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Abstract 

As the East Coast of the United States begins development of offshore wind power, utility 
companies want estimations of the energy to be gained and the costs associated with harnessing 
that power. As a resident of coastal North Carolina, I would much rather see our homes 
powered by offshore turbines rather than the coal-fired and nuclear plants we currently employ. 
The environmental benefits of using our offshore land for wind power rather than oil and 
natural gas exploration are significant. It would eliminate risk of oil spills, cause no disturbance 
to ocean mammals after installation, and provide clean energy to the coast to help reduce 
carbon emissions in the atmosphere. In 2009, North Carolina was determined to have the most 
offshore wind potential of any Atlantic state.  

This thesis looks at the three sites off the coast of North Carolina selected by the Bureau of 
Ocean Energy Management. Data collected from each site is analyzed and utilizes current-day 
turbine power curves to estimate annual energy output at each site for a single turbine 
installation. A cost analysis is then performed for each site, generating a Levelized Cost of 
Energy (LCOE), so prospective companies can have an estimate of the cost associated with an 
offshore installation taking advantage of North Carolina’s winds. Results found the area 
designated as “Wilmington East” to have the most potential, with estimated energy outputs 
reaching between 3.14x107kWh/yr and 3.68x107kWh/yr, with capacities on the order of 50-
60%. The data from the “Wilmington West” site had to be discounted due to lack of accurate 
data. Running a variety of scenarios, the LCOE of an offshore project in North Carolina ranged 
from 198-334 $/MWh. 
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Vindorku möguleikar á hafi úti við Norður Karólínu og 
hugsanlegar uppsetningar 

Richard Francis Smith III 

Júní 2016 

 
Útdráttur 

Þegar þróun vindorku utan austur strandar Bandaríkjnanna hefst munu raforku fyrirtæki hafa 
áhuga á því hversu mikil orka verði nýtanleg ásamt kostnaði við virkjun hennar. Nú eru kol og 
kjarnorka nýtt til raforkuframleiðslu en sem íbúi á strandlengju Norður Karólínu, myndi ég 
frekar vilja sjá vindorku gegna því hlutverki. Mikill umhverfislegur ávinningur er ef hafsvæðið 
utan stranda Norður Karólínu yrði nýtt undir vindmyllur í stað olíu- eða jarðgasleitar. Þessi 
möguleiki myndi útrýma mögulegum olíuleka, þegar uppsetningu vindmyllanna er lokið munu 
þær ekki hafa áhrif á lífríki sjávar ásamt því að framleiða græna orku sem hjálpar við að minnka 
útblástur koltvísýrings út í andrúmsloftið. Þetta verkefni skoðar þrjár mögulegar staðsetningar 
sem BOEM hefur mælt með. Árið 2009 var Norður Karólína metin sem það fylki sem býr yfir 
mestu mögulegu vindorku af þeim fylkjum sem liggja að Atlantshafinu. 

Í þessu verkefni voru skoðuð gögn frá öllum þrem svæðunum ásamt því að nota aflferil 
nokkurra vindmylla til að meta árlega orkuframleiðslu á hverju svæði miðað við eina 
vindmyllu. Búið var til kostnaðaráætlun sem notuð var til að reikna núvirtan meðalkostnað 
(LCOE) til að auðvelda fyrirtækjum að meta þann kostnað sem fylgir uppsetningu vindmylla á 
sjó í Norður Karólínu. Wilmington East eða Wilmington austur kom best út úr greiningunni 
með áætlaða árlega raforkuframleiðslu á milli 3.14x107 kWst/ár til 3.68x107 kWst/ár og 
nýtnihlutfall á milli 50-60%. Gögn frá Wilmington West eða Wilmington vestur reyndust 
óáreiðanleg og vantaði langar tímaraðir í gögnin. Núvirtur meðalkostnaður fyrir vindmyllur á 
sjó við Norður Karólínu var reiknaður með nokkrum mismunandi forsendum og reyndist vera 
á bilinu 198-334 $/MWst 
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1. Introduction 
It is widely accepted that conventional, carbon-rich fuel sources are contributing to global 
climate change. In an effort to slow this anthropogenic process, significant attention recently 
has been given to the development of low or no emission energy production [1]. A variety of 
technologies are being implemented, such as harnessing the energy from the sun in solar power; 
utilizing the power of the tides and ocean in tidal energy; and converting biomass into energy 
in biofuel. One such method that has proven efficient is wind power—harnessing the energy 
of the wind to generate electricity.  
 
The technology boom has resulted in rapid development of technologies. With this rapid 
development, current products quickly become outdated, creating demand for new products. 
This cycle is heavy on natural resource use, and requires an increasingly large amount of energy 
to sustain [1].  Despite this increase in tech-related pressure on natural resources, Organization 
for the Economic Co-operation and Development (OECD) countries are not projected to be the 
main cause of energy use increase in the future. The 2013 outlook projects that world energy 
consumption will increase 56% between 2010 and 2040. Most of this increase will be due to 
non-OECD countries, where demand is driven by strong economic growth [2].  
 
While various parts of the world are making advances in converting their energy supplies to 
sources that do not produce on fossil fuel emissions, others are woefully behind. Some lack the 
resources to make the change; others simply feel it is easier and cheaper to stick with the status 
quo [3]. North Carolina is an example of a state with massive potential, but one that still has 
much resistance to renewable energy [4].  
 
North Carolina (NC) is heavily dependent upon fossil fuels, particularly coal. In 2014, only 
6.6% of NC’s utility-scale net generation came from renewable sources. North Carolina has 
massive potential, particularly in the area of wind resources; it has the most offshore wind 
potential of any Atlantic state [5]. Given the high efficiency of offshore wind turbines and the 
large amount of potential, NC should be making strides to take advantage of this resource. 
However, due to advancements in hydraulic fracturing technology, cheap natural gas is now an 
attractive option to policymakers. Fracking presents a number of risks to the public. The 
chemicals used in the fracturing fluid are not disclosed, and in addition natural gas can permeate 
the water table, causing unsafe drinking water [6]. These and related concerns, in addition to 
increased publicity about the possibility of offshore drilling off the NC coast (such as in Figure	
1), have activated the public on the issue of renewable energy. This, coupled with an analysis 
of optimal turbine selection and placement, could help spur the legislature to begin building a 
renewable portfolio around our offshore resources.  
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Three areas of North Carolina’s coast have already been identified with the most offshore wind 
potential by the Bureau of Ocean Energy Management (BOEM): Wilmington West, 
Wilmington East, and Kitty Hawk. This thesis looks at the areas selected offshore for wind 
development by the federal government, estimates the wind potential at each site, analyzes 
which turbine would optimally fit the wind pattern at each site, and estimates the LCOE to 
garner a general cost of operation over the lifetime of the project. An offshore wind installation 
in North Carolina would provide economic benefits in the form of new jobs, as well as creating 
a new source of independent energy, that reduces carbon dioxide emissions and helps 
counteract global climate change.  
 
1.1 History of the Wind Turbine 
Harnessing wind energy is not a new technology. It has been used for more than a thousand 
years [7] for a variety of tasks. “Evidence for actual development of vertical-axis windmills 
comes from Persia during the late part of the first millennium. The application of wind to power 
a water fountain was hinted at in 800 AD. Two sources from the early 10th century suggest that 
windmills were first proposed by Abu Lulua in 644 and developed during the two following 
centuries” [8]. Following this, the use of windmills became widespread across the Middle East 
and central Asia, and later spread to China and India [9].   
 
The earliest horizontal-axis windmill to use aerodynamic lift instead of drag was introduced in 
the 12th century. They ran at varying speeds, with only a braking or furling system to control 
their speed [10]. Windmills were then seen in Northern Europe by the 12th century. They were 
used for a variety of mechanical tasks, from pumping water to milling grain. These horizontal-
axis turbines were considerably more efficient than the vertical-axis windmills previously seen 
in Persia [8].  
 
When the industrial revolution began, wind power receded into the background, presumably 
due to its lack of portability or energy storage [7]. While windmills were dying out in Europe, 
they found new purpose in the American West, as water pumps. More than a million water 
pumping stations were installed across the Midwest and West starting in the early 1850s. These 
versions of the wind turbine can still be seen in many areas of the Midwest and West today, as 
their pumping capability is suited to the needs of cattle ranchers [10].  

Figure 1 Example of public campaign against offshore drilling. Used with permission of Southern 
Environmental Law Center [96] 
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Using wind power for electricity began with the advent of the electrical generator at the end of 
the 19th century. With rapid advances in motor, generator, lighting and appliance designs, the 
demand for electricity skyrocketed, and for remote locations, turbines offered great promise 
[10]. By the end of the 19th century, early examples of most known alternative designs [11] 
could be found, including: vertical-axis tower, self-starting Savonius, hinger vertical blades, 
and tornado types [8]. 
 
James Blyth lays claim to the first windmill used for electricity. Built in Scotland in July of 
1887, his turbine was 10m high, and used cloth sails to power the lighting in his cottage [11]. 
Marcellus Jacobs pioneered the small-scale electrical generator turbine, which started to 
resemble the modern day wind turbine, as it has three airfoil shaped rotors [7]. His 32v and 
110v turbines were produced in the thousands starting in the 1920s through the 1950s [10].  
 
What is considered the most important sequence of developments occurred in Denmark, where 
Poul La Cour developed more than 100 wind turbines with capacities varying from 20-35kW 
between 1891 and 1918. Meanwhile, in the United States, the Smith-Putnam turbine eclipsed 
all others at a capacity of 1.25MW. Erected in the late 1930s in Vermont, this turbine had a 
diameter of 53.3m, which was massive for the time [7]. It also operated at a fixed speed linked 
to a synchronous generator tied to the electrical grid. It was advanced for its time, including a 
full-span pitch control, active yaw drive, and two-blade flapping rotor.  
 
Shortly after this, due to the inception of the Rural Electric Associations, demand for stand-
alone turbines declined as farms and homesteads were connected to large-scale AC power lines 
fed by central power plants [10]. The next leap forward occurred after World War II, when 
Johannes Juul erected the “200kW Gedser turbine.” It employed stall for power control and a 
squirrel-cage type induction generator. This made it much simpler to connect to the grid, 
making utility-scale production more plausible.  
 
Wind energy began to regain interest in the late 1960s in the United States, with the start of the 
environmental movement. New scientific information on the effects of fossil fuel pollution, 
nuclear waste, and industrial development caused the general public to lobby the federal 
government to look into alternative energy methods. In response, President Carter authorized 
the Department of Energy to begin research and development on alternative energy methods, 
including wind energy. The program resulted in many of the technologies used in modern 
turbines today, including partial-span pitch control, steel tube towers, composite blade 
materials, variable-speed generator, and aerodynamic, structural, and acoustic engineering 
design capabilities. While these projects generated a lot of useful information, none of them 
resulted in commercial production [7].  
 
In the mid-1970s, the 8kW Windworks turbine was invented, using silicon-controlled rectifiers 
to invert the DC current generated by the turbine into AC current that could be connected to 
the grid [10]. Continued pressure from the environmental movement led to the passage of the 
Public Utility Regulatory Policy Act (PURPA) of 1978. This fundamentally changed the 
practicality of wind turbine installation, as it required public utilities to allow turbines to 
connect to the grid, and to pay for the avoided cost of each kWh that the turbines supplied. In 
addition to this, some states started offering tax incentives for wind turbine installation. 
California is an example of a state with both significant tax incentives and viable wind speeds. 
This led to the “California Wind Rush” [7]. Within a matter of years, an estimated 1500MW 
of capacity had been installed in California. President Reagan was more conservative, and 
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withdrew the federal tax credits for alternative energy projects, causing the wind industry in 
the United States to collapse.  
 
