8 MW /78m  -$181,381.09 14.333% 7 years
4 Gamesa G832 MW /78 m  -$308,315.94 13.783% 7.5 years
5 DE Wind D6 1250 kW / 68m -$746,309.65| 12.107% 11.5years
6 Gamesa G52 850 kW /65m  -$1,026,940.67.146% 12 years
7 Vestas V66 1.75 MW / 78m  -$1,551,243/78.484% 13 years
Case 1.3
1 Suzlon S64 950 kW / 64m  $1,898,885.24 23.178% 4 years
2 DE Wind D6 1000 kW / 68m $943,982.48 | 19.078% 4.5 years
3 Gamesa G80 1.8 MW /78im  $587,842.19 17.298% 5 years
4 Gamesa G832 MW /78 m $355,473.23  16.483% 5.5 years
5 DE Wind D6 1250 kW / 68m -$225,743.96| 14.091% 7 years
6 Gamesa G52 850 kW /65  -$568,499.50 12.802% 8 years
7 Vestas V66 1.75 MW / 78m  -$1,200,890/00.655% 12 years
Case l4
1 Suzlon S64 950 kW / 64m  $1,227,476.38 20.806% 3.5 years
2 DE Wind D6 1000 kW / 68m $262,396.02 | 16.218% 4.5 years
3 Gamesa G80 1.8 MW /78m  -$145,828.93  14.392% 5.5 years
4 Gamesa G832 MW /78 m -$318,740.43 13.584% 5.5 years
5 DE Wind D6 1250 kW / 68m -$884,323.73| 11.234% 12.5 years
6 Gamesa G52 850 kW / 65m  -$1,226,389.002998% 13 years
7 Vestas V66 1.75 MW / 78m -$1,847,471/04.978% 14 years




Table 6.23: Case #2 Summary of Results — Hub Heigkfariable.
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Ranking | Turbine / Height | NPW | IRR |Payback Period
Case 2.1
1 Suzlon S64 950 kW /64m  $3,825,886,32.993% 3 years
2 DE Wind D6 1000 kW / 68m$2,863.525.93 29.183% 3 years
3 Gamesa G80 1.8 MW / 78m  $2,720,944.27.521% 3.5 years
4 Gamesa G832 MW /78m  $2,360,110,26.750% 3.5 years
5 DE Wind D6 1250 kW / 68m$1,869,102.66 24.365% 4 years
6 Gamesa G52 850 kW / 65m  $1,624,590.28.013% 4 years
7 Vestas V66 1.75 MW / 78m  $1,165,778)380.622% 4.5 years
Case 2.2
1 Suzlon S64 950 kW / 64m  $3,148,459,8%.985% 3 years
2 DE Wind D6 1000 kW / 68m$2,310,064.61 27.316% 3 years
3 Gamesa G80 1.8 MW /78  $2,167,194.25.719% 3 years
4 Gamesa G832 MW /78m  $1,866,290,&24.980% 3.5 years
5 DE Wind D6 1250 kW / 68m$1,433,771.77 22.699% 3.5 years
6 Gamesa G52 850 kW / 65m  $1,214,216.29.409% 4 years
7 Vestas V66 1.75 MW /78m  $803,300.62 19.135% 4 years
Case 2.3
1 Suzlon S64 950 kW / 64m  $4,941,465|911.494% 2 years
2 DE Wind D6 1000 kW / 68m$4,387,943.22 43.678% 2 years
3 Gamesa G832 MW /78m  $3,944,169/48.032% 2 years
4 Gamesa G80 1.8 MW /78  $3,738,632.33.094% 2.5 years
5 DE Wind D6 1250 kW / 68m $3,511,650.38 38.452% 2 years
6 Gamesa G52 850 kW / 65m  $3,165,485.83.555% 2.5 years
7 Vestas V66 1.75 MW / 78m  $2,564,654/129.319% 3 years
Case 2.4
1 Suzlon S64 950 KW / 64m  $4,263,051|3¥.477% 2 years
2 DE Wind D6 1000 kW / 68m $3,296,600.82 33.286% 2.5 years
3 Gamesa G80 1.8 MW /78m $3,181,033.31.369% 3 years
4 Gamesa G832 MW /78m  $2,781,001,30.464% 3 years
5 DE Wind D6 1250 kW / 68m$2,270,951.28 27.645% 3 years
6 Gamesa G52 850 kW / 65m  $2,019,087.28.028% 3 years
7 Vestas V66 1.75 MW/ 78m $1,514,196,928.026% 3.5 years
Case 2.5
1 Suzlon S64 950 kW / 64m  $3,854,263|(BB.648% 2 years
2 DE Wind D6 1000 kW / 68m$2,834,708.98 33.172% 2.5 years
3 Gamesa G80 1.8 MW/ 78m $2,663,119.89.802% 2.5 years
4 Gamesa G832 MW /78m  $2,294,183|59.701% 2.5 years
5 DE Wind D6 1250 kW / 68m$1,732,234.96 26.103% 3 years
6 Gamesa G52 850 kW / 65m  $1,442,500.24.066% 3 years
7 Vestas V66 1.75 MW/ 78m  $899,915.59 20.481% 3.5 years
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The top three turbines for the above cases arersowable 6.24. As the results
show, the turbine that for the wind conditions aednomic parameters given maximizes
the project net present worth is Suzlon S64 950 kW.

Table 6.24: Wind Turbines Rankings.

Rankings |  Wind Turbine / Hub Height
Case 1.1, 1.2, 1.3 and 1.4: Hub Height Variable
1 Suzlon S64 950 kW / 64m

2 DE Wind D6 1000 kW / 68m
3 Gamesa G80 1.8 MW / 78m
Case 2.1, 2.2, 2.4 and 2.5: Hub Height Variable
1 Suzlon S64 950 kW / 10m
2 DE Wind D6 1000 kW / 68m
3 Gamesa G80 1.8 MW / 78m
Case 2.3: Hub Height Variable
1 Suzlon S64 950 kW / 10m
2 DE Wind D6 1000 kW / 68m
3 Gamesa G83 2 MW / 78m

6.2.5 Analysis of Net Present Worth Economical AnalysisuR

Case #1 Net Present Worth Analysis

In Case #1, the private investor, we compare tisé theee turbines as shown in Table
6.24. Case 1.1 is the simplest and in it can s=moded that the income taxes has the
effect of reducing the projects net present woRR\(V) an average of $1.96M, and the
internal rate of return (IRR) an average of 5.94%d increase the project payback period
of each project an average of two years no mathet wind turbine we use.

The difference between Cases 1.1 and 1.2 is the¢ C4 is inflation free. Now in
Case 1.2 the inflation is considered. In the afésles cash flow the inflation has the
effect of reducing the projects NPW an average 489, and the IRR an average of

1.35%.



156

In Case 1.3 we add the production tax credit (PTClhe after tax cash flow plus
inflation of Case 1.2. Comparing Case 1.3 witheCh2, the production tax credit has
the effect of increasing the projects NPW an avermaigb867K, and the IRR an average
of 3.74%, and decreasing the project payback penoaverage of 1.5 years.

In Case 1.4 we add the 5-year MACRS incentive fordwprojects to the after tax
cash flow plus inflation of Case 1.2. Comparings€d.4 with Case 1.2, the 5-year
MACRS has the effect of increasing the projects N@Waverage of $171K, and the IRR
an average of 1.02%, and decreasing the projetigo&yperiod an average of 1.5 years.
Case #2 Net Present Worth Analysis

In Case #2, the private utility case, we compaeelibst three turbines as shown in
Table 6.24. Case 2.1 is the simplest and in itbmwbserved that the income taxes has
the effect of reducing the projects net presenttlw@PW) an average of $2.39M, and
the internal rate of return (IRR) an average o6%?2 and increase the project payback
period of each project an average 0.67 years ntemahat wind turbine we use.

The difference between Cases 2.1 and 2.2 is thsg¢ €4 is inflation free. Now in
Case 2.2 the inflation is considered. In the afésles cash flow the inflation has the
effect of reducing the projects NPW an average 545, and the IRR an average of
1.89%.

Case 2.3 is financed with bonds, and we analyzaften tax plus inflation scenario.
If we compare Case 2.3 with Case 2.2 we can obgbatdghe project NPW increases an
average of $1.81M, and the IRR increases an averfatk.40%, and the project payback

period decreases an average of 0.83 years.
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In Case 2.4 we add the production tax credit (P@TCthe after tax cash flow plus
inflation of Case 2.2. Comparing Case 2.4 witheC22, the production tax credit has
the effect of increasing the projects NPW an ave@@g$l.04M, and the IRR an average
of 6.04%, and decreasing the project payback pemoaverage of 0.5 year.

