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Chapter 1: Introduction

As population continues to grow and Americans increasingly use technological and
powered products, it is predicted that the demand for power in the United States will
increase by as much as 29% by the year 201 QMeeting this need will require not
only the advancement of existing renewable energy systems (such as onshore wind
farms and solar arrays), but also the development of novel renewable energy systems.

Wind power is the fastest growing electricity source in the US and E{@dpkn
recent years, much of the European wind power expansion has been offshore wind
power installations. By the end of June 2015, a total of 82 wind farms in 11 European
countries were fully grid connected for a total of 10,394 MW of installed offshoie win
power [3]. While the US does not yet have any installed offshore wind farms, the
United States Department of Energy (DOE) estimates that approximately 54 MW of
offshore wind power will be installed off the coasts of the U.S. by 20BOWhile
many propsed farms are to be located in the shallower waters off the northeast and
mid-Atlantic states, it is imperative to capitalize on the large wind resource off the
deepwater west coast of the United States, whose predicted resource totals more than
900 GWI[5].

The vast majority of offshore wind projects have been embedded wind farms that
use either bottorfixed monopoles, jackets, or gravibased foundations to support
wind turbineg6]. These embedded structures are best used for water depths ranging
from 10 to 15 meter$7], although the costs do not become prohibitive until a water
depth of 30 meteri8]. Extralong (XL) monopoles may be feasible in water depths up
to 40 meters, and deeypater jackets can support turbines in water depths €030
meterd9]. The waters off the coasts of leading European countries, as well as the North
American east coast, lend themselves well to these types of turbines since the waters
are shallow and the bathymetry is gentle. However, the North American west coast has
a starper bathymetry, making the use of embedded offshore wind turbines impractical.

Expanding offshore wind technologies into deeper water increases the resource area
as well as the total available wind resource, since wind speeds are higher and more

predictdle over deep watefd0]. Since embedded platforms are not possible in deep



ocean waters, other options must be consideFbdre are many proposed floating
platform designs; three current platform designs are-lspay, tension leglatform

(TLP), and smi-submersible. HyWind is the first fudicale floating turbine; it is
located off the coast of Norway in 200eter water depth and has been-gniggrated

since 2010. It is a spdouoy, longballast column design. Another floating wind
turbine, the Windlat semisubmersible platform designed by the US company
Principle Power, has a 2 MW project located 5 kilometers off the coast of Pgitiipal

It has been generating electricity since 2012 and has produced nearly 10 million kWh
since its implementatiorAn additional three or four-8 MW floating turbines are to

be installed by 2017 at the Portugal $it2].

The US west coast has made progress in recent years with Oregon leading the
industry in offshore wind development. According to the National Rah&nEnergy
Laboratory, at 12 miles off the Oregon Coast there is a potential wind resource of nearly
220 GW]13]. As of May 2014, a new project has been commissioned by the DOE,
WindFloat Pacific, which will develop 30 MW of wind power in deep waterghaf
coast of Coos Bay, Oreg¢i4].

The high cost of offshore wind farms can be prohibitive; in addition, structures in
water have many inherent complications. Offshore turbines are often difficult to
maintain due to extreme weather conditions; if a turbine were to malfunction during a
stomy duration of the year it could be many weeks before a team aocdss the site
to fix it. There are also higher installation and maintenance costs for offshore turbines,
although it is expected that the higher resources and dispatchability of thenveirg
potentialcancompensate these costs. For the offshore wind industry to thrive, research
must be conducted that will help lower the costs of offshore wind power installations.
Optimizing the layouts such that power production is maximized andscastimized

will help make offshore wind power installations more feasible and affordable.



Chapter 2: Previous Approaches

2.1 Wind Farm Optimization

Optimizing an offshore wind farm requires the consideration of many factors such
as turbine placementabling, installation, and operations and maintenacwss
(O&M). For floating wind farms, mooring and wave effects also must be considered.
Researchers typically use one of two common objectives when optimizing wind farms:
maximizing the Annual Energyr&duction (AEP), or minimizing the Cost of Energy
(COE). Maximizing AEP is achieved by placing turbirsesh that wake effects are
minimized, and maximizing the size of wind turbines in order to capture more energy.
However, minimizing COE may require redng the size or number of wind turbines
in a farm.These objectives are interrelatechilsa f ar més de &EPdon may cC &
increase, the initial and annual costs may increase even more, which in turn raises the
COE. Due to thiselationship between AE&nd COE reducing the cost of wind power
may require sacrificing some energy production.

Early wind farm optimization considerguaimarily onshore wind farms; however,
as offshore wind technologies have developed, more research is being conducted in

optimizing bottomfixed and floating offshore wind farms.

2.1.1 Onshore Wind Farm Optimization

Onshore wind farm optimization has been extensively researched using different
techniques and objective functioMdosetti et al[15] developed a Genetic Algorithm
(GA) to maximize energy production while minimizing cost; this work has since been
expanded and improved for more wind farm applicatiofise work described in this
documentexplores the application of an Extended Pattermr@e(EPS) algorithm to
offshore wind farm layout optimization while expressly considering the challenges of
deepwater installations. Research using the EPS has shown to significantly improve
the performance of onshore wind fatmsing both profit and CBobjectived16i 19].

Other onshore wind farm optimization methods include a Greedy Improvement
Heuristic methodology to determine wind turbine placement used by Ozturk2€xal.
and Particle Swarm Optimization (PSO) metlsodsed by Wan et alf21] and



Pookpupnt et al[22]. While there are clear pros and cons of each of these methods
(particularly in terms of layout optimality, computational expense, and models applied)
they have all been successful in generating theateinshore wind farm layouts.