Most US wind turbine companies went out of business, while the counterpart Danish 
companies were able to stay in business. This shifted the center of wind energy development 
once again from the United States back to Europe. In 1995, just over 50% of wind turbines 
were manufactured in Denmark [8]. During the time when American and other manufacturers 
were experimenting with 1MW turbines (and failing), the Danish manufacturers were 
constructing high-quality, reliable modest-size turbines, on the order of 15-30kW. This allowed 
them to gradually make increases in power, which continued through the next three decades 
[8]. “A practical consequence is that all commercial wind turbines resemble the ‘Danish 
Model,’ a light-weight three-blade upwind design” [12].  
 
At this point, the development of wind turbine technology exploded along with the technology 
boom. The wind power industry expanded at about 25% per year from 2004-2009, due in large 
part to the ready availability of wind resources and falling costs from improved technology and 
wind farm management [13]. Turbine capacity expanded from around 25kW to up to 6MW. At 
the end of 2014, 3.70x105 MW of wind energy capacity had been installed globally [14]. Much 
of this development is due to the technological revolution, and subsequent developments in 
computer sciences, aerodynamics, measurement instrumentation, etc. The increase in oil prices 
post-2003 raised fears about reaching the height of oil prices (peak oil), which furthered the 
interest in commercial wind power [15]. 
 
Logically, after wind turbines began to gain practicality for electrical generation, it would 
become desirable to install them offshore, where there are stronger, more consistent winds. 
Offshore wind posed a new set of challenges. Special anchors must be constructed to support 
the turbines. Components must be made resistant to seawater and corrosion. Underwater 
cabling must be developed to connect the turbines offshore to the grid. In addition to these 
considerations, more specific wind measurements need to be taken of the offshore area.  
 
The first offshore wind turbine was installed in 1990 by the “World Wind” company in 
Nogersund, 250m offshore from Sweden. This turbine was rated at 22kW, and was anchored 
in 7m deep water.  Since 2001, offshore wind has increased in production [16].  
 
In the last decade, significant steps have been taken to overcome challenges to offshore 
installation. Both the United Kingdom (U.K.) and Denmark have proven it is possible to install 
large wind farms offshore. The London Array is a wind farm off the coast of the U.K. 
comprising 175, 3.6MW Seimens wind turbines that have a combined capacity of 630MW. 
This wind farm generated a record-setting 369x105 MWh of electricity in December 2015 [17]. 
Denmark has installed the Anholt wind farm, utilizing 111 Seimens 3.6MW offshore turbines 
for a combined capacity of 400MW [18]. Anholt has generated 4.65x106MWh of electricity 
since its installation in 2013 [19]. 
 
1.2  The Modern Day Wind Turbine 
The late 20th century saw the advent of the modern day wind turbine. There are two common 
types of wind turbine: The Horizontal Axis Wind Turbine (HAWT) and Vertical Axis Wind 
Turbine. Since the majority of turbines in production and use are of the HAWT variation, these 
are the subject of this study. Figure 2 shows the major components of a typical HAWT wind 
turbine, which include:  

• The rotor, consisting of the blades and the supporting hub. 
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• The drive train, which includes the rotating parts of the wind turbine (exclusive of the 
rotor), which usually consists of shafts, gearbox, coupling, a mechanical brake, and the 
generator. 

• The nacelle and main frame, including wind turbine housing, bedplate, and the yaw 
system. 

• The tower and the foundation. 
• The machine controls. 
• The balance of the electrical system, including cables, switchgear, transformers, and, 

possibly electronic power converters [7].  

 
 

 
The turbines under consideration are of utility scale, ranging from 1-6MW. These larger 
turbines are the standard for commercial use for two r`easons: They are cheaper and they 
deliver more power. The increased energy output is partly because the rotor is higher from the 
ground, thus intercepting higher winds, and partly because they are more efficient than their 
smaller counterparts. The majority of the world’s wind turbines have three glass-reinforced 
plastic blades [20]. It is becoming more common that the rotors employ pitch control. Most 
rotor assemblies are placed upwind of the nacelle and tower, allowing the rotors to interact with 
the wind stream without being affected by the tower [20].  
 
Connected to the rotors is the drive train. The purpose is to speed up the rotation from a low 
speed to a speed more suitable for electrical generation. The drive train typically comprises a 
low-speed shaft, a gearbox, then a high-speed shaft connecting into the generator [20]. Included 
in the drivetrain are support bearings, couplings, and if applicable, the brake. Planetary 
gearboxes are most often used in utility-scale turbines. The generator of choice for utility scale 
turbines is generally the Squirrel Cage Induction Generator. Its advantages include durability, 
low production cost, and ease of connection to the grid. However, Doubly-Fed Induction 

Figure 2. Major Components of a Wind Turbine. Used with permission of Duke University Center on 
Globalization, Governance & Competitiveness [91]. 
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Generators are becoming increasingly popular and used with variable-speed applications [7]. 
Variable-speed wind turbines are becoming increasingly widespread, and allow the turbine to 
operate at maximum efficiency over a wide range of speeds.  
 
The Nacelle protects the components of the turbine from the weather [20]. The main component 
of the main frame is the yaw orientation system, which keeps the rotors aligned with the wind. 
It consists of a large bearing connecting the main frame to the tower. Most utility scale turbines 
now use active yaw drives, which involve one or more yaw motors, which drive pinions against 
a bull gear on the yaw bearing. This automated system has a wind sensor on the nacelle housing. 
It may also contain a brake to keep the main frame in place when not yawing [7].  
 
Current tower configurations include concrete towers, truss lattices, and steel tubes. Currently, 
all offshore turbines are of the steel tube design, so they are the only type relevant in this case.  
Wind Turbine control systems include the following:  

• Sensors – speed, position, flow, temperature, current, voltage, etc.; 
• Controllers – mechanical mechanisms, electrical circuits; 
• Power amplifiers – switches, electrical amplifiers, hydraulic pumps, and valves; 
• Actuators – motors, pistons, magnets, and solenoids; 
• Intelligence – computers, microprocessors. 

 
Three of the major aspects the control system is responsible for include setting upper bounds 
for the torque and power exerted on the drive train, maximizing power production, and 
maximizing fatigue life of the wind turbine components.  
 
Compared with land-based turbines, offshore turbines require special considerations in 
installation. Submarine cables must be installed for transmission to land, and special equipment 
is necessary for maintenance work [21]. They must be fixed to the seabed, using a more solid 
support structure. This structure is shown in figure 3.  
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The tower of an offshore wind turbine is connected to an anchor that connects the turbine to 
the seabed. Various anchor types have been utilized including monopile, multipile, and 
floating. Monopile anchors are the most common, and have been used in the oil and gas 
industries for decades. Typically, a 4-7m pile is driven 20m below the seabed. A jack-up 
platform is used to drive the piles into the seabed [22]. The piece that connects the turbine to 
the pile is called a transition piece, and is secured together by a reinforced grout. The transition 
piece is slid over top of the pile, and then the grout is pumped through flexible hoses or by hand 
pumping, and is then trapped at the bottom of the transition piece by specially developed rubber 
seals [23]. 
 
The advantage of a monopile foundation is that no preparations of the seabed are necessary. 
However, it also requires heavy pile-driving equipment, and difficulties can be encountered if 
the seafloor is particularly dense with boulders [21]. 
 
1.3  The Atmospheric Boundary Layer – Surface Layer 
To efficiently harness the wind, it has become more necessary to measure where and when the 
wind travels and the speed at which it travels. Areas that have strong and consistent winds are 
the most desirable to wind energy developers. 
 
The path the wind follows is affected by some general factors. The wind responds to horizontal 
pressure gradients, causing it to travel in the horizontal plane [7]. The troposphere extends from 
the earth’s surface up to about 11 km [24]. The lowest couple of kilometers of the troposphere, 
however, are directly modified by the surface below, and can be defined as a special part of the 
troposphere called the atmospheric boundary layer. The atmospheric boundary layer is defined 
as: “The part of the troposphere that is directly influenced by the presence of the earth’s surface, 
and responds to surface forcings with a timescale of about an hour or less” [25]. The thickness 
of the boundary layer varies both by time and location and can range in thickness anywhere 
from few hundreds to a few thousand meters [26]. The forces influencing the boundary layer 
include frictional, buoyancy due to thermal conditions of the atmosphere, and the influence of 
Coriolis force the earth’s rotation [26].  
 
The ocean is a large energy sink that provides approximately 80% of the energy required for 
driving the atmosphere, which comes from latent heat stored in water vapor [26]. Therefore, 
the ocean has a huge influence on the global winds through differential pressures, which cause 
persistent regional winds [7]. Additionally, the difference in heat capacity between the ocean 
and the land causes pressure gradients to form, resulting in a phenomenon called sea breeze 
[27].  
 
There are many different levels of wind speed measurements, because there are different types 
of fluctuations in the wind patterns with regard to time. These fluctuations, or flow patterns, 
are mean wind and turbulence [26]. While wind measurements have been taken over land for 
decades, consistent measurements offshore are much harder to come by. However, that doesn’t 
mean they can’t be useful. According to Aspliden, Elliot, and Wendell [28], the rule of thumb 
is that one year of record data is generally sufficient to predict long-term seasonal mean wind 
speeds within an accuracy of 10%, with a 90% confidence level.  

Figure 3. Monopile Foundation used for anchoring offshore wind turbines. Used with permission of 
Carlos Garcia [23]. 
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Within the year, there are also significant variations. These can manifest as seasonal or monthly 
variations. On an even shorter scale, there can be diurnal variations, due in large part to the 
daily heating cycle the earth experiences. For example, on 12/2/2015 at Wrightsville Beach, 
NC, at 8am the average windspeed was 2mph. By 4pm, the average windspeed was 24mph 
[29]. The typical diurnal variation is wind speeds increasing throughout the day. These diurnal 
changes are often the strongest in spring and summer [7]. 
 
Of the two flow patterns mentioned above, mean wind is responsible for horizontal transport, 
transporting momentum, heat, moisture and pollutants through advection [26] [25].  The mean 
wind speed tends to be lower closer to the ground due to friction and goes to zero at the surface 
due to no-slip at the boundary [26].  
 
Wind turbines operate in the surface layer which is the lowest layer of the boundary layer, 
extending up to about 100m [30]. The second flow pattern discussed is turbulence, which is 
one of the characteristics of the boundary layer and which distinguishes the boundary layer, 
including the surface layer,  from the rest of the atmosphere [25]. Turbulence can be described 
as irregular swirls of motion, usually referred to as eddies, and represent flow patterns (the 
smallest type of variation) on the scale of 10 minutes or less in the atmosphere.  Turbulence 
represents random wind patterns imposed on the mean [7]. Turbulence effectively transports 
mass, momentum heat and pollutants through diffusion. The eddies are formed by shear, due 
to solar heating of the ground when warm air rises, due to wind flowing over the earth’s surface, 
and due to wind encountering an obstacle such as mountains, buildings and trees and causes 
turbulent wakes [25], [26].  
 