In Case 2.5 we add the 5-year MACRS incentive fordwprojects to the after tax
cash flow plus inflation of Case 1.2. Comparings€&.4 with Case 2.2, the 5-year
MACRS has the effect of increasing the projects NWaverage of $576K, and the IRR
an average of 6.20%, and decreasing the projetigoiyperiod an average of 0.67 year.
Final Remarks of the Net Present Worth Analysis

In general terms, the income taxes and the effettteoinflation on long term projects
will affect significantly the projects net presembrth and internal rate of return. From
all the results of this project it is clear tha¢ tBuzlon S64 is the turbine which gives the
best NPW or best profitable project.

Utility companies have the advantage over privatestors in this type of project.
Utility companies receive better financing termsl &ave the capital power to be able to
sell bonds. These alternatives make it easiea 19tility to develop a wind farm and sell
energy for a lower price than a wind farm developgd group of private investors that
do not have the same capital as utility companies.

In Table 6.16 to Table 6.21 it can be observedftiradome cases if the wind speed at
the turbine hub height is similar to the wind spesehsured at a 25 meter height some
case #1 and #2 sub cases would not be profitdiddae of the case #1 projects would be
profitable. All of the Suzlon S64 case #2 projeats profitable. For the DE Wind D6

and the Gamesa G80 all the Case 2.3 projects afiapie. The DE Wind D6 Case 2.2
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project will be profitable if a production tax cieds given to it as shown in Case 2.4
results. This difference in wind speed shows thgpartance of a precise wind
measurement in the site were the turbines williséailed.

There is a question still to be answered: Whatntice is better? The PTC or the 5-
year MACRS? The answer will depend on the casl 6 the project. If in the first
years of the project the taxable income is negdhiea it is an advantage to have the PTC
over the MARR. The reason for this is if therang an option to carry forward losses,
i.e. get a tax credit with a negative taxable inepitihen the 5-year MACRS will be
unused and after the first six years there willnoemore depreciation deductions that
allow the investor to get protected from taxes.ur @sults show that there is a typical
pattern in which the PTC is preferred when the NRMUIts IRR is near the project
MARR. When NPW results IRR is much higher thanphgect MARR then the 5-year
MACRS is preferred.

In Table 6.23 it can be observed that for CaseHhe3urbine with the second highest
NPW has a higher IRR than the turbine with the eg§iNPW. This may confuse some
readers that may think that is an error, but ihas. The NPW is an absolute (dollar)
measurement of an investment worth. The IRR islative (percentage) measure and
cannot be interpreted in the same way as the NP#k[1997].

Since in this project we have a minimum attractate of return (MARR) of 15%, we
can use the IRR to observe if our project is ohat MARR thus resulting in a positive
NPW, or if the project is under that MARR the IRRow/s how close or far the project is

from the MARR helping the investor to make decisitmreach the MARR.
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6.3 Economic Sensitivity Analysis Results

6.3.1 Introduction

Sensitivity analysis for the economic results wasfgemed for the best turbine of
Cases 1.1, 2.1 and 2.3. From Table 6.24 we cagrebshat the best turbine for all the
cases was the Suzlon S64 of 950 kW. The sengitiiialysis of this turbine was made at
its suggested hub height.

The sensitivity analysis in this section is dividad single-parameter sensitivity
analysis and two-parameter sensitivity analysige 3ingle-parameter analysis was made
for the after tax scenario without inflation. Ttweo-parameter analysis was made for the
before tax scenario without inflation. The objeetiof the single-parameter sensitivity
analysis is to observe how the project net presemith changes when only one
parameter increases or decreases its value. ltwth@arameter sensitivity analysis we
can observe how the net present worth changes wweparameters change their value

at the same time.

6.3.2 Single-Parameter Sensitivity Analysis Results aisgu3sion

In the first case we present the after tax seritsitanalysis for Case 1.1. Case 1.1 is
one of the private investor cases, financed witto 76an debt financing at 12% interest
rate for 12 years. The analysis is for the turl$oelon S64 950 kW at a 64 meter hub

height. Figures 6.5 to 6.9 show the sensitivitglgsis results for Case 1.1.
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In the second case we present the after tax satysanalysis for Case 2.1. Case 2.1
is one of the private utility cases, financed wah75% loan debt financing at 7.5%
interest rate for 20 years. The analysis is fer tirbine Suzlon S64 950 kW at a 64

meter hub height. Figures 6.10 to 6.14 show theigeity analysis results for Case 2.1.
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In the third case we present the after tax seitsgitanalysis for Case 2.3. Case 2.3 is
one of the private utility cases, financed withagproximated 75% bond debt financing
at 5% interest rate for 20 years. The analysferishe turbine Suzlon S64 950 kW at a
64 meter hub height. Figures 6.15 to 6.19 shows#resitivity analysis results for Case

2.2.



Net Present Worth

$20,000,000

$15,000,000 .
/0/
$10,000,000 *
L 3
0/
o ” a———’.*\f;.;ég\t —_— ek
$5,000,000 = - —
l/ /
I/ /
$O T T /‘ T T T T T T T T
-75V%/ -45% -30% -15% 0% 15% 30% 45% 60% 75%
-$5.000,000 X
-$10,000,000

% Deviation from Estimated Value

‘—l— Capacity —¢+— Power Output —&— Availability Factor —%— Derating Factor —®— Wear and Tear Factor‘

Figure 6.15: Case 2.3 Suzlon S64 Sensitivity Curvés the Parameters: Installed Capacity, Average Pwer Output,
Availability Factor, Power Derating Factor, and Wea and Tear Factor.

172



Net Present Worth

$20,000,000

$15,000,000 ’
/0/
$10,000,000 M
L 3
0/
-———-\‘é‘ A A & A
$5,000,000 = — —
l/ /
I/ /
$O T T /‘ T T T T T T T T
-75V%/ -45% -30% -15% 0% 15% 30% 45% 60% 75%
-$5.000,000 X
-$10,000,000

% Deviation from Estimated Value

‘—l— Capacity —+— Power Output —— Availability Factor ‘

Figure 6.16: Case 2.3 Suzlon S64 Sensitivity Curves the Parameters: Installed Capacity, Average Pwer Output, and
Avalilability Factor.

173



$20,000,000

$15,000,000

$10,000,0004

$5,000,000

Net Present Worth

$0

75%

45%

-75% -60% % -30% -15% 0% 15% 30%

-$5,000,000

-$10,000,000

% Deviation from Estimated Value

‘—I— Installation Costs —®— 0O & M Costs —¢— Land Value Opt. 1 —&— Land Value Opt. 2 —%— Energy Price‘

Figure 6.17: Case 2.3 Suzlon S64 Sensitivity Curves the Parameters: Installation Cost, O&M Cost, Land Cost, and Energy

Price.

174



$12,000,000

$10,000,000
$8,000,000
§ /
§ $6,000,000(—® o . . . . . .
- /0
C ’/0 .
©  $4,000,000 —
0 . .
o
—  $2.000,000 / -
(O] pe
=z )
$0 . T T T T T T T T
75% % -45% -30% -15% 0% 15% 30% 45% 60% 75%
-$2,000,000-
-$4,000,000

% Deviation from Estimated Value

‘—I— Bond Face Value—+— Bond Maturity Time —&— Coupon Rate —®— Flotation Costs —k— Bond Market Price —<— Bonds Sold‘

Figure 6.18: Case 2.3 Suzlon S64 Sensitivity Curves the Parameters: Bond Face Value, Bond MaturityTime, Bond Coupon

Rate, Flotation Costs, Bond Market Price, # of Bonsl Sold.

175



$16,000,000

$14,000,000

$12,000,000 *

$10,000,0004

$8,000,0001

$6,000,0001

Net Present Worth

$4,000,0001

$2,000,000
/

$O T T T T T T
-715% -60% -45% -30% -15% 0% 15% 30% 45% 60% 75%

% Deviation from Estimated Value

‘—I— Income Taxes—¢—MARR —&— Project Life ‘

Figure 6.19: Suzlon S64 Sensitivity Graphics Curve®r the Parameters: Income Taxes, Minimum Attractve Rate of Return,
and Project Life.

176



177

Analysis of Single Parameter Sensitivity Results

The Suzlon S64 was used as an example to showetisgtigity of the wind farm
project economic analysis. From Case 1.1, CasadlCase 2.3 after tax sensitivity
curves it can be observed that the variables aey#ictor, wear and tear factor and land
costs practically are not sensitive and changethéenvalue of those variables slightly
change the net present worth result. Some of thet reensitive parameters are the
turbine average power output, the wind farm avditgkfactor, the energy price, wind
farm installation costs, the interest rate andritmber of bonds sold. Changes in those
variables can affect the outcome of the projech Thble 6.25 we mention all the
parameters and classify them as high-, medium-, lamd sensitivity parameters. In
Table 6.26 we show what changes in some of the sersditive parameters affect the
outcome of the project.

The sensitivity analysis shows that the projecttnsessitive parameter is the energy
price. Making small increasing changes in the gynqrice we can make any of the
negative NPW cases we have studied a favorable Atsm reducing the energy price to
obtain a NPW with an IRR near the selected MARR halp ensure that the all the
energy produced by the wind farm is sold and beensompetitive in the energy market..