2.1.2 Offshore Wind Farm Optimization

Offshore wind farm optimization literature has generally concentrated on bottom
fixed wind farms. Commonly, optimization methods focus on maximizing power
output and efficiency of wind farms, with some methods minimgizost as well.
Elkinton et al. developed models that can be applied to any heuristic optimization
algorithm for offshore wind farms that maximize power and minimize[@38s24] An
objective function that minimizes the Levelized Cost of Energy (LCCO&S) wsed, and
it was foundthat Genetic Algorithms (GA) and Greedy Heuristic Algorithms were the
most viable optimization methods for the offshore wind farm layout problem; however,
the models were not appliedthin an Extended Pattern Search (EPS) metRedez
et al. also developed a method that can be applied to any heatisticstep sequential
procedure combines a heuristic method to set a random initial layout with nonlinear
mathematical program techniques that search the space to find local [@&]jmEhis
method was applied to the Alpha Ventus offshore wind farm andpau to the
actuallayout, increased the Annual Energy Production (AEP) by 3.76%.

Genetic Algorithms (GAs) have been the most common method for offshore wind
farm layout optimization These methods arkighly stochastic, which increases
convergence to gm solutions in multmodal systems such as the offshore wind farm
| ayout probl em. However, GAG6s generally
locations, which limits possible layout combinations. For aligned, staggered, and
scattered layout optiization, Gao et al. found that scattered layouts optimized using a
Multi-Population GA resulted in the most optimal ARB,27] A model developed by
Réthoré et al. included electrical grid and foundation costs as well as energy production
[28]. The multifidelity model approach that combined 1000 iterations of a Simple GA
with 20 iterations of a Sequential Linear Programming method was applied to a case at
Middelgrunden Wind Farm in Denmark and was found to limit the computational cost

of optimization[28]. Liu and Wang developed an Adapted GA method that replaces

r

e |



the |l ocation swaps of traditional GAOSs
16 turbines in a unidirectional, single wind speed case was optimized to 100%
efficiency using this methof@9].

Additional heuristic optimization methods for multnodal spaces have been
applied to the offshore wind farm layout problem. Rivas et al. developed a Simulated
Annealing Algorithm that employed three local search operations; their algorithm
increased the AEP of the Horns Refishore wind farm by 1%430]. Using a Coral
Reefs Optimization Algorithm, Salcedganz et al. improved offshore wind farm
performance over metaeuristic algorithms, including Evolutionary Algorithms,
Differential Evolution, and Harmony Searg3il]. A Viral Based Algorithm with an
objective function based on Cost of Energy (COE) was developed by Ituarte et al. that

wi t |

decreased COE for a-30rbine farmas comparedtb he | ayout of Moset t.

approach32].

Rodrigues et al. developed a CovariancerMatdaptation Evolutionary Strategy
(CMA-ES) in a nested configuration to optimize the layout of a floating offshore wind
farm comprised of IDEOL platforms supporting 5 MW turbif@3,34] This method
can optimize layouts in a continuous space for biattiosiary and moveable platforms.
Results from the stationary case showed a decrease in Levelized Production Cost (LPC)

of -4.17% over a ncwptimized grid layout.

2.2 Pattern Search Optimization

Pattern search algorithms are deterministic methods for optimization that search a
space in gatternof directions without the use of derivatives. Torczon introduced a
class of pattern search methods for optimizing unconstrained nonlinear problems by
comhbning direct search metho(i35]. Torczon and Trosset found that, while simplex
methodscan beunreliable, pattern searches guarantee convergence to a stationary point
and can be used when derivatives are unavailable and the objective function is not
smooh [36].

Aladahalli et al. introduced a metric for geometric layouts called the sensitivity

metric[37]. The sensitivity metric estimates the effect of pattern moves on the objective



function, and schedules patterns in decreasing order of their effece mbjdttive
function to increase efficiency. Yin and Cagan explored the effectiveness of different
heuristics for generating pattern directions to be used in the pattern search to compare
against the coordinate search metli@8]. The four method$ conjugate, modified
gradient method, rank ordering method, and simplex methdid not significantly
improve results but did increase complexity over the coordinate search method.

Vaz and Vicente combined a stochastic particle swarm scheme to increase global
convergence with a deterministic pattern se3®h The pattern search is able to find
local minima, while the particle swarm heuristic explores the possible nonconvexity of
the objective to improve global convergence. Cagan presented 3D component layout
optimization methods for nonlinear and multimodal spaces, which deterministic
algorithms are unable to navigd#]. Heuristic rulebased approaches are also not
suitable for nonlinear, nedifferentiable functions. Therefore, a balance between
determinstic and stochastic methods must be found, such as in the EPS, which
combines the deterministic pattern search with stochastic extensions to increase

convergence to good solutioj#].

2.3 Extended Pattern Search Optimization

An Extended Pattern Sear(lBPS) is a moderately stochastic fgrnadient search
method that traverses the search space in a series edaised moves. The EPS
combines a deterministic pattern search algorithm with stochastic extensions. This
work uses three extensions that w#l éxplained in further detail: randomized initial
layout, randomized search order, and a popping algorithm. The added stochasticity
allows for the EPS to avoid settling on local optirAaother benefit oEPS methods
is that theyenable the inclusion of @dnced modeling as new technologies for offshore
wind farms are introduced. Modeling advances must be incorporated into the EPS to
account for the challenges of deepter installations. These modeling advances
include cost, power development, and wakepgation and interaction models.

DuPont et al. successfully appliéktended Pattern Search methods to onshore
wind farm layout and turbine geometry optimizatj@fi 19]. The EPS is anoderately

stochastic method wedluited for large, mukmodal systems such as the offshore



floating wind farm layout and turbine geometry optimization problem. The profit
objective used in previous wofk6,18,19]informs developers of approximate costs
and poweproduction of wind farms, and allows for the inclusion of new models such
as a cost model that considers the high costs of offshore floating wind farms comprised
of WindFloat floating platform§l1].

2.4 Offshore Wind Farm Models

In order to optimize flating offshore wind farms, analytical models must be used
that mathematicallydefinethe problem being solved. Floating offshore wind systems
optimization is acomplexproblem with many factors, therefore applying models that
closely represent the probleane computationally expensive. This section describes
cost, power, and wake models that have been applied to wind farm optimization in

previous work.