The mean flow pattern, and the turbulence intensity, are dependant on atmospheric stability. 
Air is unstable when dense air overlays warmer and/or moister, less dense air. In these 
conditions convective circulations are supported, causing turbulence [25]. In order to determine 
stability of air, the adiabatic lapse rate often is used: 
 

 −
𝑑𝑇
𝑑𝑧 =

𝑔
𝐶*
= Γ, (1) 

Where T is the temperature, z is the height, g is the gravitational acceleration (9.8 m/s2), Cp is 
the heat capacity of air. The dry adiabatic lapse rate Γd describes the rate of change of 
temperature of a dry air parcel that is raised (or lowered) adiabatically [26]. Another important 
factor in describing air stability is the potential temperature, which is described by Poission’s 
equation [26]: 

 𝜃 = 𝑇	
𝑝0
𝑝

1/34
 (2) 

Where R is the specific gas constant for dry air (287 J/Kg/K) and p0 is the standard pressure, 
usually taken as 1000 mbar. If only adiabatic processes are present while the air parcel is 
moving, the potential temperature remains constant.  The virtual potential temperature for 
saturated air is then described using equation 3 [25]: 
 
 𝜃5 = 𝜃(1 + 0.61𝑟=>? − 𝑟@) (3) 
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Where rsat is the water vapor saturation mixing ratio and rL is the liquid water mixing ratio. The 
virtual potential temperature for unsaturated air is described by equation 4: 
 
 𝜃5 = 𝜃(1 + 0.61𝑟) (4) 

 
Where r is the mixing ratio. The virtual temperature and virtual potential temperature describe 
the temperature dry air must have to equal the density of moist air at the same pressure [25].  
Using either the virtual potential temperature or the adiabatic lapse rate, the stability of the air 
is determined according to the following conditions: 
 

 
𝜕𝜃5
𝜕𝑧 < 0	𝑜𝑟	

𝜕𝑇5
𝜕𝑧 < −Γ; Unstable 

 
(5) 

 𝜕𝜃5
𝜕𝑧 = 0	𝑜𝑟	

𝜕𝑇5
𝜕𝑧 = −Γ;Neutral 

 
(6) 

 𝜕𝜃5
𝜕𝑧 > 0	𝑜𝑟	

𝜕𝑇5
𝜕𝑧 > −Γ; 	Stable 

 
(7) 

When atmosphere is stable, the virtual potential temperature of an air parcel moving upwards 
is constrained to a height z+Δz: This forces the air parcel to move back down due to its 
temperature being lower than the ambient air and its density being greater. In unstable 
atmosphere, a disturbed air parcel will continue to move away from its original height, while 
in neutral atmosphere a disturbed air parcel will not experience any restoring or destabilizing 
forces [31]. In neutral atmosphere thermal processes are not at play and do not affect the 
turbulence of the air [30]. In these conditions the velocity profile can be approximated using a 
logarithmic velocity profile which is characterized by the friction velocity and the roughness 
length.  
 
The Monin-Obukhov similarity theory is sometimes called the starting point for modern 
micrometeorology [32]. According to the theory, the structure of turbulence depends on the 
kinematic surface stress (τ0/ρ), the buoyancy parameter (𝑔/〈Ѳ〉	), the surface heat flux 
( w’Ѳ’ 0)	and the height above ground (z) [33]. From there, the friction velocity u* is defined 
as: 
 

 
u ∗=

τ0
𝜌  

 

(8) 

where τ0 is the surface shear stress and ρ is the density of the surface. The surface layer is 
characterized by the velocity scale u* and the Obukhov length scale L [34], [33]: 
 

 𝐿 =
−𝑢∗]〈Ѳ〉
𝜅𝑔 w’Ѳ’ 0

 (9) 
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Where κ is the dimensionless von Kármán’s constant, which, according to [35] “relates the 
flow speed profile in a wall-bounded shear flow to the stress at the surface”. An experiment 
performed in 1968, called the Kansas experiment, brought attention to the importance of the 
Von Kármán constant. From the Kansas data, [36] put forth a value of 0.35 for the Von Kármán 
constant and thereby disputed the widely used value of 0.40 at the time. Many scientists have 
doubted the value obtained in the Kansas experiment and several studies have been performed 
since 1968. Typically, the value of κ is taken as 0.40, but over the years suggested values have 
been in the range between 0.35-0.43 [36], [37], [38], [39], [40], [35], [41].  
 
In neutral atmosphere and in the absence of direct measurements the mean log-law can be used 
to describe the logarithmic velocity profile [36]: 
 

 
𝑣(𝑧) =

𝑢 ∗
𝜅 𝑙𝑛

𝑧
𝑧0

 

 
(10) 

Where v(z) is the wind speed at height z and z0 is the surface roughness length.  The surface 
roughness length is a measure of the aerodynamic roughness of a surface [42]. The roughness 
length is a function of the height, shape and density of surface elements. Due to its complex 
nature, z0 is often difficult to calculate and practical estimation of the roughness length more 
often than not is based on published values for roughness of similar terrain. The Davenport 
classification is the publication of roughness lengths that is arguably the best field validated 
roughness classification to date [42].  The latest update of the Davenport classification is 
presented in table 1. According to the table, a suitable roughness length for this study is 
0.0002m. This profile is used for the purpose of analyzing wind data in the thesis. 
 
 
Table 1: Davenport classification of effective terrain roughness for the atmospheric 
boundary layer, adapted from Wieringa et at. (2001) [43] 

	

Landscape Z0 (m) 
Open sea or lake 0.0002 
Flat surface; e.g. beaches, marsh and snow cover, no vegetation 0.005 
Level country with low vegetation; e.g. grazing land, runway area of airports 0.03 
Moderately open country; e.g. low hedges, isolated low buildings or trees 0.1 
Area with scattered obstacles with relative distances of 8-12 obstacle heights 0.25 

Area with many rather large obstacle groups separated by open spaces of 
about 8 obstacle heights; e.g. young forest, area coverd by low buildings 

0.5 

Area regularly covered with similar-size obstacles; e.g. mature forest and 
densely built area 

1 

City centers; e.g mixture of short and tall buildings 2 
 
In addition to fluctuations in speed, equally important are changes in direction. Wind turbines 
must yaw to stay in alignment with the wind, so it is critical to be able to measure how much 
of the time the wind blows in a certain direction. The wind direction varies on the same scales 
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as wind speed.  
 
The methodology section discusses how the measurements used were obtained, and what 
formulas are implemented for their analysis. 
 
1.4  Levelized Cost of Energy 
When comparing methods of energy production, it can be difficult to find adequate ways to 
measure one against the next. For example, for a coal-fired plant, one would have to take into 
account the amount of coal used per day. However, a wind farm has no fuel cost, making it 
hard to compare the two. Levelized Cost of Energy (LCOE) is “a summary measure of the 
overall competitiveness of different generating technologies. It represents the per-kilowatt 
hour cost (in real dollars) of building and operating a generating plant over an assumed 
financial life and duty cycle” [43]. The World Energy Council writes: “The Levelized Cost of 
Eleltrcity is the price that kust be received per unit o foutput as payment for producing power 
in order to reach a specified financial return – or put simply, the price a project must earn per 
megawatt hour in order to break even” [44]. LCOE is widely utilized. In the private sector, a 
good example is Lazard, one of the world’s top financial advisory and asset management 
firms, which uses LCOE in evaluating projects. In the public sector, organizations just as the 
National Renewable Energy Laboratory (NREL), International Energy Agency, and the U.S. 
Energy Information Administration use it to estimate the trend in cost for different energy 
sources. It is important to note that LCOE is not necessarily a good measure of 
competitiveness between two methods of generation, as other factors, such as capacity factor, 
existing resource mix, and projected utilization rate are required for such comparison. LCOE 
functions as a convenient measure of the estimated cost of an energy plant project over its 
lifetime. When creating an LCOE estimate, a variety of parameters must be included: 

 

• Capital costs 

• Fuel cost 

• Operation and maintenance costs 

• Waste management costs 

• Decommissioning costs 

• Site-specific R&D and insurance costs 

• Costs of meeting emissions regulations 

• Plant lifetime 

• Plant load factor 

• Discount rate 

• Build schedule 

• Shape of the learning curve and its impact on future cost reductions [45] 

 

The required parameters vary depending on the technology used. For example, a solar power 
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plant has no fuel costs, so that parameter is unnecessary. By the same principle, a wind power 
plant does not have to look at costs of emissions regulations.  

Table 2 shows current LCOE estimations (in 2013 dollars) for new projects that would come 
online in 2020.  

 
	
 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Table	2	.	LCOE	(2013	$/MWh)	for	new	power	generation	sources	going	online	in	2020,	adapted	from	
EIA	(2015)	[44]	
	

Plant type Capacity 
factor 

Levelized 
capital 

cost 

Fixed  
and 

Variable 
O&M 

Transmission 
investment 

Total 
system 
LCOE 

(including 
subsidy) 

Subsidy 

Dispatchable 
Technologies 

      

Conventional coal 85 60.4 33.6 1.2 95.1  

Advanced coal 85 76.9 37.6 1.2 115.7  

Natural gas-fired 
technologies 

30-87 14.4-40.7 55.6-
97.4 1.2-3.5 72.6-141.5  

Advanced nuclear 90 70.1 24 1.1 95.2  

Geothermal 92 34.1 12.3 1.4 44.4 -3.4 

Biomass 
83 47.1 52.1 1.2 100.5  



 

	 13	

Non-Dispatchable 
Technologies 

      

Wind 36 57.7 12.8 3.1 73.6  
Wind- Offshore 38 168.6 22.5 5.8 196.9  
Solar PV 25 109.8 11.4 4.1 114.4 -11 
Solar Thermal  20 191.6 42.1 6 220.6 -19.2 
Hydroelectric 54 70.7 10.9 2 83.5  

 

As this estimation shows, natural gas has the lowest LCOE of any conventional fuel source. 
Geothermal currently has the lowest LCOE of any source at all. However, nearly half of 
technologies lie within $10/MWh of each other. This, coupled with the different resources 
available to a certain site, make many different energy generation sources viable.  

The LCOE for wind declined by more than two thirds between the early 1980s and the early 
2000s [46].  Figure 4 shows this reduction in cost. 

 

The rise in cost from 2003-2010 was a result of increasing raw material costs, increased labor 
costs, improved manufacturer profitability, and upscaling of turbines. However, from 2010 
onward, there has been a resumption in the trend to lower costs [46]. This trend is shown in 
figure 5 [47]. 

Figure 4. Levelized Cost of Energy (Wind) 1980-2010. LCOE versus time. Squares are LCOE measurements 
from Danish analysis. Triangles are from coastal European sites. Diamonds are from U.S. sites. Used with 
permission from Dr. Eric Lantz [46]. Plot shows steady decline in LCOE from 1980-2003, and an upward 
trend in LCOE from 2003-2010. 
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Figure 5 LCOE for Wind power 2009-2015. Used with permission of Lazard. LCOE versus 
time. Average LCOE plotted as the dotted line, the grey bar represents the range of LCOE 

reported for each year [47]. Plot shows a 61% reduction in LCOE from 2009-2015. 
 

This LCOE graph above from Lazard shows a 61% decrease in the cost of wind over the past 
five years. This supports the trend in cost reduction mentioned earlier.  
 
1.5  North Carolina Wind Energy  
Energy usage across the United States varies greatly among regions, states, and even areas 
within each state.  North Carolina ranks toward the lower end of the 50 states, using the 38th 
most energy per capita, 7.50x107 kWh in 2013. Total energy production is right in the middle 
of the pack, ranking 27th, generating 1.78x1011 kWh of energy. This is shown in Figure 6. 
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North Carolina ranks competitively in energy expenditure, ranking 42nd at $3,790 USD per 
capita. The average retail cost of electricity to the residential sector is right in the middle at 
26th, with 12.11 cents/KWh. The most current price (Dec. 2015) was 10.96 cents/KWh [5].  
 
Recently, NC has drastically reduced its coal usage. Currently, coal-fire plants are the third 
largest generator of electricity, at 2.11x109 kWh in 2013. This ranks behind natural gas at 
2.51x109 kWh and nuclear at 3.55x109 kWh. North Carolina ranks 14th in the nation in carbon 
dioxide production, generating 122 million metric tons of CO2 per year. The largest amount 
comes from electricity generation, which is the cause of 56 million metric tons per year [48]. 
NC generates 6.6% of its utility-scale electricity from sustainable energy sources, but does not 
utilize wind at all.  
 