The data in Table 6.26 shows that in Case 2.1 dhanpeters are less sensitive than in
case 1.1. This is because Case 2.1 has a high&rridsult compared to Case 1.1. The
same happens between Cases 2.1 and 2.3. Casec2ehtp parameters less sensitive

than Case 2.1, and Case 2.3 has a higher NPW tieaulfase 2.1.
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Parameter Sensitivity
High Medium Low
Power Output Income Taxes Land Costs
Availability Factor Project Life Bond Flotation (gs
Energy Price Installed Capacity Derating Facto
Installation Costs O&M Costs Wear and Tear Factor
MARR Bond Maturity Time -
Loan Interest Rate Bond Coupon Rdate -
Loan Life - -
Borrowed Funds - -
Bond Market Price - -
Number of Bonds Sold - -
Bond Face Value
Table 6.26: Most Sensitivity Parameters Break-EveResults.
Parameters % Change for Break-Even
Case 1.1 Case 2.1 Case 2.3
Power Output -12 % -33 % -49 %
Availability Factor -12 % -33 % -49 %
Energy Price -10 % -26 % -38 %
Installation Costs +14 % +52 % +44 %
MARR +32 % > +75 % > +75 %
Loan Interest Rate +40 % > +75 % N/A
Loan Life -58 % <-75% N/A
Borrowed Funds -42 % -66 % N/A
Bond Market Price N/A N/A -52 %
Bonds Sold N/A N/A <-75%
Bond Face Value N/A N/A <-75%
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6.3.3 Two-Parameter Sensitivity Analysis Results and udsion

In the two parameter sensitivity analysis we preseuar curves for each case. The
cases are the same (1.1, 2.1 and 2.3). The cargdbe following:
* Change in Energy Price vs. Change in Annual LogmTeat
» Change in Energy Price vs. Change in O&M Cost
* Change in Energy Price vs. Change in Land Cost
» Change in Annual Loan Payment vs. Change in O&MtCos
In the first case we present the before tax twaupater sensitivity analysis for Case
1.1. Case 1.1 is one of the private investor ¢cdsemced with 75% loan debt financing
at 12% interest rate for 12 years. The analysigrishe turbine Suzlon S64 950 kW at a
64 meter hub height. Figures 6.20 to 6.23 showttiteparameter sensitivity analysis

results for Case 1.1.
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In the second case we present the before tax twarvmder sensitivity analysis for
Case 2.1. Case 2.1 is one of the private invesdees, financed with 75% loan debt
financing at 7.5% interest rate for 20 years. &halysis is for the turbine Suzlon S64
950 kW at a 64 meter hub height. Figures 6.24 &7 &how the two-parameter

sensitivity analysis results for Case 2.1.
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In the third case we present the before tax twaupater sensitivity analysis for Case
2.3. Case 2.3 is one of the private utility cafiesnced with an approximated 75% bond
debt financing at 5% interest rate for 20 yearke @nalysis is for the turbine Suzlon S64
950 kW at a 64 meter hub height. Figures 6.28 .8l G6how the two-parameter

sensitivity analysis results for Case 2.3.
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Analysis of Two Parameter Sensitivity Results

The two-parameter sensitivity analysis curves weehshown are for case 1.1, 2.1
and 2.3 before tax scenario using the Suzlon S®dneeL The curves are a straight line in
a plane that divides it in two regions: the areardtwe curve is the positive NPW region
and the area under the curve is the negative NR}grregexcept for the curve of Annual
Loan Payments vs. O&M Prices., where it is the ggpo The line that divides both
regions is called the break even line, where angtpaying over it gives NPW equal to
zero. The curves show what combination of changéso parameters give a positive or
negative NPW.

For example in Case 1.1, Figure 6.20, if the engngge is reduced 30% and the
annual loan payment is reduced 40%, that will bmtp40%,-30%) in the curve, the
project will have a before tax positive NPW, buthke energy price is decreased 40%,

point (-40%,-40%), the NPW will be negative.

6.4 Economic Monte Carlo Simulation Results

6.4.1 Introduction

Monte Carlo simulation was performed for the basbine of Cases 1.1, 2.1 and 2.3.
As stated befores the best turbine for all the cag®s the Suzlon S64 of 950 kW. The
Monte Carlo simulation of this turbine was madésasuggested hub height.

For the Monte Carlo simulation we assigned proligbitlistributions to the

parameters that affect the economical analysis.e Monte Carlo simulation was
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performed for a before taxes scenario. The paensiehodeled for the Monte Carlo
simulation are:

e The turbine installation cost. We did not have wgio information to
determine the real price of the installation cestye assumed that it will vary
in estimated range of $1,000/kW to $1,800/kW witmare probable chance
of being near $1,400/kW. Modeled using a trianguatribution with a
minimum of $1,000/kW installed, a mode of $1,400/kWétalled, and a
maximum of $1,800/kW installed.

» The energy price. From information and data foumdhe literature we
modeled the energy price using a normal distributith a mean value of
$0.0807/kWh, and a standard deviation of $0.0243/kW

* The operation and maintenance cost. There wasifficient information to
assign a specific probabilistic model to O&M costs, we assumed a range
where the real cost could be and modeled it usingiform distribution with
a minimum of $0.01/kWh produced, and a maximum®0%/kwh produced.

» The land cost. Using the same analysis as witlO#&® cost we modeled the
land cost using the uniform distribution with a miam of $2,000/turbine
installed, and a maximum of $5,000/turbine insthlle

The objective of the Monte Carlo simulation is ss@s the investor of the economical
risk the project may present. We performed a 3,0@0 Monte Carlo simulation for
each case. The measurements of risk we will ptesetude the net present worth

expected value (mean) and standard deviation, deéficient of variation, the most
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probable minimum and maximum net present worth ltgsand the percentage and

number of negative net present worth results.

6.4.2 The Monte Carlo (MC) Simulation Results

In the first case we present the before tax MorgddCsimulation for Case 1.1. Case
1.1 is one of the private investor cases, finanggd 75% loan debt financing at 12%
interest rate for 12 years. The analysis is fer tilrbine Suzlon S64 950 kW at a 64
meter hub height.

Table 6.27: Case 1.1 S64 Monte Carlo Simulation Ralss.

Measurement of Risk Result
NPW Expected Value (Mean) $2,138,657.91
NPW Standard Deviation $5,821,451.01
Coefficient of Variation 2.7220
Minimum NPW -$17,507,136.7p
Maximum NPW $23,118,710.74
Number of Negative NPW Results 1087
Percentage of Negative NPW Results 36.23%
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Figure 6.32: Case 1.1 S64 Expected NPW vs. MC Trsal

In the second case we present the before tax Moatk simulation for Case 2.1.
Case 2.1 is one of the private utility cases, faemhwith 75% loan debt financing at 7.5%
interest rate for 20 years. The analysis is fer tirbine Suzlon S64 950 kW at a 64
meter hub height.

Table 6.28: Case 2.1 S64 Monte Carlo Simulation Ralss.

Measurement of Risk Result
NPW Expected Value (Mean) $4,768,101.80
NPW Standard Deviation $5,763,295.01
Coefficient of Variation 1.2087
Minimum NPW -$49,845,429.88
Maximum NPW $24,023,411.34
Number of Negative NPW Results 607
Percentage of Negative NPW Results 20.23%
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Figure 6.33: Case 2.1 S64 Expected NPW vs. MC Trsal

In the third case we present the before tax Momtdéoimulation for Case 2.3. Case
2.3 is one of the private utility cases, financeidhvan approximated 75% bond debt
financing at 5% interest rate for 20 years. Thalysis is for the turbine Suzlon S64 950
kW at a 64 meter hub height.

Table 6.29: Case 2.3 S64 Monte Carlo Simulation Ralss.

Measurement of Risk Result
NPW Expected Value (Mean) $6,819,920.67
NPW Standard Deviation $5,984,212.31
Coefficient of Variation 0.8775
Minimum NPW -$47,462,238.28
Maximum NPW $26,429,513.66
Number of Negative NPW Results 368
Percentage of Negative NPW Results 12.27%
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Figure 6.34: Case 2.3 S64 Expected NPW vs. MC Trsal

6.4.3 Analysis of The Monte Carlo (MC) Simulation Results

The Monte Carlo simulation results show the levfaligsk of each project developed
using the Suzlon S64 wind turbine. The simulatiorese performed for a before tax
scenario. For the three cases (1.2, 2.1 and Re3naximum net present worth result is
similar: a maximum average of $25M.

Case 1.1 is the most risky of all with an expectaldie around $2.14M, a coefficient
of variation over 2, and a percentage of negatitemnes of 36.23%. Case 2.1 is much
less risky than Case 1.1 with an expected valuerar®4.77M, a coefficient of variation
slightly higher than 1.00, and a percentage of treg@utcomes of 20.23%. Case 2.3 is
the least risky of all the cases with an expectalder around $6.82M, a coefficient of

variation of less than 0.90, and a percentage géitnee outcomes of 12.27%.