2.4.1 Cost Modeling

Mosetti et al[15] developed a cost model that has been used in many early onshore
wind farm optimization studig0][22][41]. In the cost model, the cost per year for a
single turbine is nowlimensionalized to a value of 1, and the equation used to solve for

the total cosof a wind farm is given as:

# . . - -A 8 (1)

wherel is the number of turbines in the farm. The limit of the total cost approaches

whenN >50, where the cost of eatlirbine installecbn the farm is twehirds of the

cost of a single installation. Liu et al

an offshorewindfarrfi29]. Ri vas et al . applies Mosetti 6s
formulation and assumes that, in mossesg as annual energy production (AEP) is
maximized, the profit is also maximizg8D]. A simple cost model is used by Salcedo

Sanz et al.; in this model, the cost of the wind farm is equal to the total cost of a single



installation multiplied by the number of turbin@4]. However, other cost models have
been specifically developed forfsiiore wind farm applications. Costs are expected to
be higher offshore due to additional components and operations and maintenance
(O&M), as well as the use of specialty equipment.

Elkinton et al[42] estimates the levelized production cost (LR€)onshore wind

farmsusing the equation:
006 — —= @)

whered s the total investment codi, o is the annual O&M costpis the annuity

factor, andO is the annual energy production of the farm. Gao ¢R@].has broken

up cost into 5 parts: 33% of the total cost is attributed to capital costs, 23% is attributed
to O&M costs, 24% is attributed to support structure costs (assuming an embedded or
gravity-based structure), 15% is attributed to grid connectiorscast 5% is attributed

to other miscellaneous costs. The levelized cost of energy (LCOE) can be calculated

using the equation:

now ow o O "O('ﬂ'Yf)Q 5
bouv O 800 (3)
whered are the construction costs,; are the O&M costsO0 ¥ the fixed charge
rate assumed to be 15%, and 1®the annual power generation.

Réthoré et al. used a cost model that only includes costs relevant to the optimization

[28]. This manypart optimization model uses the object cost function:

~

OO0 Wb 60 60 (4



where® U is the net value of the power production) is the value of the wind farm
power production over the lifetim@, Os the accumulated components degradation,

andO 0is the cost of overall maintenance. The financasitc

6 0000 (5)

whered "@re the foundation costs, and@re the electrical and infrastructure costs.

w0 and6 are then applied to the financial balance equation:

06 wuvL O0p —— (6)

wherei is the interest rate that the wind farm consortium has to pay for loass,
the rate of inflationg is the wind farm life in years, and is the number of times
interest of loans must be paid per year.

Capital costs for offshore wind projectseahigher than onshore due to the
challenging installation environment and additional components, such as embedded
monopiles, deepvater jackets, floating platforms, offshore transmission cabling, and
substations. Fuglsang et al. calculated that the coempoweight for offshore
embedded wind installations is 42% higher than onshore due to grid connections and
foundation[43]. However, Fuglsang et al. also states that there is an annual energy
production increase from onshore to offshore of 28%. For flgatistallations, the
balance of system (BOS), or floating platform, adds significantly to the cost. According
to Butterfield et al., if the cost of a platform can be held at 25% of the total capital cost,
then a cost of energy of $0.05/kWh is achievablking floating offshore wind farms
affordable[44].

The cost of transmission cabling used to transport the electricity from offshore wind
farms to shore adds significantly to the total cost of offshore wind power projects.
According to Breseti et al., ttverage cost of offshore transmission cable installations
are $55,290km [45]. The projecispecific costs depend on voltage level, laying

technology, presence of existing infrastructures, and requirements of mechanical
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protection[45]. Maintenance cost®ff the cabling are approximate$221,160year

[45]. Over the 20 year life of a wind farm, each connection is expected to fail an average
of one time with a mean time of 30 days to rep#j. Mooring and anchoring costs

are also substantial; Cast&ants et al. identified four parts of the total mooring and

anchoring system cosi46]:

0 0o ot ov o]0 (7)

these represent the manufacturiog ( , installation 61, exploitation u ),
and dismantling cost®@

Operations and maintenance (O&M) account for the majority of annual expenses.
Maintenance depends on cooperative weather windows and special vessels that can add
to both the difficulty and the cosf maintaining the farmAccording to Bussel «l.,
more than 50% of average yearly O&M costs are for lifting operations that require
special equipmené7]. According to Butterfield et al., due to the cost of these vessels,
long-term maintenance may be easier and mosteffesttive onshore at a dry dock
[44]. This is most relevant for tuggable, stable platforms such as the Win{iElat
However, drydockmaintenance would not be as feasible for a spar buoy platform such
as Hywind[48]. According to Henderson et al., towing is susceptible to malfunction,
therefore onsite maintenance is preferable for nearly all failure mechaf8ms
Bussel et al. estimatl that yearly O&M costs account ford45% of total investments
[47]. Henderson et al. gave a less conservative estimate of22%armlike designs
can help to reduce some of the major maintenance costs; given the high cost of O&M,
optimization of O&M methods will be necessary to help reduce the cost of offshore
wind in the futurd47].

2.4.2 Wakeand PoweModeling

Wind turbines generate power by converting the power in the wind into electricity.
Three stages of wind pew generation are define#ig. 1): (1) wind speed is below

t he wind -4nwindospeedcod above thetentit wind speed and no power is
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produced; (2) the wind spenamdratedwindspeed,een t he
and power is producedith a cubicrelationshipto the wind speed; and (3) the wind

speed is between the -out wimd speadrand powed & r at e d
produced at the wind turbineds rated, or m
Prated'_‘