In 2008, the North Carolina state legislature requested that the University of North Carolina 
Chapel Hill perform a feasibility study for wind turbines in the Albemarle and Pamlico Sounds, 
and offshore waters from the NC coast. This study involved academics from both the 
University of North Carolina and North Carolina State University as well as industry 
professionals. The conclusion was that the winds in the Albemarle and Pamlico sounds most 
likely are not suited for utility-scale production, but that it is likely that the offshore area would 
be well suited for utility-scale production and further study should be conducted as soon as 
possible. This report was submitted to the NC state legislature in summer of 2009.  
 
On Dec. 13, 2012, the BOEM published a “Call for Information and Nominations” to gauge 
the wind industry’s interest in offshore North Carolina. This call had three offshore areas 
delineated for comment. The first was Wilmington West. “The boundary of Call Area 

Figure 6. Net Electricity Generation in North Carolina by Source, Oct. 2015. Generated using data 
from EIA.gov [48] 
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Wilmington-West begins 7 nautical miles (nmi) from the shore and extends roughly 11 nmi 
seaward. It extends from east to west approximately 15 nmi. The entire area is approximately 
78 square nautical miles.”  
 
The second was Wilmington East. “The boundary of Call Area Wilmington East begins 13 nmi 
from the shore and extends roughly 28 nmi seaward. It extends from east to west approximately 
21 nmi. The entire area is approximately 327 square nautical miles.”  
 
The third was Kitty Hawk. “The boundary of Call Area Kitty Hawk begins 6 nmi from the 
shore and extends roughly 34 nmi seaward. It extends from north to south approximately 45 
nmi. The entire area is approximately 1,036 square nautical miles” [49].   
 
These areas are outlined in Figure 7. These areas were created in consultation with the BOEM 
NC Task Force, and are designed to minimize offshore conflicts. The areas were chosen based 
on the recommendations from the aforementioned North Carolina Wind Study. BOEM 
considered both the areas available and the input they had received, and further removed areas 
based on avian density, no build zones, special geological composition, areas of steep erosion, 
areas of fisheries, and military and Department of Defense areas. 
 

 
 
 
 
On February 5, 2013, this call was extended to allow for public input, and was closed on March 
7, 2013. At the same time the call was released, BOEM published its intent to perform an 
Environmental Assessment (EA) for the call area. On August 11, 2014, BOEM announced it 
had determined three Wind Energy Areas of interest. On January 22, 2015, BOEM released the 

Figure 7. Wind Energy Areas - North Carolina [84]. Solid black lines outline original call areas created 
by BOEM. Orange shows wind energy area of interest Kitty Hawk. Blue depicts wind energy area of 
interest Wilmington East. Green shows wind energy area of interest Wilmington West. Wind energy areas 
of interest determined by BOEM after call period.  
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EA for public review and comment. This review period ended February 23, 2015. This EA also 
included a Wind Visualization Study to help the public assess the potential for visual impact to 
the coastline. After reviewing and analyzing the revised EA based on community input, the 
BOEM issued a Finding of No Significant Impact [50]. This concludes that reasonable 
exploration and development of these offshore land parcels would have minimal environmental 
impact.  
 
Wind power has been employed by humans for at least a millennium. Found in places all over 
the world throughout history, from Persia to the Netherlands, to the American Southwest, wind 
turbines have served a variety of purposes. As time has progressed, so has the structure of the 
wind turbine. Now, turbines incorporate top of the line mechanics and electronics. As turbines 
have become more efficient, it has become increasingly important to harness the wind as 
efficiently as possible, to maximize production. This has contributed to increased attention to 
the study of wind profiles. Between increases in turbine efficiency, and utilizing the strongest 
winds, the cost of production of electricity has gone down. Most recently, this technology has 
been applied to harnessing the strong winds found offshore. North Carolina is a state that is 
ideally placed to take advantage of strong offshore winds. This thesis looks at some of the ways 
to harness that potential. The next chapter discusses the methodology of the processes used in 
the thesis. This includes data gathering, equations used for the Weibull and wind rose 
calculations, methods of wind turbine assessment, and how the LCOE was generated.
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2 Methodology 
This section discusses the methods used in data collection and analysis. The data were obtained 
from the National Ocean and Atmospheric Administration’s (NOAA) National Data Buoy 
Center (NDBC) website. The Weibull parameters for each dataset were estimated and from 
there, the annual energy output and capacity factors were estimated for each site.  
 
2.1 Wind Data 
The Wilmington West dataset was created using data collected by Carolinas Coastal Ocean 
Observing and Prediction System (Caro-COOPS) station 41027. This buoy was operational 
from 2005-2008, located at 33°18'7" N 78°8'14" W. The site elevation was sea level. Wind 
measurements were gathered from 3m above sea level [51].   
 

 
 
The Wilmington East dataset was created using data collected by the National Data Buoy 
Center’s (NDBC) station 41013, nicknamed Frying Pan Shoals. Its location is 33°26'11" N 
77°44'35" W. This is a 2.3m foam discus buoy, deploying a Self Contained Ocean Observations 
Payload (SCOOP) [52].  
 
The smart module board in the SCOOP features a GPS, compass, iridium SBD modem, 32gb 
of storage, an IEEE 802.15.4 Radio, and an MSP430 processor. The buoy collects wind, 
pressure, temperature, and humidity data using an all-in-one MET apparatus and a R.M. Young 

Figure 8. Station 41027 Meteorological buoy employed at Wilmington West. Operated by Carolinas 
Coastal Ocean Observing and Prediction System. Collected measurements from 3m from 2005-2008 
[51]. 
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HD wind sensor every 10 minutes. The R.M. Young Company heavyduty wind monitor 
measures wind speeds from 0-100m/s with an accuracy of +/- 0.3m/s [53]. It is powered by a 
lithium ion rechargeable battery pack with 1339Wh capacity connected to four 30W solar 
panels [54]. The site is located at sea level: air temperature and anemometer height is 4m above 
sea level. The barometer is located at sea level [52]. The Wilmington East site had data 
available up to 2015, so in addition to the 2005-2008 data, the most current complete year, 
2014, was also analyzed.  
 

 
Figure 9. Station 41013 Meteorological buoy at Wilmington East, operated by National Data Buoy 
Center. Utilizing SCOOP payload. Collected data up to 2015.  
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The Kitty Hawk dataset was created from data collected by the NDBC’s station 44014, funded 
by the U.S. Army Corps of Engineers. In addition to the 2005-2008 data, data was also analyzed 
from the most recently available year, 2014. This is a 3m discus buoy carrying an ARES 4.4 
payload, located at 36°36'41" N 74°50'31" W. This station collects wind direction, wind speed 
up to 62m/s, wind gust up to 82m/s, air temperature from -40 to +60C, pressure from 800 to 
1100hPa, and humidity to 100% on 10-minute intervals [55]. The site elevation is sea level, air 
temperature is collected at 4m above sea level, wind data are collected at 5m above sea level, 
and barometer elevation is sea level [56]. A full breakdown of the capabilities of the ARES 
payload is shown in table 3: 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Station 44014 Meteorological buoy at Kitty Hawk. Funded by Army Corps of Engineers. 
Utilizing ARES payload. Collected data through 2014. 
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Table 3 ARES Payload, used to collect wind, wave, precipitation,  and atmospheric 
measurements. Table shows different ranges and limitations of the measuring device. 
Table adapted from NOAA’s NDBC website [55] 

	

PARAMETER RANGE FREQ. AVG. 
PERIOD RESOLUTION ACCURACY 

Wind Dir. 0 to 360 1.71 
Hz 8 min 1.0 deg +/- 10.0 deg 

Wind Speed 0 to 62 m/s 1.71 
Hz 8 min 0.1 m/s +/- 1.0 m/s or 

10% * 

Wind Gust 0 to 82 m/s 1.71 
Hz 3 & 5 sec 0.1 m/s +/- 1.0 m/s or 

10% * 

Air Temp. -40 to +60 C 1.71 
Hz 8 min 0.1 C +/- 1.0 C 

Pressure 800 to 1100 
hPa 

1.71 
Hz 8 min 0.1 hPa +/- 1.0 hPa 

Sea Surface 
Temp. -5 to +40 C 1.71 

Hz 8 min 0.1 C +/- 1.0 C 

Rel. Humidity 0 to 100% 1.71 
Hz 8 min 0.001 +/- 3% 

Wave Height 0 to 35 m 1.71 
Hz 

40/20 
min** 0.1 m +/- 0.2 m 

Wave Period 0 to 30 SEC 1.71 
Hz 

40/20 
min** 1.0 sec +/- 1 sec 

Wave Spectra 0 to 99 
m*m/Hz 

1.71 
Hz 

40/20 
min** 0.01 Hz1 NA 

Wave Dir. 0 to 360 1.71 
Hz 

40/20 
min** 0.1 deg +/- 10 deg 

Dew Point -35 to +30 C 1.71 
Hz 8 min 0.1 C +/- 1.0 C 

Solar Radiation 0 to 2150 
W/m*m 

1.71 
Hz 8 min 0.5 W/m*m +/- 5% 

Water Level 0 to 99.99 ft 1.71 
Hz 10 min 0.1 ft 0.01% 

Visibility 0 to 8 mi 1.71 
Hz 8 min 0.125 mi +/- 10% 

ADCP -10 to 10 
m/s 

1.71 
Hz 20 min 0.1 cm/s +/- 2 cm/sec 

Rain 
Accumulation 0 to 999 mm 1/min 16 min 1 mm 1 mm 

10-Minute Rain 
Rate 

0 to 999 
mm/hr 1/min 16 min 1 mm 1 mm 

24-Hour Rain 
Rate 

0 to 999 
mm/hr 1/min 16 min 1 mm 1 mm 

*Whichever is greater 

** Some stations average over a 40 minute period and some others over a 20 minute period. 
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After the data were collected, they were plotted as shown in figure 11, below, to visualize the 
raw data distribution. Subsequently, the data quality assurance test was performed (Figure 
11[c]) on the data, where velocity values above 62m/s were removed. Direction measurements 
above 360 degrees were also removed. Additionally, any data points for which the direction 
meter was in the same position for intervals of greater than 30 minutes were removed. This was 
due to the assumption that the direction meter would not be in the exact same position for 
greater than 30 minutes without being stuck.  

 
Figure 11 Visualization of raw data points and data quality assurance test. (a) Raw data for wind speed 
measurements (Vz) versus time (t). (b) Raw data direction measurement (d) versus time (time). (c) Data 
quality assurance test and the location of failed data points versus time (t). Red dots represent out of range 
direction data points, green dots failed velocity points, and blue represent stuck directional meters. Black 
dots represent data points that pass the quality assurance test.  

 
Figure 12 represents the distribution of both wind speed measurements and direction 
measurements after removal of data points that failed the data quality assurance test. This 
representation shows a more even distritribution of the data.  
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Figure 12 visualization of raw data after removal of failed data points. (a) Wind speed (Vz) versus time 
(t). (b) Direction measurements (d) versus time (time). Distribution is far more even than all data points 
within the range of the measurement devices.  

 
 
 
2.2 Statistical Representation of the Wind 
The first step of the analysis was to extrapolate the wind data to 80m above sea level, in order 
to get a better estimate of the potential for an offshore wind turbine. The mean log-law applies 
to neutrally stratified atmosphere. The stability of the atmosphere at Wilmington West, Kitty 
Hawk and Wilmington East could not be determined due to wind data being available at only 
one height at each location. Thus, it is assumed here that the atmosphere at all three locations 
was neutral at all times. When the wind speed is known at one height, the mean log-law can be 
utilized to determine the wind speed at a different height. Taking ratios eliminates the need to 
determine both the friction velocity (u*) and the von Kármán constant [57]: 
 

 

𝑣b
𝑣0
= 	

𝑢 ∗
𝜅 𝑙𝑛 𝑧

𝑧0
𝑢 ∗
𝜅 𝑙𝑛

𝑧cde
𝑧0

 

 

(11) 

Equation 11 can then be simplified to: 

 𝑣b = 𝑣0
ln	( 𝑧𝑧0

)

ln	(
𝑧cde
𝑧0
)
 (12) 
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Where vz is the wind speed in m/s at height z, v0 is the measured wind speed in m/s, z is the 
desired height in meters, z0 is the roughness coefficient length in meters and zref is the height 
at which the original wind measurements were taken. In this case, z=80m zref=5m. The 
surface roughness was determined according to table 1 in the wind profile section to be 
0.0002 m, which is the surface roughness for open sea.  