200

From the NPW results tabulated in Tables 6.22 aR8 & was expected that Case 2.3
will be the less risky since it has the higher NRWH the probability functions that
describes the parameters of each case are the s@meesituation causes a higher NPW
less risk effect in the analysis.

An important observation is that the NPW expecteshmvalues obtained from the
probabilistic method (Monte Carlo Simulation) aedtbr than the ones obtained using the
deterministic NPW method. Table 6.30 presentsnapeawison of these results.

Table 6.30: Deterministic and Probabilistic Expectd NPW Mean Values.

Case — Method' — - -
Deterministic — NPW Method | Probabilistic —Monte Carlo Simulation
Case 1.1 $1,397,439.00 $2,138,657.91
Case 2.1 $3,825,886.32 $4,768,101.80
Case 2.3 $4,941,465.90 $6,819,920.67
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7 WIND FARM ARRAY AND SITTING
RECOMMENDATIONS

7.1 Introduction

In this section we show two possible wind turbinegs taking into consideration the

engineering and technical aspect discussed in €hdpt The wind turbine arrays

presented are made using the best three wind &gbirom the net present worth

analysis. Table 7.1 show the wind turbines, thaied power, the number of turbines

needed for a 10 MW array, their hub height, thetor diameter and their rotor sweep

area.

Table 7.1: Relevant Wind Turbine Information for Wind Farm Array.

Power | Turbines Needed Hub Rotor Rotor
Turbine Height Diameter | Sweep Area
(kW) for 10 MW Array 2
(m) (m) (m9)
Suzlon S64 950 11 64 64 3218
DE Wind
D6-1000 1000 10 68 62 3019
Gamesa
G80 1800 6 78 80 5027

7.2 Wind Farm Arrays

Using as a reference the “Rule of Thumb” for windbtne spacing in a wind farm,
we designed two arrays where the turbines are arage of 4 rotor diameters apart in the
direction perpendicular to the prevailing winds amdaverage of 7 rotor diameters in the

direction parallel to the winds direction.
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A 10 MW capacity array for a location in the easast of Puerto Rico was designed.
Since the rotor diameter for the Suzlon S64 and>BEeNind-1000 are similar the array
for both turbines is the same. For this arraystagice of 4 rotor diameters is equal to 256
meters, and a distance of 7 rotor diameters isleéquet8 meters.

In the array using Gamesa G80 turbines, the tusbare more sparse, but the array
uses less turbines because the power capacite dd8d is much bigger. In this array 4
rotor diameters is equal to 320 meters, and 7 dhtoneters is equal to 560 meters.

Figures 7.1 and 7.2 show the wind farm arrays usiagurbines mentioned above.
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As shown in array #1 a wind farm there are 12 pdsdbcations for wind turbines
with a rotor diameter of 64 meters or less. O&thh2 turbines a design using the Suzlon
S64 will require only 11 turbines, and a desigmgghe DE Wind D6-1000 will require
only 10 turbines.

Array #2 shows 7 possible locations for wind tudsirwith a rotor diameter of 80
meters or less. A design using the Gamesa G8Gemllire only 6 turbines.

Also in array #1 and #2 there are two power suigstst A 10 MW wind farm would
only require one 10 MW substation. We show twospiae locations: one at the entrance
to the wind farm and one the other end. The looatf the substation is relative to
designer and wind farm owner point of view. Oneymeefer the substation located at
the entrance of the wind farm because it is mocessible for maintenance, others would
prefer it at the end of the wind farm so it is mpretected for any vandalism.

In the design there are also two entrances to thd farm; one at the north side and
one at the south side. The selection of the ecgrgmoint will depend of any available
roads near the farm that makes it easier for heguyjpment to enter the site.

7.3 Social and Environmental Impact of the Wind Farm
Array

The site where the turbines are planned to be ddchaive the advantage that the
nearest community near the site is at least 50@nmmdtom it. This means that there
should not be any problems with the noise the wimbdines may generate. One concern

is the visual impact the turbines may cause teiiee The site has a beautiful view to the
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sea and developers may found more profitable tostcoct a beach resort before
installing a wind farm in it.

Another important aspect to consider in this srethe birds. Since the location of
the site is in the east coast. Most migratoryvarin the island from the east and the
location of the wind farm may be in their possip&h, although the probability of a high
bird death rate should be low if we consider tlm ¢ast coast of Puerto Rico has an

approximated 35 mile coast line.
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8 CONCLUSSIONS AND RECOMMENDATIONS

8.1 Conclusions

In our work we have analyzed wind data using thabwlke probability distribution
and determined the energy production for a potentiiad farm site in the east coast of
Puerto Rico. An engineering economic model waslbped based on the net present
worth to analyze the economic viability of the wifadm project. This economic model
uses the energy production for the site and otben@mic variables and determines the
net present worth of the project. Finally we dasi) two possible wind farm arrays
taking into consideration the physical propertiéshoee different wind turbines. Our
conclusions are:

* We developed an economic model based on the mesepr worth method
that allows studying the economic feasibility ohdifarm projects taking into
consideration factors such as the income taxeshandffect of inflation. Our
economic model permits us to perform uncertaintg ask analysis using
sensitivity analysis and Monte Carlo Simulation.

* The multiple analyses realized using our economaeh permits us to
conclude that a wind farm project ise a feasible amder the economic
conditions we studied. The east coast of Puento BReéems to have adequate

wind conditions to establish a wind farm.



208

The economic analysis results show that a wind faraject is an attractive
investment for utility companies due to their capgower and access to better
financing terms.

The fourth quarter (October, November and Decemti@id showed the best
wind speeds and energy production for the sitee fitst quarter (January,
February and March) data showed the worst wind dgpesnd energy
production for the site.

Adjusting the CRC wind speed to a 50 meter heitid, site wind power
density is equal to 337 WAn This classifies the site as a class 3 with & fai
resource potential based on the standard wind palessification, [NREL
2003].

Wind turbine energy curves provide the advantagecrefting an energy
production vs. mean wind speed curve that consithersite wind probability
density function and the turbine power curve chiaréstic. The energy curve
has the advantage of showing the energy produtbioa range of arithmetic
mean wind speed values making it easier to obgbeveffects of wind shear
in the wind turbine.

The net present worth results showed that for thenghub height conditions
of the top three turbines analyzed a private iroresbd a utility company will
obtain a profitable net present worth. These fabler results allow the
private investor and the utility to lower the energrices and be more

competitive in the energy market.
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A private investor (case #1) could sell the enexgyow as $0.0837/kWh. If a
PTC incentive is added, the investor could lowee #nergy price to
$0.0792/kWh. If the project were income tax freert the energy price will
be $0.0761/kWh.

A utility company, like PREPA, could sell the engias low as $.0673/kWh if
the project is financed with a loan. If the PTCantive is added energy price
will be lowered to $0.0648/kWh. In a no income s@enario the price will be
$0.0634/kWh. If the project is financed with boride energy price could be
lowered to $0.0554/kwh. If the PTC incentive idded the price will be
$0.0549/kwh. If the project were income tax frdee tprice will be
$0.0544/kWh.

Based on our NPW and IRR results the PTC incergiyeeferred over the 5-
year MACRS incentive when the projects IRR is nesr project MARR.
When IRR is much higher than the project MARR thies 5-year MACRS is
preferred.

Increasing the capacity of the wind farm takes athge of the economies of
scale which results in a better economic resutiis 15 shown by the installed
capacity sensitivity curve.

The sensitivity analysis showed that a wind farmjgut is very sensitive to:
energy prices, energy production and the wind fastallation costs.

The risk analysis using Monte Carlo simulation sadvthat utility company
has less economic risk in this type of project.e Phivate investor has more

risk, which may impede the investor to commit te firoject.
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Comparing the deterministic net present worth validn the probabilistic
expected net present worth value, the wind farmeptamay yield a better
outcome than was deterministically estimated.

The Suzlon S64 was found to be the best turbinéhisrsite. The Suzlon S64
is also capable of sustaining 152 mph winds whietkes it a turbine with a

high survival wind speed and capable of survivingnast a class 4 hurricane.

8.2 Recommendations for Future Work

The following are recommendations for future work:

The economic model was implemented using Excel. MAB could be used
to consider after tax two-parameter sensitivitylgsia and after tax Monte
Carlo simulation. Also the wind data analysis coo linked to the economic
model so the complete wind farm assessment can dxe nm only one

program.

Expand the economic model to consider the costsried during the wind

speed measurement stages and the preconstructameslthat include the
permitting process. This economic model would aonthe variables that
affect the wind farm installation costs. This f3roportance because this type

of project is very capital intensive.

The economic model does not consider intangibleh sas environmental
factors. The model could be modified to quantifie tadvantages of wind

generated electricity compared to conventionalifdsgl generation. It is
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known that wind generation does not emit pollutantshe air and water as

the fossil fuel generation facilities normally do.
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Appendix A. Wind Data Analysis Results

In this appendix we present the wind speed datdysinaresults for the months of
February, March, April, May, July, August, Novembemd December. The
measurements were taken in the year 1987 in Fajdderto Rico. The site of the
measurements is located very near the coast imeantlaat is known as the Cape of San
Juan.