Ucut-in ur:ated Ucut-out
Fig. 1. Generic wind turbine power curve

The wind turbine power equation is definesl

00 - ®o6h 6 6 6 (8)

where Pispowef,i s t he density of anmnacellefjometlhes ur ed af
swept areaf the rotor & is the coefficient of powen is the wind speed) is the

rated power of the turbin®, is the cutin wind speedp is the rated wind

speed, and is the cutout wind speedAs there is a cubic relationship between

effective wind speed and resulting power development, small changes in wind speed

can cause large changes in power generation. When multiple turbines are placed close
enough to have aergdamic interaction, wakes created behind the rotor of each turbine

affect the wind speed and affect turbulent air flow. Therefore, in order to understand

power development and determine how power is developed in a wind farm, wake

effects must be studied.
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Wind speeds and directions vary based on location, terrain, time of year, and even
time of day; many models have been developed to calculate and predict wind speeds
over the area of a wind farm. The Weibull Distribution is a probability density function
tha is widely used in the wind energy industry to describe the wind g3€¢dA
linearized model, Wind Atlas Analysis and Application Program (WAsP) is an
industrystandard software package that can be used for siting wind farms on complex
terrain[50]. WASP generates a local wind climate based on meteorological data from
a measurement statioend accountdor surface roughness, complex terrain, and
obstacleg51]. Kusiak et al. presented two prediction methods: a direct prediction
model and an integratedqgliction mode[52]. The direct prediction model directly
predicts the power of the field from weather forecasting data, while the integrated
prediction model predicts the wind speed from weather data with a power prediction
from the wind speefb2]. Thedirect prediction model predicts performance better than
the integrated prediction model. Lotgrm wind speed prediction is helpful for
operation management of the wind energy market, whereastshortprediction
models are more useful for-@ite managaent of a wind farnfs2]. Prediction models
such as these can be implemented as advanced models into optimization framework to
more accurately predict power production and profit of floating offshore wind farms.

In order to predicthe power produced by wind farm, as well as to optimizée
placement of wind turbines within an array, aerodynamic interactions between wind
turbines must be wellnderstood. Many wake models have been developed in order to
model these aerodynamic interactions, allowing deetoto more effectively predict
power generation within a wind farm prior to installation. Jensen developed an early
wake model in 1983; thisimplified model describes the wake behind a single wind
generatof53]. The model can be used to estimate thegugroduction from multiple
turbines in close proximity by determining the wind speed downstream of a turbine.
Jensends model has been usedd2633425486p di fi ed
Another commonly used wake model was developed by Ainsli©&8 [56]. This
model has been used by many researchers to determine power development in wind
farms [50,51,57 59]. Ainsliebs mo d el i ncludes t he
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conditions on wake decay. This model has good agreement with wind tunnel studies
andfield data[56].

Jensen and -idelity swakee idoslels lae wsimple and reduce
computational time compared to higHefelity models[53], [56]. However, low
fidelity models often ovepredict power generatiofb0]. Kusiak et al. described a
method for determining wake effects at a given turbine on an offshore windedy.m
In this model, the wake expands linearly behind the rotor and the free stream speed is
reduced60]. Sgrensen et al. used both a diversifiediet that represents each turbine
individually and an aggregation that represents the entire wind farm by a single turbine
[61].

The Dynamic Wake Meandering (DWM) model is a mediushelity model that
describes the downstream advection of a wake fronrl@nti[62]. Réthoré et al.
combined a DWM model with the wind turbine simulation tool HAWEZ&]. Salcede
Sanz calculated wakes and production estimation using fee@ijable Openwind
software[31]. Other software include Farm Layout Program (FLaP), WRKRM
from Energy Research Centre of the Netherlands (ECN), and @BE&SS [51,58],

[63]. FLaP is an axisymmetric wake model that estimates wind speed at any point in a
wind farm and has beexdvancedo further describe wake development offsh&&.
WAKEFARM is based on parabolized Navitokes, and CRE8owNS uses
pressure field correctiorfS1].

Many Computational Fluid Dynamics (CFDhodels have been developed to
describe the velocity field for single turbines, and more recently, entire wind farms.
CFD wake models are higfidelity tools that can be computationally expensive. The
highestfidelity models are large eddy simulation (LES) models that can take several
weeks to completE83]. Some of these CFD models include the eddy viscosity wake
model h GH WindFarmef51], CENER based on Fluefl], NTUA [51], Simulator
for Offshore Wind Farm Applications (SOWFA) by NRER3], EllipSys3D by DTU
and Risod33], and FarmFlow by ECI{64,65] Martinez developed an elliptic model
based on the actuator digdchnique to improve the accuracy of CFD output variables

using OpenFoam, an open source CFD solver, adaptesd$bore and offshorgtes
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[66]. As mentioned previously, while lefidelity models often ovepredict power
production, CFD models often undgredict power generatidbO].

Rodrigues et al. modeled wake effects more specifically for the application of
moveable floating wind turbine®n IDEOL platforms [33],[34]. The IDEOL
foundations have two degrees of freedom and are controlled such thatakes are
not fixed with wind directiorj34]. Two models are used: the Jensen model during the
optimization routing[53], and FarmFlow to verify efficienc§64]. FarmFlow is an
improved version of the UPMWAKE model which solves the Na@itakes equations
in all three dimension$4].

Due to variations between wind and wake characteristics over land versus water,
models must either be modified or developed fdstadre environments in order to
accurately predict wake effects offshgég]. Surface roughness over the sea surface
is 0.0002 m, which is much smoother than over land which has a surface roughness of
0.03 m[68]. In addition, turbulence caused by mechahiprocessessuch as the
rotation of turbine bladess much smaller offshorgg7]. Therefore, the influence of
sensible and latent heat fluxes on turbulence is much more significant offéfre
Sea surface temperature is more consistent over theecofithe day but has very
pronounced seasonal differencesmpared toonshore, which also affects wind
conditions[67].

Hegberg conducted a 1:400 scale experiment to test wind \\&Xed3 he turbines
used had 25 cm hub heights and weldaled to moreacurately create wind turbine
wake characteristics. The study concluded that wind farm models are not sugficient

accurateandoften overpredict production.
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Chapter 3: Modeling

3.1 Power Model

Power is produced by individual turbines based on thebtu ne 6s power cu
turbines of different sizdsave different power curvegi@. 1). Each turbine model has
a cutin wind speed, rated wind speed, andaut wind speed. At wind speeds below
the cutin wind speed, the turbine does not produce powewiAd speeds above the
rated wind speed and below the-cutt wind speed, the turbine produces rated power
(i.e. nameplate capacity). At wind speeds between thmeuhd speed and rated wind
speed, power pragttion is calculated using E§[68]:

0 -"08Y6 9)

where"Yis theeffectivewind speed at the roto, is air density9 is the rotor swept
area, and is the power coefficient. The total power produced by the wind farm is

calculated as the sum of the power produced by eabiméufEq. D)

C-
w
C

(10

In the current work,ncreased values aj  generallyresult in better objective

evaluations.