 
Once the data had been extrapolated to the desired height, contaminated data points were 
removed. Removed data points included wind measurements above instrument range, direction 
measurements above 360°, and direction measurements where the sensor appeared to be stuck 
at the same position for over 30 min [58]. After the removal of contaminated data points, the 
Weibull parameters were calculated using the maximum likelihood method, and the theoretical 
values resulting from those shape and scale parameters were compared with the measured data.  
 
The Weibull distribution is the most recommended method for boundary layer wind 
distribution analysis, and is used express the wind speed frequency distribution and estimate 
wind energy potential [59].  The history of the Weibull distribution starts in 1922 but it was 
Waloddi Weibull’s paper from 1939 [60] that first showed the versatility of the distribution and 
Weibull’s efforts over the next few years introduced the distribution to the scientific 
community [61]. For a Weibull distribution, the probability density function is expressed by: 
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(13) 

 
where f(vi) is the probability of observing wind speed vi in m/s, k is the dimensionless Weibull 
shape parameter and c is the scale parameter in m/s.  A literature survey for a study showed 
that the shape parameter of Weibull distribution shape parameter ranges from 1.2 to 2.75 for 
most wind conditions in the world [59].  
 
Over the years, few different methods of determining the shape and scale parameters for the 
Weibull distribution have been presented [62], [63]. The three most commonly used methods 
are the graphic method, the maximum likelihood method and the moment method [59]. Several 
studies have been performed in the past to compare the accuracy of these methods. The results 
from these studies vary considerably, indicating that the suitability of each method may be 
affected by various factors such as the size of the data sample, format and distribution [59]. 
However, of the three methods, the graphical method generally performs significantly worse 
than the other two methods [62], [63], [59]. 
 
Based on the literature and available resources, the maximum likelihood method was chosen 
to calculate the Weibull parameters for the offshore sites under review. The aim of the 
maximum likelihood estimation is to find the parameter values, in this case values for the shape 
and scale parameters, that maximize the probability of obtaining the observed data [64]. The 
likelihood function for Weibull distribution is given by [65]: 
 

 𝑐, 𝑘 = 𝑓(𝑣g; 𝜃)
r
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 (14) 
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By taking the natural logarithm of the likelihood function and simplifying, the following 
equation is obtained [65]: 
 

 ln 𝐿 𝑐, 𝑘 = 𝑛 ln 𝑐 + 𝑛𝑘 ln 𝑐 + (𝑘 − 1) ln 𝑣g − 𝑐kj 𝑣gj
r

gsl

r

gsl

 (16) 

 
By taking the partial derivative of the log likelihood function with respect to c and setting to 0, 
the following equation is obtained [65]: 

 
𝜕 ln 𝐿(𝑐, 𝑘)

𝜕𝑐 = −𝑛𝑘𝑐kl + 𝑘𝑐k jtl 𝑣gj
r

gsl

= 0 (17) 

 
Similarly, equation (18) is obtained by taking the partial derivative of the log likelihood 
function with respect to k, and setting to 0 [65]: 
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(18) 

By eliminating c in equations (17) and (18), the following equation is obtained for the 
maximum likelihood estimate of shape parameter, k: 
 

 
ln 𝑣gj ln 𝑣gr

gsl

𝑣gjj
gsl

−
1
𝑘
=

𝑙𝑛r
gsl 𝑣g
𝑛  (19) 

 
In order to solve for 𝑘, iterative techniques or trial and error technique can be used.  
Once 𝑘 is known, equation (17) can be rearranged to calculate the maximum likelihood 
estimate of the scale parameter c: 

 𝑐 =
𝑣gjr

gsl

𝑛

l/j

 (20) 

 
All calculations were performed in MATLAB, a code that was, in some part, based on a 
program called Wind Resource Assessment by Schultz (2011). The Weibull calculations are 
done utilizing the wblfit function with a 95% confidence interval [66]. In addition to the 
Weibull calculations, analysis was also performed to generate direction-intensity histograms 
for each site.  
 
Direction-intensity histograms, more commonly known as wind roses, are widely used to 
provide a graphical representation in polar coordinates of wind speed and wind direction 
distribution at a particular location over a specific time period.  All measurements in the North 
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Carolina data sets used in this study were provided with wind speed and direction given in 
degrees.  A MATLAB function called Wind Rose [67] was used to generate a wind rose for 
each location in the study. The function script consists of few steps: (1) create wind speed data 
bins, (2) create direction data bins and (3) sort measured wind speed and direction pairs into 
bins, (4) calculate the frequency of each and (5) plot the wind rose.  
 
For the purposes of this study the size of each wind speed bin was chosen to be 3 m/s and the 
size of each direction bin was chosen to be 10°.  The direction bin is centered at 0°, meaning 
that all direction values between 0°-5° and 355°-0° (or 360°) are winds blowing from the north. 
 
 
2.4 Wind Turbine Assessment 
The largest wind turbine manufacturers were chosen for analysis. These include Aerodyn, 
Bonus, Enercon, Gamesa, General Electric, Multibrid, Repower, Seimens, Senvion, and 
Vestas. Each manufacturer’s turbine’s power curves were examined. Each turbine has an 
individual power curve, which represents the amount of energy generated by the turbine at a 
given speed. This curve is important as it helps to illustrate the optimal wind speed for each 
turbine. Some turbines are most efficient at lower speeds (i.e. 11m/s), while others are most 
efficient at higher speeds (i.e. 18m/s). 
  
The specific turbines analyzed were: 

• Aerodyn: 
o SCD 8.0 
o aM 5.0/130 
o aM 5.0/139 

• Bonus: 
o B82/2300 

• Enercon: 
o E-126 
o E-126 EP4 
o E-141 EP4 

• Gamesa: 
o G128 
o G132 

• General Electric: 
o 3.6Sl 

• MultiBrid: 
o M5000 

• Repower: 
o 126m 

• Seimens: 
o 3.6 MW 
o SWT – 3.6mW 

• Senvion 
o 3.2M114 
o 6.2M152 

• Vestas: 
o V90 3mW 109.4dB 
o V90 3mW 102.0dB 
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o V-112 
o V-164 

 
Obtaining power curves for wind turbines has proven to be a difficult task, thus limiting the 
quantity of turbines to be evaluated. The power curves were obtained from the wind turbine 
database from the WindPower program [68] and from wind-turbine-models.com [69]. Figure 
13 shows the power curves for all turbines evaluated in this study. All the power curves are 
representative of normal conditions defined by the International Electrotechnical Commision 
(IEC) with an air density of 1.225 kg/m3 [70]. In reality, air density varies with pressure (height) 
and temperature. No pressure or temperature data were available at the desired height for this 
study, so an air density of 1.225 kg/m3 was used for all locations. Ideally, the average wind 
turbine power is calculated using the Weibull probability density function and a known turbine 
power curve [7]: 
 

 𝑃" = 𝑃" 𝑈 𝑝 𝑈 	𝑑𝑈
v

0
 (21) 

 
Where 𝑃wis the average wind turbine power in kW, Pw(U) is a known turbine power curve in 
kW and p(U) is the probability density function. From there, the annual energy output should 
be calculated using equation 22: 
 𝐸> = 𝑃"𝑡 (22) 

 
Where Ea is the annual energy output in kWh and t is the hours per year. For the 20 turbines 
evaluated in this project, estimated power outputs are known only for integer values and the 
power curves were obtained by linearly extrapolating between integers. Thus, the energy output 
was estimated using sums in place of equation 21. The Weibull distribution was sorted into 1 
m/s bins, the bin frequencies calculated and equation 23 applied [71]: 
 
 𝐸> = 𝑡 𝑓g 𝑃g 

(23) 

 
Where fi is the ith unit-less bin frequency and Pi is the power curve value in kW corresponding 
to ith wind speed.  
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Figure 13 Power Curves of examined turbines [68]. The y-axis presents the theoretical output power 
corresponding with the wind speed given in m/s on the x-axis. 

 
In order to compare the level of performance of each turbine, the capacity factor was used. The 
capacity factor of a wind turbine is the ratio of realized output over potential output [72]: 
 

 𝐶𝐹 =
𝐸>
𝐸1

 (24) 

 
Where Ea is the calculated annual energy output in kWh and ER is the maximum energy the 
turbine can produce annually. The capacity factor depends on site conditions and the wind 
turbine power curve. Thus, it is a good indicator of the level of each turbine’s performance at 
a specific site. The turbine with the largest capacity factor was considered to be the best turbine 
for each site because it utilizes the installed capacity in the most efficient way. 
 
2.5 Levelized Cost of Energy 
There are multiple methods to calculate LCOE. For the purpose of this study, a method used 
by NREL was employed [73], [74]. The method is described in detail in A Manual for the 
Economic Evaluation of Energy Efficiency and Renewable Energy Technologies [75]. The 
equation used to calculate LCOE is expressed as:  
 

 
𝐿𝐶𝑂𝐸 =

𝐶𝑎𝑝𝐸𝑥	×	𝐹𝐶𝑅 + 	𝑂𝑝𝐸𝑥

(𝐴𝐸𝑃𝑛𝑒𝑡1000 )
 

 

(25) 

Where CapEx is the capital expenditure in dollars per kilowatt, FCR is the fixed charge rate in 
percent, OpEx is operational expenditures in dollars per kilowatt per year, and AEPnet is the 
net annual energy production in megawatt hours per megawatt per year. The fixed charge rate 
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is determined by the equation: 
 
 

𝐹𝐶𝑅 =
𝑑 1 + 𝑑 r

1 + 𝑑 r − 1×
1 − (𝑇×𝑃𝑉𝑑𝑒𝑝)

1 − 𝑇  

 

(26) 

Where d is the discount rate (the weighted average cost of capital) in percent, n is the 
operational life of the plant in years, T is the effective tax rate in percent, and PVdep is the 
present value of depreciation in percent.  
 
Operational expenditures are determined by the equation: 

 𝑂𝑝𝐸𝑥 = 𝐿𝐿𝐶 + 𝑂𝑃𝐸𝑅 +𝑀𝐴𝐼𝑁 (27) 

Where LLC is the land lease cost in dollars per kilowatt per year, OPER is the pretax levelized 
operations cost in dollars per kilowatt per year, and MAIN is the pretax levelized maintenance 
cost in dollars per kilowatt per year.  
 
The net annual energy production is determined by the equation: 
 
 𝐴𝐸𝑃𝑛𝑒𝑡 = 𝑀𝑊𝑛𝑒𝑡×8760×𝐶𝐹𝑛𝑒𝑡 (28) 

 
Where MWnet is the net megawatts, and CFnet is the net capacity factor as a percent. 
 
Typically, LCOE calculations do not take into account incentives or tax credits. Tax credits are 
in flux and typically expire before completion of development, and are excluded in this study.  
 
The next section presents the results from using these methods. They are organized by site, and 
further broken down by time period. Once presented, these results then are used in the analysis 
section.
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3 Results 
Using the processes described in the methodology section, the results calculated are presented 
in this section. Results are presented in order of each site, and further categorized by time 
period. The results include wind distribution (shown in a wind rose), Weibull parameters, 
capacity factors, and energy production estimates. In this way, the reader can get a firm grasp 
of the results of each specific site.  
 