Data of the months of January, June, SeptemberCutdber is missing due to
failures in the measurement equipment and lack istiav inspection during the

measurement stage.
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Table A.1: Parameter Estimation for February, 1987.

Parameter Estimation Method
Weibull Maximum Justus’ Least “Quick”
Parameters Likelihood Approximation Squares Method
Estimators PP Method
Shape Factor 3.34 371 2.43 3.36
B. k)
Scale Factor 6.87 6.92 7.26 6.89
(m, ©)
Table A.2: Average Wind Speed February, 1987.
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood Approximation Squares Method
Estimators PP Method
Arithmetic
Mean Speed 6.15 6.25 6.44 6.19
Cubic Root
Cube Mean 6.76 6.76 7.54 6.79
Speed

Table A.3: Energy Production for February, 1987.

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

127.07

95.66

127.07

Maximum Energy Wind Turbine can
Capture in the 3 to 25 m/s range (KWh/rf)

126.71

Table A.4: Power Production for February, 1987.

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

191.53

142.35

189.09
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Table A.5: Parameter Estimation for March, 1987.

Parameter Estimation Method
Weibull Maximum Justus’ Least “Quick”
Parameters Likelihood Approximation Squares Method
Estimators PP Method
Shape Factor 2.78 3.13 2.22 2.86
B. k)
Scale Factor 6.76 6.76 7.06 6.80
(m, ©)
Table A.6: Average Wind Speed for March, 1987.
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood Approximation Squares Method
Estimators PP Method
Arithmetic
Mean Speed 6.02 6.04 6.25 6.06
Cubic Root
Cube Mean 6.84 6.71 7.50 6.84
Speed

Table A.7: Energy Production for March, 1987.

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

145.97

99.46

145.97

Maximum Energy Wind Turbine can
Capture in the 3 to 25 m/s range (KWh/rf)

145.39

Table A.8: Power Production for March, 1987.

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic root Cube Mean
Wind Speed (W/nf)

195.85

133.69

196.20




Data analysis results for the month of April, 1987:
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Table A.9: Parameter Estimation for April, 1987.

Parameter Estimation Method

Weibull Maximum Justus’ Least “Quick”
Parameters Likelihood Approximation Squares Method
Estimators PP Method
Shape Factor 2.94 3.23 252 2.96
B. k)
Scale Factor 7.16 7.17 7.33 7.17
(m, ©)
Table A.10: Average Wind Speed for April, 1987.
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood Approximation Squares Method
Estimators PP Method
Arithmetic
Mean Speed 6.37 6.42 6.51 6.40
Cubic Root
Cube Mean 7.16 7.09 7.56 7.17
Speed

Table A.11: Energy Production for April, 1987.

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

161.94

114.23

161.94

Maximum Energy Wind Turbine can
Capture in the 3 to 25 m/s range (KWh/rf)

161.51

Table A.12: Power Production for April, 1987.

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

226.24

158.65

224.92




Data analysis results for the month of May, 1987:
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Table A.13: Parameter Estimation for May, 1987.

Parameter Estimation Method
Weibull Maximum Justus’ Least “Quick”
Parameters Likelihood Approximation Squares Method
Estimators PP Method
Shape Factor 2.55 2.83 2.10 2.60
B. k)
Scale Factor 6.58 6.65 6.81 6.61
(m, ©)
Table A.14: Average Wind Speed for May, 1987.
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood Approximation Squares Method
Estimators PP Method
Arithmetic
Mean Speed 5.83 5.93 6.03 5.87
Cubic Root
Cube Mean 6.74 6.70 7.36 6.75
Speed

Table A.15: Energy Production for May, 1987.

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

139.55

90.07

139.55

Maximum Energy Wind Turbine can
Capture in the 3 to 25 m/s range (KWh/rf)

138.84

Table A.16: Power Production for May, 1987.

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

188.26

121.06

187.56




Data analysis results for the month of July, 1987:
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Table A.17: Parameter Estimation for July, 1987.

Parameter Estimation Method

Weibull Maximum Justus’ Least “Quick”
Parameters Likelihood Approximation Squares Method
Estimators PP Method
Shape Factor 437 4.98 4.67 461
B. k)
Scale Factor 7.73 771 771 7.95
(m, ©)
Table A.18: Average Wind Speed for July, 1987.
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood Approximation Squares Method
Estimators PP Method
Arithmetic
Mean Speed 7.04 7.07 7.05 7.05
Cubic Root
Cube Mean 7.48 7.43 7.44 7.47
Speed

Table A.19: Energy Production for July, 1987.

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind

Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

190.64

159.02

190.64

Maximum Energy Wind Turbine can
Capture in the 3 to 25 m/s range (KWh/rf)

190.52

Table A.20: Power Production for July, 1987.

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

255.44

213.74

256.24




Data analysis results for the month of August, 1987

Table A.21:. Parameter Estimation for August, 1987.
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Parameter Estimation Method

Weibull Maximum Justus’ Least “Quick”
Parameters Likelihood Apbroximation Squares Method
Estimators PP Method
Shape Factor 250 274 2.23 2.52
(B, K)
Scale Factor 6.49 6.49 6.59 6.51
(m. €)
Table A.22: Average Wind Speed for August, 1987.
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood Apbroximation Squares Method
Estimators PP Method
Arithmetic
Mean Speed >-74 >78 >89 >
Cubic Root
Cube Mean 6.67 6.57 7.00 6.68
Speed

Table A.23: Energy Production for August, 1987.

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

135.50

86.29

135.50

Maximum Energy Wind Turbine can
Capture in the 3 to 25 m/s range (KWh/rf)

134.76

Table A.24: Power Production for August, 1987.

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

182.64

115.98

182.12




Data analysis results for the month of November, BY:
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Table A.25: Parameter Estimation for November, 1987

Parameter Estimation Method

Weibull Maximum Justus’ Least “Quick”
Parameters Likelihood Apbroximation Squares Method
Estimators PP Method
Shape Factor 2 43 2.69 1.98 2.48
(B. k)
Scale Factor 8.56 8.66 8.84 8.61
(n, ©)
Table A.26: Average Wind Speed for November, 1987.
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood Apbroximation Squares Method
Estimators PP Method
Arithmetic
Mean Speed 7.50 0 s o3
Cubic Root
Cube Mean 8.77 8.77 9.76 8.85
Speed

Table A.27: Energy Production for November, 1987.

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

297.17

186.16

297.17

Maximum Energy Wind Turbine can
Capture in the 3 to 25 m/s range (KWh/rf)

296.77

Table A.28: Power Production for November, 1987.

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

424.50

258.56

412.74




Data analysis results for the month of December, 89:
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Table A.29: Parameter Estimation for December, 1987

Parameter Estimation Method

Weibull Maximum Justus’ Least “Quick”
Parameters Likelihood Approximation Squares Method
Estimators PP Method
Shape Factor 253 2.71 2.20 2,57
B. k)
Scale Factor 7.04 7.03 8.15 7.97
(m, ©)
Table A.30: Average Wind Speed for December, 1987.
Parameter Estimation Method
Average Wind Maximum Justus’ Least “Quick”
Speed (m/s) Likelihood Approximation Squares Method
Estimators PP Method
Arithmetic
Mean Speed 7.03 7.05 7.22 7.07
Cubic Root
Cube Mean 8.15 8.05 8.69 8.17
Speed

Table A.31: Energy Production for November, 1987.

Energy Production Parameter

Energy Probability
Function (KWh/m?)

Arithmetic Mean Wind
Speed (kWh/nf)

Cubic Root Cube Mean
Wind Speed (kWh/nf)

246.90

158.44

246.90

Maximum Energy Wind Turbine can
Capture in the 3 to 25 m/s range (KWh/rf)

246.45

Table A.32: Power Production for November, 1987.

Power Production Parameter

Wind Power Density
(W/m?)

Arithmetic Mean Wind
Speed (W/nf)

Cubic Root Cube Mean
Wind Speed (W/nf)

334.02

212.96

331.86
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Appendix B. Economic Analysis Results

In this appendix we show the economic analysis liesef the other four wind
turbines. The analysis was performed consideriagttie power captured by the turbines
is much less at the height (25 m) the wind speedsomements were taken compared
with the turbine manufacturer recommended turbine feight. Tables C.1 to C.4 show
the Case #1 economic analysis results and Tabteto.8 show the Case #2 economic
analysis results for the four wind turbines. Tasults show the project net present worth

(NPW), internal rate of return (IRR) and simple pagk period.