3.1.1 Turbine Geometry Selection

While wind farms generally consist of a single turbine mptte$ work considers
the possibility of many differentirbinemodels in order to maximize power production
and minimize cosby including turbine size selectioncapability within the turbine
power production modelWind turbine geometry selection has bemrccessfully
applied within onshore wind farm optimization, resulting in increased power
production and improved objective evaluatiphs,18,19,54,7Q]For each turbine, the

optimal turbine geometry is selected for feasible geametlationships betweemtor
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radius and hub height baseda@mmmerciallyavailableturbines. The turbine geometry

selection improves the overall objective by choosing sizes that maximize power
production while minimizing costs; large turbines are able to produce more power, but

also have a higher cost. Large turbine sizes are chosen when the wind speed at the
turbineds | ocation provides enough power p
turbine. The inclusion of the turbine geometry selection model allows the EPS to
chooseturbine geometries that optimize layout, rather than imposing an additional

constraint @ wind turbine size.

3.2 Wake Propagation and Interaction Model

The three dimensional wake model used in this work is derived from the PARK
Model [53]. This simplifed wake model is used to determine how wakes created by
upstream turbines affect the wind environment at downstream turbines. Rotating blades
extracting energy from the wind create a conical wake that propagates downstream.
The wind speed is greatly redace wi t hi n t he tur bi nz®8ss wake,
the wake propagates, the reduced wind speed recovers asymptotically to the ambient

wind speed downstream.

Fig. 2: Three dimensional wake propagation
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The width of the wakd, , and the wind speedl, are proportional to the distance
downstream from the roto®)[16]. The free stream, or ambient, wind speed is denoted
Y. The effective wind speed at a downstream wind turbine is calculated in Equation

11 This value is the wind speed that is usethenpower equation (EqJ):

~.

Y Yp - — (11)

wherei is rotor radius, and is the entrainment constant, which is calculated in Eq

12

Qe (12

whered is the hub height and is the surface roughnesghe effective wind speed
downstream of a rotor is plotted in Fig. 3, where the ambient wind speed is 12 m/s, the
hub height is 80 m, and the rotor radius is 40 m. The wind speed is equaittordne

the ambient wind speed immedigtbehind the rotor.

12 : : : —
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Fig. 3: Wind speed in a wake downstream of a rotor
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A turbine may be affected by multiple wakes, as showFign4.

Fig. 4. Multiple wakes interacting with a rotor swept area

The equations for the effective wind speed at a downstream rotor aftgcted
multiple wakes as well as overlapping wakes are given by DuPon{i4,49] For
rotors in multiple, noroverlapping wakes, the wind speed is calculated as a function
of the pecentage of the rotor swept area in each wake. Calculating wind speed due to
overlapping wakes is more compléx a 49 point discretized mesh is superimposed
over the rotor swept area, and the wind speed is calculated at each discrete location.
The average feective wind speed across these locations is then considered as the

effective wind speed at the turbine.

3.3 Cost Model

The cost of a floating offshore wind farm is the summation of the capital, cabling,
mooring, annual O&M, substation, installatiaand leasing costs. E43 shows the
formulation for the total cosT his cost model was developed specifically for offshore
floating wind farm optimization, as a predictive model for the cost of floating turbines

did not yet exist.
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Costrorar = Costegpitar + CoStegpling +

Costinstatiation + CG'Stopemting lease

3.3.1Turbine and Platform Capital Cost

The capital cost includes the costs of both the wind turbine and the WindFloat
floating platform[11]. CastreSantos references the REpower 5.075 MW wind turbine
[71] that requires a semisubmersible floating platform of mass 695,98&kgrhe
cost of this wind turbine is $1.32 million/MW. The cost of the semisubmersible
platform is $575.65/ton, or $400,644 for a platform supporting a 5.075 MW turbine.
The total costof the 5.075 MW turbine and semisubmersible platform is $1.48
million/MW, as shown in Eqgl4:

5¢i o0 0 A8 W QA A QEE (14

whered A is the rated power of the entire farm in MW, givericim 15:

C-
=

vy

Cx
=
=<

(19

where( is the number of turbines in the farm ahd is the rated power of

each turbine.

3.3.2 Cabling Cost

The cabling system for a floating offsleowind farm is comprised of two types of
cables: interarray cables and export cables. Irderay cables connect turbines in the
array to a single location, such as a turbine at the front of the farm. The power is sent

to an onshore substation via an estable.
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The cost of intelarray cabling is $307,000/knEquation16 calculates the cost for
the interarray cabling of the entire far[@#3]:

0 Q ATngnm (16)

whereQ is the total length of the intarray cables. The cost of the export cables relies
on the distance between the substation and stigre, kilometers. The cost of export
cabling is $492,000/knEquation17 gives the cost for the export cablif&g].

Q A YT (17)

O}

0¢

Equation18 determines the total cost of cabling, which is the sum of the amtay

and export cabling costs.

0¢Ei O 0Ei O 0Ei O (19

3.3.3Anchoring and Mooring Cost

The equations for the cost of anchoring and mooring are derived from work by both
CastreSantos et al[46,74] and Myhr et al[73]. CastreSantos et al. considers 21
5.075MW turbines on semisubmersible floating platforms off the Galician Coast in
Northern Spaifi74]. The WindFloat is anchored to the seafloor using drag embedment
anchorg75]. The total manufacturing cost for each anchor is $9,943, or $39,772 for
four anchos. Myhret al.consider a WindFloat moored in 200 meter water dégh (
requiring 200 meters of chain mooring and 2640 meters of stee[%@ifeThe chain
costs $274/meter and the steel wire costs $49.32/meter. As water depth changes, the
length of a sigle chain is equal to the water depth, which will cost $274/meter of water
depth, or $1096/meter of water depth for 4 lines. The length of the steel wire is constant
at 2640 meters, which cost $520,820 for four lines. Equdttbcalculates the total
anchaing and mooring cost for the wind farm, assuming four lines are attached to the
WindFloat platforn{75].