Figure 14 shows the 2005-2008 wind rose for Wilmington East. (a) Shows wind speeds 
predominantly in a southwesterly and northeasterly direction, with speeds between 9-12m/s the 
most common, but up to greater than 21m/s.  Winds are stronger from the northeastern 
direction. The 2005-2008 wind rose for Kitty Hawk (b) shows winds are heavily from the south, 
with the majority of wind speeds falling between 6-9m/s, with speeds reaching up to 15-18m/s. 
The northern winds have a lower frequency but are stronger. The 2005-2008 wind rose for 
Wilmington West (c) shows winds predominantly from the southwest and northeast at speeds 
most commonly in the 6-9m/s range, but up to 15-18m/s. Wind speeds are generally higher 
from the northeast. Wilmington East and Wilmington West show similar wind patterns, with 
stronger winds being shown at Wilmington East. Kitty Hawk shows more southernly winds. 
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(b) 

	
(c) 

	
	

.  
 

Figure 14 Wind roses for each site from 2005-2008, visualizing wind direction distribution, strength, and 
frequency.. (a) Presents Wilmington East wind direction distribution. (b) Presents Kitty Hawk wind direction 
distribution. (c) Presents Wilmington West wind direction distribution. Wilm. West and Wilm. East shows 
predominantely southwesterly and northeasternly winds. Kitty Hawk shows winds mainly out of the south. 
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Figure 15 shows the wind roses for 2014. The Wilmington East 2014 (a) wind rose shows winds 
are primarily from the southwest and northeast. The most common windspeed from the 
northeast was between 12-15m/s, with speeds up to an excess of 21m/s. From the southwest 
the predominant speed was between 9-12m/s, with speeds up to between 18-21m/s. In the 
wind rose for Kitty Hawk 2014 (b), winds are predominantly from north and south. The most 
common wind speed out of the north was between 9-12m/s, with speeds in excess of 21m/s. 
The most common wind speed from the south was between 6-9m/s, with wind speeds up to 
15-18m/s. These patterns correlate with the directional trends shown from 2005-2008. 
Wilmington East shows stronger winds on a more frenquent basis than at the Kitty Hawk site.  

 
 
Figure 15 Wind rose for sites at Wilmington East (a) and Kitty Hawk (b) in 2014. Wilmington East 
continues to follow south-westernly and northeasternly wind patterns, while Kitty Hawk continues a 
southern and northern trend. Winds are more frequently stronger at Wilmington East.  
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Unfortunately, the data for Wilmington West from 2005-2008 appear to have been 
contaminated, most likely from a malfunctioning device. Inspection of the data reveals that 
large sections were missing from the dataset and several abnormal values were observed, such 
as values above 62m/s wind speed and more than 360-degree direction. As a result, the data 
results from Wilmington West are intermittent.  
 
Large sections of the data were removed due to erroneous measurements by the wind direction 
monitor. In addition, some readings were removed because the same meter was stuck in the 
exact same position for more than 30 minutes. Some of the velocity data were also removed. 
This resulted in a removal of 3106 data points, causing 35.2% of data points to fail the quality 
assurance testing, resulting in 64.8% of data points being found usable by the data quality 
assurance testing. 
 
Once bad data points had been removed from the dataset, the Weibull shape and scale 
parameters were calculated. The Wilmington West site has a shape parameter (k) of 2.2 and a 
scale parameter (c) of 8.5 m/s.  According to the Weibull distribution for the site, the highest 
probability is for a wind speed of 7m/s with 10.6% probability. 
 
A histogram of the measured data (figure 16) clearly shows that values in the 3 m/s, 7 m/s, 12 
m/s and 16 m/s bins are missing from the dataset. However, if these columns were excluded 
from the graph, the set appears to follow a Weibull distribution. In order to visually compare 
the Weibull distribution for the site to the measured data, the measured data were plotted 
against the Weibull curve. Figure 17(a) shows that the measured data have a slightly wider and 
lower peak than the simulated data. Figure 17(b) represents each of the analyzed turbines, and 
the energy output as a factor of wind speed. At this site, the Aerodyn SCD 8.0 provided the 
highest output, at 2.53x107 kWh/year, with a capacity factor of 36.1%. The Vesta V-164 was 
second, generating 2.30x107 kWh/year, with a capacity factor of 37.4%. The turbine with the 
smallest output was the Vesta V90 3mW 102.0dB, generating 6.79x106 kWh/yr, and a capacity 
factor of 30.6%. The turbines with the highest capacity factor were the Enercon E-141 EP4 
(45.2%), Vestas V-112 (42.9%), and Aerodyn aM 5.0/139 (40.9%). This shows that the 
Enercon makes better use of its installed power despite producing less energy than the Aerodyn 
turbine.  
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Figure 16. Histogram of data for Wilmington West. Histogram shows several missing bins, indicating no 
wind measurements within 3 m/s,7 m/s, 12 m/s, and 16 m/s. Due to the highly unlikely nature of this 
occurance, it is assumed there was a fault in the measuring device.  
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Figure 17 Wilmington West 2005-2008 wind energy potential. (a) The probability (f(vz)) of observing given 
wind speed (vz) at Wilmington West. Blue solid line represents the probability distribution of measured data 
points. Red dash line represents the probability distribution of the calculated Weibull distribution at 
Wilmington West 2005-2008. (b) The calculated annual energy output (Ea(Vz)) per turbine at a given wind 
speed (vz). The color code for each turbine is presented in legend. 

 
 
The Wilmington East dataset yielded more consistent results from 2005-2008, although 
sequential data points are missing, pointing to periods of time the device was malfunctioning. 
In addition, at least one data point is out of range. Only a small portion (1,689) of the data 
points were eliminated from the dataset due to a stuck direction meter and out-of-range data, 
resulting in 99% of the data passing the quality assurance testing. There is a 9% probability 
that the wind speed will be in the 8m/s range at any given time.  The Weibull curve has a k 
factor of 2.1 and a c factor of 9.7m/s. The mean wind speed is 8.6m/s. 
 
A visual comparison of the measured values and the Weibull distribution shown in figure 18(a) 
indicates a decent fit. The Weibull distribution predicts a larger peak than the measured data, 
indicating that the Weibull distribution overestimates the probability of wind speeds between 
5m/s-10m/s. Conversely, the measured data have a higher probability of wind speeds between 
11m/s-15m/s.  
 
For this dataset, the Aerodyn SCD 8.0 was again the most productive turbine, generating 
3.14x107 kWh/year, with 44.87% capacity. The Vesta V-164 was second, generating 2.85x107 

kWh/year, with 46.40% capacity. The least productive turbine was the Vesta V90 3mW 
102.0dB, generating 8.4950x106 kWh/yr, with 38.30% capacity. The turbines with the highest 
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capacity were the Enercon E-141 EP4 (53.38%), Vestas V-112 (51.51%), and Aerodyn aM 
5.0/139 (49.78%). 
 

 
Figure 18 Wilmington East 2005-2008 wind energy potential. (a) The probability (f(vz)) of observing given 
wind speed (vz) at Wilmington East. Blue solid line represents the probability distribution of measured data 
points. Red dash line represents the probability distribution of the calculated Weibull distribution at 
Wilmington East 2005-2008. (b) The calculated annual energy output (Ea(Vz)) per turbine at a given wind 
speed (vz). The color code for each turbine is presented in legend. 

 
The Wilmington East 2014 dataset yielded slightly different results. The data from 
approximately May to October were missing due to devices malfunctioning or errors in the 
recording database. Twenty two data points were removed from the Wilmington East 2014 
dataset, resulting in 99.9% of the data passing the quality assurance testing. The data points 
that were removed were due to the direction meterbeing stuck.  
 
The Weibull distribution shows a probability of 8.6% that the wind will be blowing in the 9m/s 
range. The Weibull parameters have a k factor of 2.2 and a c factor of 10.8. The mean 
windspeed is 9.5m/s. In figure 19(a), the data show a dip in the top measurements as compared 
with the Weibull. This most likely is due to errors in the measurement equipment. Typically, 
we would expect to see the measured data follow a smoother bell-shaped curve like the Weibull 
distribution. If the dip at the top is excluded, the Weibull distribution shows a fairly good fit to 
the measured data.   
 
Figure 19(b) shows the output from each turbine. In 2014, the most productive turbine in 
Wilmington East once again was the Aerodyn SCD 8.0, generating 3.68x107 kWh/yr, with 
52.53% capacity. The second was the Vesta V-164, generating 3.33 x107 kWh/yr, with 
54.267% capacity. The least productive turbine was the Vesta V90 3mW 102.0dB, generating 
9.95x106 kWh/yr, with a capacity factor of 44.38%. The highest capacity turbines were the 
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Enercon E-141 EP4 (61.01%), Vestas V-112 (59.40%), and Senvion 6.2M152 (57.77%).  
 

 
Figure 19 Wilmington East 2014 wind energy potential. (a) The probability (f(vz)) of observing given wind 
speed (vz) at Wilmington Eest. Blue solid line represents the probability distribution of measured data points. 
Red dash line represents the probability distribution of the calculated Weibull distribution at Wilmington 
East 2014. (b) The calculated annual energy output (Ea(Vz)) per turbine at a given wind speed (vz). The color 
code for each turbine is presented in legend. 

 
 
In the original data for Kitty Hawk, periods in late 2005 until mid-2006 are missing, and several 
degree and wind speed measurements are out of range. Ninety nine data points were removed 
from the Kitty Hawk 05-08 dataset, resulting in 99.9% of the data passing quality assurance 
testing. The largest portion of removed data points was due to stuck conditions at the direction 
meter. A few data points were removed because the wind speed or wind direction were out of 
range.  
 
The 2005-2008 Kitty Hawk data show a probability of 9.5% at 7m/s. The Weibull parameters 
have a shape factor of 2.0 and a scale factor of 8.9. The mean wind speed is 7.9m/s. The Weibull 
distribution underestimates the probability of wind measurements from 3m/s-7m/s, but 
overestimates the probability of wind measurements from 7m/s-11m/s. However, the collected 
data overall follow the Weibull distribution fairly closely.  
	
Figure 20(b) shows the power output for each turbine for Kitty Hawk 05-08. The turbine with 
the greatest output was again the Aerodyn SCD 8.0, generating 2.72 x107kWh/yr, with a 
capacity of 38.81%. Second was the Vesta V-164, generating 2.46 x107kWh/yr, with a capacity 
of 40.15%. The least productive turbine was the Vesta V90 3mW 102.0dB, generating 7.35 
x106 kWh/yr, with a capacity factor of 33.14%. The turbines with the highest capacity were the 
Enercon E-141 EP4 (47.21%), Vestas V-112 (45.17%), and Aerodyn aM5.0/139 (43.39%).  
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Figure 20 Kitty Hawk 2005-2008 wind energy potential. (a) The probability (f(vz)) of observing given wind 
speed (vz) at Kitty Hawk. Blue solid line represents the probability distribution of measured data points. 
Red dash line represents the probability distribution of the calculated Weibull distribution at Kitty Hawk 
2005-2008. (b) The calculated annual energy output (Ea(Vz)) per turbine at a given wind speed (vz). The 
color code for each turbine is presented in legend. 

 
The Kitty Hawk 2014 data have no incomplete time periods and the data look consistent. Zero 
data points were removed from the data set, resulting in 100% of the data passing the quality 
assurance testing. 
 
The 2014 Kitty Hawk data show 9.2% probability of winds at 8m/s, as shown in figure 21(a). 
The Weibull parameters have a shape factor of 2.0 and a scale factor of 9.4. The mean wind 
speed is 8.3m/s. The Weibull distribution slightly overestimates the probability at the peak of 
the curve, but the measured data have a broader peak. Overall, the Weibull distribution 
represents the measured data fairly well. 
 