Table B.1: DE Wind D6 1250 kW Case #1 Economic Rdss!
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Turbine: DE Wind D6 1250 kW

Hub Height | 25 m | 68 m
CASE 1.1
Before Taxes Results:
NPW -$3,164,694.82 $811,887.30
IRR 6.877% 17.432%
Payback Period 17 years 8 years
After Taxes Results:
NPW -$3,614,536.54 -$471,885.02
IRR 4.666% 13.419%
Payback Period 18 years 13 years
CASE 1.2

Before Taxes Results

NPW -$2,504,077.36 $1,748,612.90

IRR 8.909% 19.930%
Payback Period 15.5 years 6.5 years

After Taxes Results

NPW -$3,117,036.66 $148,293.26

IRR 6.453% 15.471%
Payback Period 16 years 11.5 years

After Taxes + Inflation Results
NPW -$3,485,711.81 -$746,309.65
IRR 3.353% 12.107%
CASE 1.3
After Taxes + PTC I ncentive Results

NPW -$3,014,758.19 $759,050.95

IRR 6.730% 17.514%
Payback Period 16.5 years 7 years

After Taxes+ PTC Incentive + I nflation Results
NPW -$3,407,223.25 -$225,743.96
IRR 3.621% 14.091%
CASE 1.4
After Taxes+ 5-Year MACRS | ncentive Results

NPW -$3,672,705.23 -$122,984.09

IRR 4.498% 14.571%
Payback Period 19 years 12.5 years

After Taxes + 5-Year MACRS I ncentive + | nflation Results

NPW

-$3,884,914.14

-$884,323.73

IRR

1.455%

11.234%
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Table B.2: Gamesa G52 850 kW Case #1 Economic Resul

Turbine: Gamesa G52 850 kW

Hub Height | 25 m | 65 m
CASE 1.1
Before Taxes Results:
NPW -$3,311,010.21 $394,441.31
IRR 6.685% 16.138%
Payback Period 17 years 10 years
After Taxes Results:
NPW -$3,759,414.34 -$783,984.57
IRR 4.493% 12.459%
Payback Period 18 years 13 years
CASE 1.2

Before Taxes Results

NPW -$2,643,256.06 $1,319,478.05
IRR 8.709% 18.586%
Payback Period 15.5 years 8 years
After Taxes Results
NPW -$3,254,757.76 -$168,949.28
IRR 6.275% 14.481%
Payback Period 16.5 years 12 years

After Taxes + Inflation Results

NPW -$3,618,764.57 -$1,026,940.67
IRR 3.179% 11.146%
CASE 1.3
After Taxes + PTC I ncentive Results
NPW -$3,155,181.46 $373,120.14
IRR 6.538% 16.186%
Payback Period 16.5 years 8 years
After Taxes+ PTC Incentive + I nflation Results
NPW -$3,542,467.59 -$568,499.50
IRR 3.435% 12.802%
CASE 1.4
After Taxes+ 5-Year MACRS | ncentive Results
NPW -$3,821,539.70 -$509,597.58
IRR 4.317% 13.298%
Payback Period 19.5 years 13 years

After Taxes + 5-Year MACRS I ncentive + | nflation Results

NPW

-$4,025,950.95

-$1,226,389.09

IRR

1.278%

9.998%




Table B.3: Gamesa G83 2 MW Case #1 Economic Results
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Turbine: Gamesa G83 2 MW

Hub Height | 25 m | 78 m
CASE 1.1
Before Taxes Results:
NPW -$2,857,417.16 $1,567,283.58
IRR 7.596% 19.851%
Payback Period 16 years 6.5 years
After Taxes Results:
NPW -$3,344,475.31 $36,237.21
IRR 5.317% 15.124%
Payback Period 17 years 11.5 years
CASE 1.2

Before Taxes Results

NPW -$2,175,221.22 $2,556,702.13

IRR 9.660% 22.431%
Payback Period 15 years 5.5 years

After Taxes Results

NPW -$2,837,212.20 $679,359.27

IRR 7.126% 17.196%
Payback Period 16 years 7.5 years

After Taxes + Inflation Results
NPW -$3,249,508.25 -$308,315.94
IRR 4.006% 13.783%
CASE 1.3
After Taxes + PTC I ncentive Results

NPW -$2,716,419.94 $1,447,928.77

IRR 7.456% 19.978%
Payback Period 15.5 years 5.5 years

After Taxes+ PTC Incentive + I nflation Results
NPW -$3,156,402.41 $355,473.23
IRR 4.326% 16.483%
CASE 1.4
After Taxes+ 5-Year MACRS | ncentive Results

NPW -$3,392,880.77 $546,402.40

IRR 5.177% 16.991%
Payback Period 18 years 5.5 years

After Taxes + 5-Year MACRS I ncentive + | nflation Results

NPW

-$3,648,710.59

-$318,740.43

IRR

2.114%

13.584%




233

Table B.4: Vestas V66 1.75 MW Case #1 Economic Rétsu

Turbine: Vestas V66 1.75 MW

Hub Height | 25 m | 78 m
CASE 1.1
Before Taxes Results:
NPW -$4,779,205.08 -$373,332.85
IRR 3.763% 13.987%
Payback Period 20 years 12.5 years

After Taxes Results:

NPW -$5,091,458.16 -$1,376,596.41
IRR 1.851% 10.786%
Payback Period 22 years 14 years
CASE 1.2
Before Taxes Results
NPW -$4,186,476.62 $525,310.89
IRR 5.657% 16.345%
Payback Period 18 years 10.5 years
After Taxes Results
NPW -$4,626,146.94 -$766,211.91
IRR 3.523% 12.769%
Payback Period 20 years 13 years

After Taxes + Inflation Results

NPW -$4,803,051.88 -$1,551,243.78
IRR 0.507% 9.484%
CASE 1.3
After Taxes + PTC I ncentive Results
NPW -$4,591,874.88 -$344,995.02
IRR 3.609% 13.974%
Payback Period 19.5 years 12 years

After Taxes + PTC Incentive + Inflatio

n Results

NPW -$4,777,286.01 -$1,200,890.02
IRR 0.591% 10.655%
CASE 1.4
After Taxes + 5-Year MACRS I ncentive Results
NPW -$5,183,734.70 -$1,215,892.48
IRR 1.580% 11.217%
Payback Period 23 years 14 years

After Taxes + 5-Year MACRS I ncentive + | nflation Results

NPW

-$5,201,227.53

-$1,847,471.04

IRR

-1.378%

7.978%




Table B.5: DE Wind D6 1250 kW Case #2 Economic Rdss!
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Turbine: DE Wind D6 1250 kW

Hub Height | 25m | 68 m
CASE 2.1
Before Taxes Results:
NPW -$423,188.04 $3,553,394.08
IRR 13.098% 31.335%
Payback Period 8 years 3 years
After Taxes Results:
NPW -$846,095.10 $1,869,102.66
IRR 10.662% 24.365%
Payback Period 8 years 4 years
CASE 2.2
Before Taxes Results
NPW $237,429.42 $4,490,119.68
IRR 15.962% 33.792%
Payback Period 7 years 3 years
After Taxes Results
NPW -$383,627.48 $2,477,974.30
IRR 13.210% 26.380%
Payback Period 7 years 3.5 years
After Taxes + Inflation Results
NPW -$934,331.49 $1,433,771.77
IRR 9.912% 22.699%
CASE 2.3
Before Taxes Results
NPW $2,455,431.35 $6,708,121.61
IRR 30.229% 51.981%
Payback Period 3.5 years 2 years

After Taxes Results

NPW $1,864,421.38 $4,654,182.04
IRR 27.792% 42.606%
Payback Period 3.5 years 2 years

After Taxes + Inflation Results

NPW $1,210,138.35 $3,511,650.38
IRR 24.070% 38.452%
CASE 2.4
After Taxes + PTC I ncentive Results
NPW -$141,260.42 $3,432,131.13
IRR 14.336% 31.474%
Payback Period 6.5 years 3 years

After Taxes+ PTC Incentive + I nflation Results

NPW -$730,020.45 $2,270,951.28
IRR 11.006% 27.645%
CASE 2.5
After Taxes + 5-Year MACRS I ncentive Results
NPW -$848,236.79 $2,676,692.03
IRR 10.454% 29.887%
Payback Period 7.5 years 3 years

After Taxes + 5-Year MACRS I ncentive + I nflation Results

NPW

-$1,247,592.27

$1,732,234.96

IRR

7.237%

26.103%




Table B.6: Gamesa G52 850 kW Case #2 Economic Resul
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Turbine: Gamesa G52 850 kW

Hub Height | 25m | 65m
CASE 2.1
Before Taxes Results:
NPW -$514,673.29 $3,190,778.22
IRR 12.732% 29.374%
Payback Period 8 years 3 years
After Taxes Results:
NPW -$928,092.03 $1,624,590.28
IRR 10.335% 23.013%
Payback Period 8.5 years 4 years
CASE 2.2
Before Taxes Results
NPW $153,080.86 $4,115,814.97
IRR 15.608% 31.858%
Payback Period 7 years 3 years
After Taxes Results
NPW -$458,356.08 $2,225,864.16
IRR 12.902% 25.051%
Payback Period 7.5 years 4 years