21

6 0 AGXqAGgmAMweQ @9

3.3.4 Annual Operations and Maintenance Cost

This work uses the O&MEdosdts sawnglgeBdcerdo nd
Development (JEDI) Modé¢l7.61Dhme OTEBIhoMed & nd
annual <cost for O&M of $133/ kW for an offs
JEDI model is a functia@on pf)tahedsibe béngth

the projé@ct ginvere2dmswieugt iicsn in megawatt s
6o Apoclmmmd ﬁ o) (20)

3.3.5 Substation Cost

Two options are awasitl:alflle faorf | ©wh stnagt iodd s
(2) a traditional onshore substation. The
manufacturing cost and installation cost o
My hert , at he <capiOOalMW oosftf sfhoorr ea sslubst ati on i s
the installatiop78¢Bdr ia HQROO 3MWmS ulbgtoamt i or
is $297.81 million and the in23kallkcatiaon co
the total capital and installation cost fo

the rated power of each wind turbine:
61 0 A@cytim g Ap g pmmtt (21)

where0 M is in megawatts.
Onshore substation costs are based on real projects for substations built for wind
farms and solar farm{§7]. The baseline cost of a substation is $2 million, with costs

increasing linearly as the size of the farm grows, as shown.i2Zq
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According to the research used to develop the substation cost model, offshore
substations are less economically feasible than onshore substations. As such, it is
assumed that onshore substations will bel dse the wind farms developed through

this work; the cost of these substations is given in22q.

3.3.6 Installation Cost

Cas-Bantos identifies installation costs f
and anchoring, electr2iBp @] and commi ssioni
6 Aw X g ¢ o (23

3.3.7 Leasing Cost

The Bureau of Offshore Enerdgylanagement (BOEM) is in charge of regulating
and leasing Outer Continental Shelf (OCS) aifidwir roleis to coordinate with all
involved federal agencies, states, and local governments in order to ensure development
is safe and environmentallgsponsitd, as well as obtain fair return for issued leases
andgrant§78. A | essee begins paying fAoperating
of electricity has begun. Equati@d can be used to calculate the cost of the operating
lease[79]:

# 0 i Px o™  #/ %O O (24

where 8760 is the total number of hours in a ydais the capacity factor (0.49; § O
is the annual average wholesale electric power prigethe operating fee rate (equal
to 0.02 for the first 8 years of operation, and 0.04 for the rest of the leasé)isahé
length of the lease in yedr&9].
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3.3.8 Other Cost Considerations

The decommissioning cost is assumed to be negligible and will not be included in
this model[72]. This work does not optimize the layout of mooring or watery
cabling. The farm layouts determined from this work will inform optimal mooring and

cabling onfigurations in future research, to further drive down costs.

3.3.9 Onshore Cost Model

The optimized offshore layouts are compared to onshore layouts with similar
parameters. The cost model for the onshore wind farm model is based on the
polynomial cos surface as a function of rotor radius and hub height by DuPont et al
[16].
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Chapter 4: Extended Pattern Search Approach

4.1 Introduction

EPS methods are ideal for optimizing mwiéiriable, multimodal problems by
combining a deterministic pattern sefaalgorithm with stochastic extensiofise first
two extensions ensure that the EPS traverses in a randomized manner, preventing
favoring the selection or movement of any age€lite third extension helps the
algorithm avoid stopping at poorly performirgcal optima. The EPS framework
allows for the inclusion of advanced models, such as those used in this work for cost,
power production, turbine geometry selection, and wake propagation/interaction. New
models can be easily incorporated as technologresffehore wind farms continue to
advance.

The pseudocode shown in Figshows how the three extensions are integrated into
the pattern search, and can be used to understand the functionality of the EPS described

in this work.



Move turbine in
pattern search
direction
1
Evaluate objective. Next
Improved? turbine
§ i
All search Pattern Turbines
directions [y«  search stopped
exhausted? performed Y~ movingat —NH—
for all current step
@ turbines? size?
Next search
direction ¥

T R

| Identify lowest performing turbines |

!
| Set max number of popping attempts |
!
Pop turbine to new location.
Interference? ’lm
§ i |
. Number of
Evaluate Move turbine completed poppin
objective.  ~n—| backto e ppine
Improved? original numberpo . ;;opping
Y location ?
¥ attempts
Keep new turbine
location ¥

Fig. 5: EPSPseudocode
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4.2 Pattern Search

Pattern search algorithms, such as the one incorporated in the EPS used in this
work, are a type of direct search algorithm as introduced by Hooke and Jeeves that do
not require the calculation of derivativg80,81] Pattern searclalgorithms are
deterministic, robust, and computationally inexpensive, but do not perform well alone
in multi-modal optimization.

As depicted inte AiPatt er n Bg Bl the patbern semch begms by
evaluating the objective function. Then, aeaiy(in this case, an offshore floating wind
turbine) is moved in the first pattern search direction at an initial step size. The objective
function is then evaluated again; the move is kept if it has improved the overall
objective evaluation. If not, aegh at the initial step size is taken in the next pattern
search direction. Once an agent is no longer able to accept steps, the pattern search
moves onto the next agent in the layout. This process is continued until all agents are
no longer moving at thenitial step size. Once agents are no longer accepting moves,
the step size is reduced and the pattern search begins again. The pattern search is
stopped once the step size has been reduced below-defised lower bound step

size.

4.3 Stochastic Extensions

Combining stochastic extensions with the deterministic pattern search increases the
ability of the algorithm to find bettgoerforming layouts in mukimodal spaces. Yin
and Cagan introduced stochastic extensions for -tiraensioml component layout
optimization that demonstrated increased convergence over a robust simulated
annealing algorithni82]. Three stochastic extensions are included in this work: (1)
randomized initial layout, (2) randomized search order, and (3) a poalgiogthm.