In Figure 21(b) the turbine with the highest output for Kitty Hawk 2014 is the Aerodyn SCD 
8.0, generating 2.99x107 kWh/yr, with a 42.63% capacity factor. The second is the Vesta V-
164, generating 2.70x107 kWh/yr, with 44.09% capacity. The turbine with the smallest output 
was the Vesta v90 3mW 102.0dB, generating 8.06x106 kWh/yr, with a capacity factor of 
36.36%. The turbines with the highest capacity were the Enercon E-141 EP4 (51.14%), Vestas 
V-112 (49.20%), and Aerodyn aM 5.0/139 (47.44%). 
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Figure 21 Kitty Hawk 2014 wind energy potential. (a) The probability (f(vz)) of observing given wind speed 
(vz) at Kitty Hawk. Blue solid line represents the probability distribution of measured data points. Red dash 
line represents the probability distribution of the calculated Weibull distribution at Kitty Hawk 2014. (b) The 
calculated annual energy output (Ea(Vz)) per turbine at a given wind speed (vz). The color code for each 
turbine is presented in legend above 

 
The Wilmington West site has a shape parameter (k) of 2.2 and a scale parameter (c) of 8.5 
m/s.  According to the Weibull distribution for the site, the highest probability is for a wind 
speed of 7m/s with 10.6% probability. The Wilmington East 2005-2008 data show there is a 
9% probability that the wind speed will be in the 8m/s range at any given time. The Weibull 
curve has a k factor of 2.1 and a c factor of 9.7. The mean wind speed is 8.6m/s. The 
Wilmington East 2014 Weibull distribution shows the highest probability of 8.6% that the wind 
will be blowing in the 9m/s range. The Weibull parameters have a k factor of 2.2 and a scale 
factor of 10.8. The mean wind speed is 9.5m/s. The 2005-2008 Kitty Hawk data show a 
probability of 9.5% at 7m/s. The Weibull parameters have a shape factor of 2.0 and a scale 
factor of 8.9. The mean wind speed is 7.9m/s. The 2014 Kitty Hawk data show a 9.2% 
probability of winds at 8m/s. The Weibull parameters have a shape factor of 2.0 and a scale 
factor of 9.4. The mean wind speed is 8.3m/s. 
 
3.1 LCOE Calculations 
 

To evaluate the desirability of wind farms in the locations proposed by BOEM, the LCOE was 
calculated for each site using equations 25-28 in chapter 2.5 presented in section 2.5. Constant 
variables used in all calculations are presented in table 4. The discount rate (d) assumptions for 
offshore wind generally range from 8% to 15% [76]. For this evaluation a discount rate of 8.9% 
was chosen based on supporting evidence from the US Department of Energy (DOE) [77].  
 
Project lifetime (n) generally ranges from 20 to 30 years [76], with 20 years the most commonly 
used, so  a conservative value of 20 years was chosen for this evaluation [78].  
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The standard US federal corporation tax rate is 35% and a representative state tax rate is 6% 
[76]. That results in an effective tax rate (T) of 41%, which is applicable to this project [76]. 
 

Table 4: Constant Variables Used in LCOE Calculations. Values are the result of assumptions from literature. 
Effective tax rate (T) and operational expenditures (OPEX) are calculated using values found in literature. 

Variables Value Unit 
d 8.9%  
n 20 years 
T 41%  
Pvdep 79%  
FCR  12% fixed charge rate per year 
CAPEX 5925 $/kW 
OPER 45 $/kW/year 
MAIN 85 $/kW/year 
Losses 15%  
Availability 97%  
Losses and 
availability 18%  

 
The federal Modified Accelerated Cost-Recovery System (MACRS) allows businesses in the 
United States to recover investments in certain property through depreciation deductions [79]. 
Wind, along with several other renewable energy technologies are classified as five year 
properties [80], thus following the depreciation schedule presented in table 5 [81].  
 

Table 5: 5-Year Modified Accelerated Cost-Recovery System (MACRS) depreciation schedule. Table shows 
changes in depreciation over first five years of plant operations. 

Year 5-year MACRS Depreciation Schedule 
1 20.00% 
2 32.00% 
3 19.20% 
4 11.52% 
5 11.52% 
6 5.76% 

 
Using the 5-year depreciation schedule with a depreciation basis of 100% and a discount rate 
of 8.9%, the present value depreciation (PVdep) was calculated to be 79% using equation 29. 
 

 
𝑃𝑉𝑑𝑒𝑝 =

𝑥
(1 + 𝑑)�

�

gsl

 

 

(29) 

where m is the year, x is the depreciation rate and d is the discount rate. 
 
Using equation 26, the fixed charge rate (FCR) rate was calculated to be 12% based on the 
depreciation rate, project lifetime, effective tax rate and the present value depreciation. In 
general, the capital expenditures for offshore wind range from $3200 to $6000/kW, including 
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hard costs and soft costs [76]. Hard costs include the turbine, engineering, management, 
substructure, foundation, port and staging, electrical infrastructure, transportation and 
installation. Soft costs include insurance during construction, decommissioning bond, 
construction finance and contingency [76]. The most recent report created by NREL states that 
the average capital expenditure for offshore wind is $5,925/kW [82]. Other recent reports by 
DOE and NREL report slightly lower numbers of $5,385kW and $5,187/kW [77], [76]. For the 
purpose of this study, the decision was made to utilize the most recent and conservative value 
of $5,925/kW.  
 
Operational expenditures include all costs related to the operation of the system. NREL’s 
reference point for operational expenditure is $45/kW/year. For this study, the reference point 
was used but note that the operational expenditures can vary greatly based on the design of the 
system. Maintenance costs include both scheduled and unscheduled maintenance, including 
materials and labor. NREL’s reference point for maintenance costs is $85/kW/year [76]. For 
this study the reference point was used. 
 
Losses have to be accounted for in LCOE calculations and generally range between 10%-20% 
[83]. Losses in transmission lines, array and during energy conversion are assumed to be 15% 
[76]. It also is assumed that the turbine is down for maintenance or not producing electricity 
approximately 3% of the time, bringing the availability down to 97%. In total, losses are thus 
considered to be 18%. 
 
Once all these factors had been determined, the LCOE for each site was calculated for the 
turbine with the highest capacity factor at each site, the Enercon E-141 EP4. The resulting 
LCOE for the 2005-2008 data along with site-specific variables are presented in table 6. The 
LLC is the land lease cost in $/kW; the cost of leasing an offshore section in North Carolina is 
$3/acre [84]. The recommended distance between turbines in an offshore wind farm is 5-8 
times the rotor diameter in the main wind direction [85]. Thus, the area needed per turbine is 
approximately 89 acres given an average rotor diameter of 120 m [86]. This results in a land 
lease cost of $0.12/kW to $0.14/kW. Once the land lease cost is added to the operation and 
maintenance cost, the operating expenditures (OPEX) for all sites is approximately 
$130/kW/year. 
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Table 6. Levelized Cost of Energy (LCOE) for 2005-2008 data. Table shows different input values for 
equation 25 for each site.  
 Kitty Hawk Wilmington West Wilmington East 

Turbine Enercon E-141 EP4 Enercon E-141 EP4 Enercon E-141 
EP4 

Rated (MW) 4.2 4.2 4.2 
Capacity factor 47.2% 45.2% 53.4% 
AEP Gross 
(MWh/year) 17366 16630 19647 

AEPnet 
(MWh/MW/yr) 3390 3247 3836 

Net capacity factor 39% 37% 44% 
LLC ($/kW/year) 0.13 0.14 0.12 
OPEX ($/kW/year) 130 130 130 
LCOE ($/MWh) 256 267 226 

 
The LCOE for all three sites falls within a range of $169.5/MWh-$269.8/MWh of estimated 
nonsubsidized LCOEs for offshore wind projects coming online in 2020 [87]. Based on these 
calculations, Wilmington East is the most economical of the three sites evaluated. However, it 
should be kept in mind that a chunk of data was missing in early 2005 and 2007.  
 
Table 7 presents LCOE calculations for the 2014 wind data.  The short history allows for less 
accuracy in calculations, but due to the long gap between 2008 and 2014, the two sets were 
analyzed separately. No data were available for Wilmington West and the data for Wilmington 
East had a large period of missing values, as seen in section 3. Data for Kitty Hawk, on the 
other hand, was of high quality.  
 
As seen in table 7, the LCOE for both Kitty Hawk and Wilmington East was lower for 2014 
than the period between 2005-2008. The lower LCOE is a result of a higher capacity factor for 
the two sites. 
 

Table 7: Levelized Cost of Energy (LCOE)  for 2014 data. Table shows different input values for equation 
25 for each site  

 Kitty Hawk Wilmington East 
Turbine Enercon E-141 EP4 Enercon E-141 EP4 
Rated (MW) 4.2 4.2 
Capacity factor  51.1% 61.0% 
AEP Gross 
(MWh/year) 18801 22443 
AEPnet 
(MWh/MW/yr) 3671 4382 
Net capacity factor 41.9% 50.0% 
LLC ($/kW/year) 0.12 0.10 
OPEX ($/kW/year) 130 130 
LCOE ($/MWh) 236 198 

 
In order to show that a higher capacity factor is more important for the LCOE than high 
production, the LCOE for the turbine with the largest production at each site was calculated. 
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Table 8 shows the LCOE of the turbine with the largest production at each site, the Aerodyn 
SCD 8.0, using 2005-2008 data. Table 9 shows the LCOE for the very same turbine using 2014 
data. As the tables clearly indicate, the LCOE for the higher rated turbine, but with a lower 
capacity factor, increases drastically when compared with a lower rated turbine with a higher 
capacity factor. Showing that, the better the capacity factor, the more economical the turbine 
becomes.  
 

Table 8: Inputs for  LCOE calculations utilizing the turbine with most production at each site from 2005-
2008. 

 Kitty Hawk Wilmington West Wilmington East 
Turbine Aerodyn SCD 8.0 Aerodyn SCD 8.0 Aerodyn SCD 8.0 
Rated (MW) 8 8 8 
Capacity factor 38.8% 36.1% 44.9% 
AEPGross 
(MWh/year) 27198 25298 31447 

AEPnet 
(MWh/MW/yr) 2788 2593 3223 

Net capacity factor 32% 30% 37% 
LLC ($/kW/year) 0.09 0.09 0.07 
OPEX ($/kW/year) 130 130 130 
LCOE ($/MWh) 311 334 269 

 
     

Table 9: Inputs for LCOE calculations utilizing the turbine with most production at each site from 2014 
 Kitty Hawk Wilmington East 
Turbine Aerodyn SCD 8.0 Aerodyn SCD 8.0 
Rated (MW) 8 8 
Capacity factor  42.6% 52.5% 
AEPGross 
(MWh/year) 29873 36813 
AEPnet 
(MWh/MW/yr) 3062 3773 
Net capacity factor 34.95% 43.07% 
LLC ($/kW/year) 0.08 0.06 
OPEX ($/kW/year) 130 130 
LCOE ($/MWh) 283 230 

 
 
A sensitivity analysis was performed on the LCOE calculations, in which Wilmington East 
2005-2008 Enercon E-141 EP was used as the base case, due to its high capacity. Figure 22 
shows how the LCOE ($/MWh) is affected by a ±20% change in discount rate, operational life, 
capital expenditures, operational expenditures, combined downtime and losses, and capacity 
factor. The sensitivity analysis indicates that the LCOE is most affected by changes in the 
capacity factor, as seen by the steep slope of the orange line in Figure 22. Capital expenditures 
also are sensitive to small changes (green line) and can make or break wind farm projects such 
as the one being considered here.  Of the six factors evaluated here, losses (in transmission line, 
array, during energy conversion and downtime) along with operational expenditures, are two 
of the least sensitive factors when it comes to evaluation the LCOE for the wind project. 
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Figure 22. A Sensitivity Analysis using Wilmington East 2005-2008 as base case. The X axis represents the 
percentage change in each parameter and numbers marked on lines represent dollars per megawatt hour. 
Dark blue (d) represents the discount rate. Red represents the project lifetime (n). Green represents the 
capital costs (CAPEX). Purple represents the operational expenditures (OPEX). Light Blue represents 
losses in transmission system. Orange represents the capacity factor (CF).   