After Taxes + Inflation Results

NPW -$1,008,803.50 $1,214,216.95
IRR 9.014% 21.409%
CASE 2.3
Before Taxes Results
NPW $2,290,021.01 $6,252,755.11
IRR 28.078% 46.797%
Payback Period 3.5 years 2 years
After Taxes Results
NPW $1,690,580.49 $4,292,638.51
IRR 25.710% 38.592%
Payback Period 3.5 years 2.5 years

After Taxes + Inflation Results

NPW $1,018,538.80 $3,165,485.53
IRR 22.049% 34.555%
CASE 2.4
After Taxes + PTC I ncentive Results
NPW -$225,506.64 $3,144,968.52
IRR 13.961% 29.809%
Payback Period 6.5 years 3 years

After Taxes+ PTC Incentive + I nflation Results

NPW -$812,682.76 $2,019,087.59
IRR 10.642% 26.028%
CASE 2.5
After Taxes + 5-Year MACRS I ncentive Results
NPW -$938,520.70 $2,346,072.06
IRR 10.072% 27.788%
Payback Period 8 years 3 years

After Taxes + 5-Year MACRS I ncentive + I nflation Results

NPW

-$1,334,156.42

$1,442,500.77

IRR

6.866%

24.066%
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Table B.7: Gamesa G83 2 MW Case #2 Economic Results

Turbine: Gamesa G83 2 MW

Hub Height | 25m | 78 m
CASE 2.1
Before Taxes Results:
NPW -$115,910.38 $4,308,790.36
IRR 14.478% 34.827%
Payback Period 7 years 3 years
After Taxes Results:
NPW -$610,041.36 $2,360,110.24
IRR 11.869% 26.750%
Payback Period 7 years 3.5 years
CASE 2.2
Before Taxes Results
NPW $566,285.56 $5,298,208.91
IRR 17.301% 37.243%
Payback Period 6.5 years 3 years
After Taxes Results
NPW -$138,629.74 $3,003,232.30
IRR 14.352% 28.730%
Payback Period 6.5 years 3.5 years
After Taxes + Inflation Results
NPW -$729,690.83 $1,866,290.87
IRR 11.022% 24.980%
CASE 2.3
Before Taxes Results
NPW $2,784,287.49 $7,516,210.83
IRR 31.970% 56.023%
Payback Period 3.5 years 2 years

After Taxes Results

NPW $2,093,181.63 $5,179,440.04
IRR 29.109% 45.263%
Payback Period 3.5 years 2 years

After Taxes + Inflation Results

NPW $1,400,096.48 $3,944,169.48
IRR 25.349% 41.032%
CASE 2.4
After Taxes + PTC I ncentive Results
NPW $158,396.60 $4,043,246.16
IRR 15.747% 34.377%
Payback Period 6 years 3 years

After Taxes+ PTC Incentive + I nflation Results

NPW -$478,218.32 $2,781,001.27
IRR 12.376% 30.464%
CASE 2.5
After Taxes + 5-Year MACRS I ncentive Results
NPW -$576,072.39 $3,341,864.93
IRR 11.896% 33.592%
Payback Period 6 years 2.5 years

After Taxes + 5-Year MACRS I ncentive + I nflation Results

NPW

-$1,017,803.89

$2,294,183.59

IRR

8.637%

29.701%
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Table B.8: Vestas V66 1.75 MW Case #2 Economic Résu

Turbine: Vestas V66 1.75 MW

Hub Height | 25m | 78 m
CASE 2.1
Before Taxes Results:
NPW -$1,900,622.96 $2,505,249.27
IRR 7.005% 25.929%
Payback Period 17 years 4 years

After Taxes Results:

NPW -$2,074,884.96 $1,165,778.36
IRR 5.006% 20.622%
Payback Period 20.5 years 4.5 years
CASE 2.2

Before Taxes Results

NPW -$1,307,894.50 $3,403,893.01
IRR 10.040% 28.472%
Payback Period 12 years 3.5 years

After Taxes Results

NPW -$1,623,687.24 $1,749,896.79

IRR 7.876% 22.709%
Payback Period 12 years 4 years

After Taxes + Inflation Results
NPW -$2,004,041.54 $803,300.62
IRR 4.733% 19.135%
CASE 2.3
Before Taxes Results

NPW $707,452.99 $5,419,240.49

IRR 18.993% 39.797%
Payback Period 5 years 2.5 years

After Taxes Results

NPW $422,633.24 $3,652,521.04

IRR 17.666% 33.198%
Payback Period 5 years 3 years

After Taxes + I nflation Results
NPW -$112,628.34 $2,564,654.15
IRR 14.239% 29.319%
CASE 2.4
After Taxes + PTC I ncentive Results

NPW -$1,580,270.58 $2,565,024.54

IRR 8.080% 26.716%
Payback Period 11.5 years 3.5 years

After Taxes+ PTC Incentive + I nflation Results

NPW -$1,970,366.44 $1,514,196.99
IRR 4.932% 23.026%
CASE 2.5
After Taxes + 5-Year MACRS I ncentive Results
NPW -$2,204,920.03 $1,723,767.45
IRR 4.146% 24.096%
Payback Period 21.5 years 3.5 years
After Taxes + 5-Year MACRS Incentive + I nflation Results

NPW -$2,421,049.42 $899,915.59
IRR 1.113% 20.481%
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Appendix C. The Spreadsheet as a Tool for
Economic Analysis

The use of spreadsheets is an efficient form ofopming economic analysis where
there is uncertainty and risk. The software MSdbyermits the development of such
spreadsheets. The advantage of using spreadshdleds it allows the quick analysis of
different scenarios and thus facilitating send¥ivanalysis. This permits to obtain

different outputs and perform single-parameter iseitg analysis in just seconds.

In this work the wind farm economic analysis waglemented using spreadsheets in
Excel. This appendix describe in detail the spsbadt variables that are requested as an
input from the user. We also show pictures of sheeadsheet and cash flow diagrams

for Cases 1.1 and 1.2. using the Suzlon S64 wirlzirte.

In the following list all the user input variablés the spreadsheet are numbered and
brief description of them is made:

1. Manufacturer. The name of the company that matwrfes the wind turbine.

2. Model. The name or model given by the manufacgur@ompany that
identifies the wind turbine.

3. Rated power. Expected output power, in kW, ofvtived turbine at a nominal
wind speed given by the manufacturer.

4. Average wind speed. The arithmetic mean wind spaedn/s, in the site
where the wind turbines will operate.

5. Capacity to be installed. The total power capacity kW, that will be

installed.
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6. Turbine Availability factor. The percentage of &énm a year that the wind
farm will be operating. Modern wind farms have i&alality factors of 98%
and higher, meaning only two percent of energyoss Idue to maintenance
and down time of the wind turbines.

7. Turbine Performance derating factor. A percentagkie that represents
degradation in the expected energy output of thedwiurbines due to
unexpected wind variations and turbulence.

8. Turbine Wear and Tear Derating Factor. This paeggvalue compensates
for an output decrease due to the effects of ojpegrdife in the turbine
performance.

9. Average power production based on the turbine gneogve. The average
output power, in kW, of the wind turbine based #ite and turbine energy
curve and the operating mean wind speed.

10.Project life. The number of years that the winaifés expected to operate.

11.Turbines System installed cost. The total cognsfalling the wind farm in
$/kW installed. It includes the turbine costs tatiation costs, transportation
costs, utilities and overhead costs.

12.Wind Farm Operation and Management fixed cost. dyeration and
management cost that will always be the same régsraf the wind farm
energy production.

13.Operation and Management variable cost. An opmratiind management
cost, in $/kwh, that will vary in proportion to theind farm energy

production.



240

14.Operation and Management variable escalation (iofirate. Year to year
percentage value at which the operation and maragiecost is expected to
increase.

15.Land Rights Option #1. Fixed amount of money, /ini®ine installed, that is
paid to the owner of the land where the turbinesséed.

16.Land Rights Option #2. Percentage values of thegrevenue that is paid to
the owner of the land where the turbines are sited.

17.Average sale price of electricity (electrical engrg Average price at which
the energy produced is expected to be sold.

18. Average sale price of electricity (electrical engrgscalation (inflation) rate.
Year to year percentage value at which the energgyzed price is expected
to increase.

19.Loan #1 borrowed funds percentage. The percentalge of the wind farm
total installed cost that is borrowed from lendemiver one.

20.Loan #1 interest rate. Is the charge to the bagrofer the use of lender
number one money.

21.Loan #1 debt term. Equal annual periods at whiah repayment of the
principal borrowed and the interest for loan numbee will be paid. Also
known as loan life.

22.Loan #2 borrowed funds percentage. The percentalge of the wind farm
total installed cost that is borrowed from lendemter two.

23.Loan #2 interest rate. Is the charge to the bagrofer the use of lender

number two money.
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24.Loan #2 debt term. Equal annual periods at whiah repayment of the
principal borrowed and the interest for loan numtvar will be paid. Also
known as loan life.