Each extension increases #iechasticityof the EPS.

4.3.1 Randomized Initial Layout

The first stochastic extension occurs only once, at the beginning of the algorithm.

An initial layout is created with turbines positioned at randegageréed locations in
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the search space. Turbines must be placed at least five rotor radii away from other
turbines; otherwise, turbines can be placed anywhere within the search space.

4.3.2 Randomized Search Order

The second stochastic extension occurs dielgenning of each pattern search. The
order that the pattern search follows for each turbine is randomly generated for each
new step size. This extension reduces the chances of biasing turbines, since changing
the position of individual turbines can affethe power production of surrounding
turbines due to changes in wake effects.

4.3.3 Popping

The third stochastic extension occurs when the pattern search at each step size has
been exhausted. The popping algorithm takes a-defered number of poorest
performing agents and Apopso them to new,
new, popped locations are evaluated to determine if they improve the overall objective
evaluation, and are checked for proximity to other turbines. If the new location
improves the objective and is at least five rotor radii from other turbines, the new
location is kept. Otherwise, the turbine is moved back to its original location, and
popped to new locations until it has found a better location, or a maximum number of

poppng attempts has been reached.

4.4 Objective Function

This work uses a profit objective function to deterenthe success of layouts (Eq.
25). The objective function can be used by developers to determine the expected cost
and power production of offsheffloating wind farms containing a certain number of

turbines at a given configuration.

0 0 QQOo&®IQ0 0 w 60006 (25)
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whered & i 0 is the total cost of the wind farnEq. 13), 0 is the total power
produced by the farm (Eq0), & is the capacity factofy § ‘@ the cost of electricity,
ando is the total number adperational hours. Equation 25 given in negative null
form; the objective function is optimized by simultansly minimizing the total cost

and maximizing the total power production.

4.5 Stopping Criteria

Due to the multimodality and both discrete and continuous nature of the wind farm
layout optimization problem and EPS, global convergence is not guarainstedd,
stopping criteria are defined to determine when the EPS has sufficiently exhausted
potential layouts. The popping algorithm has two stopping criteria: either all low
performing turbines have been moved to new locations, or adefieed maximum
number of popping iterations has been reached. The stopping criterion for the EPS

occurs after a usatefined minimum stegize pattern search has been exhausted.
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Chapter 5: Problem Formulation

5.1 Unidirectional Wind Case

The first wind caseexploredin this work is unidirectional, single wind speed as
shown in Fig6. The free stream wind speed is constant, approaching from the bottom
of the field. For the comparison of the onshore and offshore layouts, the wind speed is
10 m/s; for the comparison tife EPS and Adapted GA, the wind speed is 12 m/s. The
layouts are optimized within a 4000 m by 4000 m flat space. Water depth is 200 m and
the farm is 30 kilometers from shore. The life of the farm is 20 years.

4000 m

4000 m

LI T Tl 0]

Fig. 6: Unidirectional wind case

The offshore layouts are compared to onshore layouts of the same size and wind
speed. Surface roughness for onshore wind farms over a fallow field has an
experimental value af T8t aneters, whereas the surface roughness of a calm open
sea has an experimtal value of& T8t ™ Tnaeters[68]. The wind profile power
law is (Eq.26):

- = (26)

whered anda are reference wind speed and heights, respectively. The power law
exponent i$ T dor most offshore locations and stability conditi¢ss83]. The
onshore power law exponentis 1@ (unstable), T L L (peutral), ang

& (stable)[16].
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The number of popping attempts is set to 1000 for the poorest performing 10
turbines at ach step sizel'ablel includesthe parameters for the olnsre and offshore

wind layouts.
Table 1: Offshore and onshore wind farm parameters

Offshore Onshore
Wind Speed 10 m/s 10 m/s
Farm Length 4000 m 4000 m
Water Depth 200 m
Life of Farm 20years 20 years
Distance from
Shore| S0 km
Surface | 4 54305 0.03m
Roughness
0.1 (unstable)/
Power law 0.11 0.15567
exponent ' (neutral)/ 0.2
(stable)
Number of
popping 1000 1000
attempts
Number of
popped 10 10
turbines

The EPS for the offshore case is compared to an Adapted Genetic Algi2&hm
The wind case used ibat of unidirectional wind and a single wind speed of 12 m/s
approaching from the bottom of the field (F&). Since the wind speed and direction

areconstant, efficiency is simplified and can be determined usin@Eq

- — @7

whered s the total power produced by the farm, &nd is the power produced by
each turbine when the wind speed at the rotor is equal to the ambient wind speed, 12
m/s. The farm area is a square with side lengths equal to 4000 m. The rated wind speed
for each turbine is 14 m/s and rated power is fixed aw. Rotor radius is calculated

to be 43.5 m, and hub height is not given, ibassumed to be 90 m (Talde
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Table 2: EPS and Adapted GA comparison parameters

Amplent R"?‘ted Rated | Grid Hub
wind wind ower size Height
speed speed b 9

4 km X
12m/s | 14 m/s | 5MW 4 km 90 m

5.2 Multidirectional Wind Case

In this work, wind farms are optimized in a square space with side lengths equaling

five kilometers. A multidirectional, multiple wd speed wind case is usé&ay(. 7). The

zero-degree onset angle esitering the botim of the field, moving:lockwise around

the field with increasing angles.

0.07
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0.05
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0.03

0.0
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Fig. 7. Wind onset angle and fraction of occurrence for multidirectional, multiple
speed wind case

Surface roughness of a calm open sea has an empirical value gt T Tmeters

[68]. The power law exponent, , is equal to 0.11 for most offshore locations and

stability conditiong5,83]. The worstperforming 10 turbines are popped in the third

stochastic extension; the maximum number of popping attempts is 100. The wind farm

Is expected to have a-3@ar lifetime. The water depth is 200 meters, and the distance

from shore is 30 kilometers. The offshore wind farm parameters are givaiblm3.
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Table 3: Offshore environment characteristics

Side length 2000 m
Water Depth 200 m
Life of farm 20 years
Distance from shore 30 km
Surface Roughness 0.0002 m
Power law exponent 0.11
Number of popping attempts 100
Number of popped turbines 10

Thestudy presented in this work explores layouts and turbine geometrieszeptim
for wind farms containingneto 22 turbines.Suggested layouts are presented for wind
farms subjected to the wind climate presented in:ig.