 
 
The next section presents the analysis of the results: which turbine ultimately is the most 
desirable for each site, which site is most desirable, and the LCOE for a plant that would be 
built to utilize the wind from each location. 
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4 Discussion 
 
In this section, the results are analyzed and findings are presented. First, the individual sites are 
compared, and the most desirable site selected. Second, the turbines are discussed, and the 
optimal turbine is chosen. Last, the costs are calculated for each site. 
 
Three sites were compared: Wilmington West, Wilmington East, and Kitty Hawk. These areas 
have been identified by the BOEM as possible areas of lease for wind power exploration. Data 
were analyzed from a buoy within each site. These buoys collected wind speed and direction 
measurements in 10-minute intervals. Data were available from 2005-2008 for all three sites, 
and from 2014 for Wilmington East and Kitty Hawk. The 2005-2008 data sets were analyzed 
to provide a substantial continuous set of data, and the 2014 data to show the most current trend 
in the wind at each location. Data from 2009-2013 were not available from any of the sites.  
 
The Wilmington East data resulted in the strongest wind measurements. In 2005-2008, there 
was a 9% probability that the wind speed will be in the 8m/s range at any given time and the 
mean wind speed was 8.6m/s. In 2014, the Weibull distribution showed a probability of 8.6% 
that the wind will be blowing in the 9m/s range and the mean windspeed was 9.5m/s. While 
Kitty Hawk also shows promise in regards to the data, Wilmington East clearly has the 
strongest measured speeds.  
 
At all three sites, the same turbines’ power curves were compared against the data from the 
site. At every site, regardless of time period, the Aerodyn SCD 8.0 was the most productive 
turbine. Its theoretical output ranged from 2.53x107kWh/yr at Wilmington West all the way up 
to 3.68x107 kWh/yr at Wilmington East in 2014.  
 
The turbine that was uniformly the second most productive was the Vestas V-164. The power 
output of the Vestas V-164 ranged from 2.30x107 kWh/year at Wilmington West to 3.33x107 
kWh/yr at Wilmington East in 2014.  
 
The least productive turbine across the analysis was the Vestas V90 3MW 102.0dB, generating 
from 6.79x106 kWh/yr at Wilmington West, to a maximum of 9.95x106 kWh/yr at Wilmington 
East in 2014. 
 
Interestingly, the two turbines that uniformly had the highest capacity factors did not have the 
highest outputs. The Enercon E-141 EP4 was the most efficient, with capacity factors ranging 
from 45.2% at Wilmington West up to 61.0% at Wilmington East 2014. It generated between 
1.67x107 kWh/year at Wilmington West up to 2.24x107 kWh/year at Wilmington East in 2014. 
The second most efficient was the Vestas V-112, ranging from 42.9% at Wilmington West up 
to 59.4% at Wilmington East in 2014.  
 
The most productive turbine, the Aerodyn SCD 8.0, had a theoretical maximum generation 
output of 3.68x107 kWh/yr at Wilmington East in 2014. By comparison, in 2014 the 630MW 
London Array Windfarm generated 8.6x106 KWh per turbine during the six months of winter 
[88]. The Aerodyn SCD 8.0 is a two-bladed turbine, with a rotor diameter of 168m weighing 
in at 355 tons. It has a capacity rating of 8MW. The second largest output was generated by the 
Vestas V-164. Also boasting an 8MW capacity, it is a three-blade design with a rotor diameter 
of 164m and a weight of 1300 tons.  
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The LCOE was calculated using both the turbine with the highest capacity factor, and also the 
turbine with the most output. It is interesting to see that a higher capacity factor is much more 
influential to cost than total output. The cost rose dramatically when a turbine with a lower 
efficiency but higher output was utilized. This displays how important correctly estimating the 
wind speeds is before starting a project. Proper matching of a turbine with a power curve as 
closely matching the site’s wind patterns will have a huge effect on overall cost over the 
lifetime of the plant.  
 
The calculations also showed that all three sites could be economically viable, but that 
Wilmington East was the most favorable, due both to its high average wind speed and the 
Weibull distribution results. This helps to show that not only does turbine efficiency affect 
price, but that the faster and more likely the windspeed, the more energy that can be harnessed 
from it, driving the levelized cost down further. This provides a good representation of how 
larger winds correlate to lower prices.  
  
However, all research comes with restrictions and limitations. The data available were 
discovered to be a large limitation for the purposes of this study. The Wilmington West dataset 
was corrupted, and therefore the results cannot be considered accurate. If further consideration 
is given to this area, a more accurate dataset must be obtained. Data were missing from the 
used datasets, sometimes for months at a time, due to malfunctioning equipment. There also 
are years when data were not collected. The data for each of the sites is rudimentary at best, 
collected by buoys in a single location of each site at slightly above sea level. More 
comprehensive measurements should be taken, at variable heights, to be able to calculate air 
stability and other important factors and at more frequent intervals. The locations were not 
evaluated in terms of accessibility to the grid, which will influence demand and affect the cost.  
 
A limitation of the study is that we are assuming neutral conditions, and thermal processes in 
the air taking place, affecting turbine output. This is because the data were extrapolated to 80m 
height and data were available at only one height and thus the stability could not be calculated. 
This could be a contributor to the high capacity factor displayed in some of the sites.  
 
Regarding the LCOE calculations, due to the unique nature of each power project, many 
assumptions had to be made about the costs regarding the theoretical plant. Additionally, no 
tax credits or incentives were accounted for. These can have a varying effect on LCOE, from 
negligible to having a significant impact. 
 
Some of the major turbine manufacturers, including United Power, Sinovel, Seimens, and 
General Electric, did not respond to requests for contact or power curves. Goldwind does not 
have any information in English, so we assume they are not interested in the US market at this 
time. A more in-depth analysis of available turbines, with precise power curve data, would help 
with turbine selection. 
 
If turbine cost data was available in addition to power curves, an analysis could be performed 
comparing overall production to cost. In this way, turbines could be compared in there overall 
cost-effectiveness. This would facilitate more in-depth analysis of the data, rather than just 
highest efficiency or largest production. For example, a company looking for a turbine that 
generates a steady low-load at the most cost-efficient price could utilize this new analysis, 
rather than an efficiency analysis. An example of a graphical representation of this analysis is 
shown in figure 23. Here, turbine cost is on the x-axis, with production on the y-axis. Turbines 
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that fall along the curve are the most cost-efficient turbines in the analysis.  
 

 
Figure 23 Scatter-plot representation of turbine cost vs. production. Turbine cost is on the x-axis, with 
production on the y-axis. Turbines that fall along the curve are the most cost-efficient turbines in the analysis. 
Values are theoretical. 

 

5 Conclusions 
As society demands more power, interest is increasing in energy sources not reliant on fossil 
fuels. Offshore wind has proven to be a viable option, with obtainable high efficiencies, falling 
costs, and increasingly more accessible areas. While some areas of the world are capitalizing 
on this technology, the United States has yet to bring its first installation on line. North Carolina 
offers a significant opportunity, as preliminary studies show a large wind resource offshore.  
 
BOEM has already selected three sites it plans to lease for offshore wind exploration. Data 
were taken from buoys at each of these sites, and extrapolated to estimate wind resources within 
BOEM selected areas at commercial wind turbine height. Weibull distributions were created 
to create probabilities for various wind speeds at the location. These data then were compared 
to the power curves of 20 commercial-grade turbines, and theoretical outputs and capacity 
factors were generated. The most successful turbines were then utilized to generate LCOE 
estimations for each site, to determine which, if any, would be most economically viable.   
 
Wilmington East proved to be the most promising site. The 2005-2008 data showed a mean 
wind speed of 8.6m/s. The Weibull distribution resulted in a 9% chance of winds in the 8-
8.9m/s range. The 2014 result was even more promising, with a mean wind speed of 9.5m/s. 
The Weibull distribution showed an 8.6% chance the wind would be in the 9-9.9m/s range.  
 
The Aerodyn SCD8.0 turbine proved to be the most productive across all the sites, ranging 
from 2.53x107kWh/yr in Wilmington West from 2005-2008 up to 3.68x107kWh/yr at 
Wilmington East in 2014. Conversely, the Vestas V90 3MW 102.dB was the least productive, 
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with outputs ranging from 6.79x106kWh/yr to 9.94x106kWh/yr.  
 
However, the Enercon E-141 EP4 was the most efficient turbine selected. Capacity factors for 
the EP4 ranged from 45.2% in Wilmington West from 2005-2008 up to 61.01% in Wilmington 
East in 2014. Coming in second behind it was the Vestas V-112, displaying capacity factors 
from 42.9% in Wilmington West from 2005-2008 to 59.4% at Wilmington East in 2014. The 
LCOE calculations proved that these capacity ratings would prove more relevant than the 
production numbers.  
 
The LCOE calculations showed that a higher capacity factor is more relevant that larger 
production numbers when related to cost. The lowest LCOE came in at $198/MWh, in 
Wilmington East 2014 utilizing the Enercon E-141 EP4 turbine, which had the highest capacity 
factor. The highest LCOE when utilizing capacity factors was at Wilmington West 2005-2008, 
which resulted in an LCOE of $257/MWh.  
 
When turbines are selected based on output, costs escalate rapidly. The lowest LCOE in this 
scenario was Wilmington East with an LCOE of $269/MWh, ranging all the way up to 
Wilmington West at $334/MWh.  
 
The turbine analysis showed that the productivity and efficiency of each turbine is highly 
individualized. The range varies widely depending on how the power curve and the site data 
match. The power curve for the Enercon E-141 EP4 reaches its rated power rather quickly and 
produces 4MW from approximately 12m/s and up to 27m/s. The Vestas v112 is rated at 
3.45MW rather than 4MW, but reaches its rated power at roughly the same speed, allowing it 
to come in second in efficiency behind the Enercon. In this case, utilizing the Enercon E-141 
EP4 turbine at the Wilmington East site would be recommended. However, for prospective 
companies, measurements taken at variable heights on a consistent basis would be 
recommended before undertaking any utility-scale development. 
 
Based on these results, both Wilmington East and Kitty Hawk are promising sites. Compared 
with the typical efficiency of an offshore wind farm at 40%, both Kitty Hawk and Wilmington 
East’s numbers are promising [89]. Based on the data, the recommendation would be to install 
a large array of the Enercon E-141 EP4 turbines at the Wilmington East location. This is due 
to the higher wind speeds recorded at Wilmington East, which resulted in higher efficiency in 
turbines, and a lower LCOE. Even a modestly sized wind farm in either of these locations 
would produce significant amounts of electricity annually.  
 
This production could offset the use of conventional fossil fuels, and deter offshore oil 
exploration in the area. The LCOE analysis shows that the cost of energy in this scenario is 
competitive with other offshore wind installations globally. The LCOE calculation did not 
include any federal, state, or private subsidies, which would drive the cost of energy lower, 
making it even more competitive. It also would increase the percentage of renewables in NC’s 
energy portfolio. It would help the United States achieve its pledged goal of reducing carbon 
emissions by 26-28% below the 2005 level in 2025 [90]. The recommendation is to further 
investigate a commercial-scale installation of Enercon E-141 EP4 turbines within BOEM’s 
Wilmington East location.  
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