25.Bond face value. This is the value, in $, the batitirepay the buyer when it
reaches its maturity date.

26.Bond (coupon) annual rate. The interest paid adhnaa the face value of the
bond.

27.Bond market price. Price at which the bond is.sdfethe market price is
higher than the bond face value the bond is callg@emium bond. If the
market price is lower than the bond face valuelibied is called a discount
bond.

28.Bond maturity time. The time that has to pass biclwthe face value is to be
repaid.

29.Flotation cost. Costs associated with the issueadfond. It includes
investment bankers’ fess, lawyers’ fees, accoustamtsts, and printing and
engraving.

30.Income tax rate. Is the percent or rate of thahbéxincome that should be
paid in taxes.

31.Tax exemptions. Tax deduction or deduction intth@ble income given to
the investor of the project.

32.Minimum attractive rate of return (MARR). The mimim rate of return the

wind farm investor is willing to obtain from thevestment.
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33.MACRS Depreciation.  Modified Accelerated Cost Remy System
(MACRS) depreciation method. The MACRS method ld&hes prescribed
depreciation rates for an asset within a spectlass.

34.Straight Line Depreciation. The analysis gives th#ion of using this
method of depreciation.

35.Salvage value. Is the value for which the equipnoauld be sold after its
service. The salvage value is considered an in@das taxable.

36.Depreciation life. The period of years for whidietwind turbines will be
depreciated.

37.Annual depreciation deduction. Represents a remfudf the value of the
asset. The asset includes all the initial or ehpibsts involved in the
installation of the wind farm. It is consideredexpense and has the effect of

reducing the taxable income and the money to ket ipaaxes.



A B & D i E F — G _
Years: 0 1 2 3 4 5
Revenues
Electrical energy for sale (kWhj: 0| ss9s460282] 38789769.36) 3859582051  as40z841.41| 3821082720
Average cost of electricty ($/kWh: $0.0900 $0.0900 $0.0800 $0.0800 $0.0800 $0.0800
Electrical energy gross revenue ($): g0.00| $3508622.35| $3.491,079.24| §3473623.85| 9345625573 $3.438,974.45

‘Revenues Net Present Worth ($): $22,029 626.42 Revenues NAW(E): $3,407,970.04
Expenses
Capital Cost (§): (514 630,000.00)
Borrowed Funds {Amount to finance) {$): $10,872,600.00 |
Funds Obtained from Bonds Sales (3): $0.00
Annual Loan Payment 1 ($): $O.00 | ($1,771,365.37)| (§1,771,365.37)| (B1,771,365.37)| (B1,771,365.37)| (§1,771,365.37)
Annual Principal Payment I (3): FO00 | (345466537 (B509,22522)| (B5F0.33224)| (BE3BTTII4)| (BT15.424.76)
Annual Interest Payment I (5): F0.00 | (34,246, 70000 | (31,262,140 18) | (§1,201,03243 | (87,132,593 26) | ($1,055 940 61)
‘Annual Loan Payment 2 (§): $0.00 $0.00 §0.00 $0.00 §0.00 §0.00
Annual Principal Paymeni 2 ($): F0.00 F0.00 F0.00 F0.00 F0.00 F0.00
Anniad Fnterest Payment 2 (8): $0.00 $0.00 F0.00 $0.00 $o.00 $o.00
Bond Principal Payment ($): $0.00 $0.00 $0.00 $0.00 $0.00 000
Eond Interest Paymeni (3): §0.00 §0.00 §0.00 $0.00 §0.00 §0.00
0 & M Fixed costs (}): $0.00 $0.00 $0.00 $0.00 §0.00 §0.00
O & M Variable costs ($): $0.00 | (§701,72447) 70172447 (370172447 (870172447 3701.72447
 Land Rights Costs
Leasing Option I ($): $0.00 (544,000,003  (§4400000)|  ($44,000.00) ($44,000.003(  ($44,000.00)
Leasing Option 2 ($): $0.00 (§35,086.22)  ($34.81079)|  (§34,736.24) ($34,562.56)|  ($34,38974)
‘Total Expenses (1): (3,657 500.00)| ($2,552,176.07)| (§2,552,000.63)| ($2,551,826.08)) ($2,551,662.40)| (§2,551,479.59)

{Expenses Net Present Worth ($):

{$18,300,167.21)

Expenses NAW (§):

($2.831,024.93)

Energy Production Cost ($/cWh) per year:

{$0.07707)

(F0.06547)

($0.06579)]

(00661 2)

(F0.06E44)

(50.06677)]

Figure C.1: Example of Spread Sheet for Cases 1.hd1.2: Costs and Revenues for First Five Years.
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33 [Years: o| 1 2] = 4 £
34 |Before Tax Net Cash Flow ($): (53,657 50000 $956446.29 |  §939,078.61 §921,797.77 $904,603.33 | $987,494.85
35 Before Taxes Cumulative Cash Flow ($): ($3,657,500.003| ($2,701,053.71)| (1,761 8975100  ($840,177.34) $64,425.89 | §8951 82085
36 Before Taxes Net Present Worth ($): $3,720,459.21

37 Before Taxes Net Annual Worth {§): $576,945.11

38 Before Taxes Internal Rate of Return (%): 27.015%

39 |Uniform Series Payback Period (Years): 3.2

40

41 |Refore Taxes Net Income ($): $0.00 | §1,411,11166 | $1,448303.82 | $1,492,13001 | §1,543,375.44 | §1,60291963
47 MACRS Recovery Allowance (%o): 0.000% 3.750% 7.299% B.E77% 6.177% 5.713%
43 MACRS Annual Depreciation Deduction (§): $0.00 | (§548625.00)| ($1,056130.700] ($976.8451m|  ($903.69510)| ($835.811.90
44 MACRS 5-Year Recovery Allowance {%): 0.000% 20.000% 32.000% 19.200% 14.520% 14.520%
45 MACRS 5 Year ADD for Wind (§): $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
46 | SL Annual Depreciation Deduction ($): $0.00 §0.00 $0.00 $0.00 $0.00 $0.00
47 Taxahle Income ($): §0.00 | $BB248666 | §$39216412 | §$515,284.91 $639,680.34 | §7ET107.73
48 | Taxahle Income with Incentives ($): §0.00 | $BB2 48666 |  B30216412 |  §515294.91 §630,680.24 | §7ETI07.73
49 | Tax. Income with Inc. and Carry Forward (§): §0.00 | $B86248666 | §39216412| §515,284.91 §A39,680.34 |  §767,107.73
50 Income Taxes (§): $000 | ($301,870.33)| ($137.257.44) ($180,34972)| ($223.88812) (§268487.7D)
51 | After Taxes Net Income ($): §0.00 | $5B0E16.33 |  §254 00665 |  $334,93519 §415792.22 | 49862002
52 | Carry Forward (§): $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
53 |

54 [Years: 0 1 2 3 4 5
55  After Tax Cash Flow ($): (§3,657,50000)| $654,57596 | §80182116| §741,44805 $680,715.21 | $619,007.16
56 | After Taxes Cumulative Cash Flow ($): ($3,657,500.00)| (§3,002,924.04)| (§2,201,102.88)| (§1,450,664823)) ($778,83062)] (159,932 45)
57 _'After Taxzes Net Present Worth (F): $1,397.439.00

58 After Taxes Net Annual Worth ($): $216,182.08

59 After Taxes Internal Rate of Return (%o): 19.822%

60 |Uniform Series Payback Period (Years): 4.7

Figure C.2: Example of Spread Sheet for Cases 1.hd1.2: Cash Flows for First Five Years.
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Years: 0 1 2 3 4 5
;Al:tl.lal Dollars Net Cash Flow ($) (536857 500.00% FE54 675 96 $801,821.16 §741,448.05 $620,715.21 F619,007.16
Cu.tm.l.lamfe Artual Dollars Cash Flowr ($} (33,657 500,00y (53,002,824.04)| (52,201,102.88)| (§1,459,654.83) (F778,939.62))  (§159,932 46)
|Constant Dollars Net Cash Flow ($): ($3B5T500.00)| 365457596 | 90182116  §741,44805 $680,715.21 | §619,007.16

{Cumulative Constant Dollars Cash Flow ($):

{$3,657,500.00)

($3,002,924.04)

{$2,201,102.88)

($1,459,654.83)

(§779,839.62)

(5159,032.46)

Actual Dollars Net Present Worth ($): $1,397,439.00
| Actual Dollars Internal Rate of Return (%0); 19.822%
{Constant Dollars Net Present Worth ($): $1,397,439.00
{ Constant Dollars Internal Rate of Return (%o 19.822%

Figure C.3: Example of Spread Sheet for Cases 1.hd1.2: Inflation Analysis for First Five Years.
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Cash Flow ($)
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Figure C.4: After Taxes Cash Flow Diagram for Casd.2.
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Figure C.5: Cumulative After Taxes Cash Flow Diagran for Case 1.2.
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