5.3 HardCoded Layout Study

Wind farm layouts are evaluated for two wind cases. Case 1 is a unidirectional wind
case with constant wind speed at 10 m/s entering from the bottom of the field, in the
+y direction(Fig. 6). Case 2 is a multidirectional wind case using wind speeds of 8
m/s, 12 m/s, and 17 m/s and 36 wind directions with varying probabilities of occurrence
for each wind directio(Fig. 7) [19]. The Siemens SWT 3.807 turbine is used for this
study[84]; its hub height is 80 meters and rotor radius is 53.5 meters. €haf Bach
wind farm is 20 years. Each solution space is a square with side lengths of 2000 meters.
Offshore atmospheric conditions are used in the model; the surface roughngss
0.0002 meterfs8] and the power law expongnt is 0.11[5,83].

Nine layouts were developed based on the common patterns from offshore wind
farm layoutoptimization literatureKig. 8). All nine layouts are tested for both Case 1

and Case 2.



Layout 1
2000

1500

1m0‘.‘.......

500

0 500 1000 1500 2000

Layout 4

0 500 1000 1500 2000

mgoqbkw%cboo
°

1500
®
10008
Q
5009
®
90000000

0 500 1000 1500 2000

mw9eeePébecee
1500 |
1000
500
seeoc0000e

@
1000 1500 2000

Laygut 5
2008 K2 °

. -
0 500 1000 1500 2000

Layout 8

® @ @
0 500 1000 1500 2000

5.4 Seedethitial Layout Study

33

w9000 Pédecee
XXX

1500 |
1000
500

%0.0..0

L5 2 A J
500 1000 1500 2000

Lay&ul 6
(K

2000

1500 2 L]

e 0
- ®
0 500 1000 1500 2000

Lay&ut 9

0 500 1000 1500 2000
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The purpose of this study is to reduce the noisiness of the data in the Unidirectional

Wind Case study (5.1) by seeding initial layouts with layouts known to be good based

on the results from the Ha@oded Layout Study (5.3).

Thstudies described in

Sections 5.1 and 5.2 use an EPS with all three stochastic extensions as described in

Section 4.3including the randomized initial layaun this studyhoweverthe use of

informed initial layouts is explored. The use of targetetiainpopulations has been

studied within genetic product searcli@s,86] While the use of randomly generated

initial populationsin genetic algorithmsncreases the genetic diversity in solutions,

using domain knowledge to create targeted initial pojmuiat can significantly

improve results in largecale problem§85,86] Foster and Ferguson used customer

preference information to create target initial populations for both single and multi

objective Genetic Algorithms in the design of product linesiltieg in better solutions

and faster convergen¢g5].

For a single objective GA in the design of MP3 players,
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the use of targeted initial populations always performed better than solutions found
using random initial populatiorj85]. Foster et al. ga#red preference information data
from customer surveys to inform targeted initial populations, and found that products
that perform well for a portion of the market perform better for the entire market than
products that are generated randofdg]. In addtion, using targeted populations
reduced the computational cost of genetic prodaarche$86]. Maaranen et al. also
studied the effects of various initial population generation techniques on the success of
GAs on simple problemi87]. While the numerical results were not strong enough to
make firm conclusions, it was found that GAs with good genetic diversity in their initial
populations converged quickly, but, on average, did not obtain the best final objective
values[87].

In this study, initial populations are used based on the results from the Hard
Coded Layout Study (5.3). Results indicate that farms containing rows of wind turbines
perpendicular to the wind direction perform best irdiractional windcasesKig. 8).

Two casesre presented: (1) a 4000 m by 4000 m space, and2@)am by 2000 m
space. In Case 1, farms containing between 16 and 52 wind turbines are optimized. The

wind turbines are placed along four rows, ansaFig. 9.

4000 m
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Fig. 9: Initial layout for a wind &rm with side lengths of 4000 m

In Case 2, farms containing between four aBavihd turbines are optimized. The

wind turbines are pladealong 7 rows, as shown fg. 10.
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Fig. 10: Initial layout for a wind farm with side lengths of 2000 m

Resulting objective evaluations from the farms optimized using seeded initial
layouts are compared to farms optimized using random initial laydnlsss otherwise

noted, all other parameters for this study are given in Section 5.1.
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Chapter 6Unidirectional Wind Case Results and Discussion

6.1 Results

Layouts were optimized for farms containing between 15 and 60 turbines for both
onshore and offshore environmentsng theparameters given in Table Each sebf
resultswas generated five times. Theasterror relationship between number of
turbines and the objective function determined to bejuadratic for the offshore
environment Fig. 11, R? = 0.5597) and cubic for the onshore environment (EigR?
= 0.3909). Théwub height and rotor radius of each turbine are indicated the key given
in Fig. 13. The offshore environment has a minimum objective evaluation when the
layout is optimized for 42 turbines; the minimum objective evaluation for a 42 ¢éurbin
layout is-1.7956e+08 Fig. 14). The cost of cabling for the 42 turbine layout is
approximately $1.9432e+7, resulting in an objective function evaluation equal to
1.60024e+08Table4). The onshore environment has a minimum objective evaluation
when the layout is optiiped for 32 turbines; the minimum objective evaluation for a
32 turbine layout is1.64933e+08Kig. 15).

<108 Offshore, 15-60 Turbines

y = 94516x* - 8E+06x + 2E+07
R?=10.5597

Obijective Evaluation

15 20 25 30 35 40 45 50 55 60
Number of Turbines

Fig. 11: Objective evaluation for offshore layouts containing 15 to 60 turbines
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<108 Onshore, 15-60 Turbines
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Fig. 12 Objective evaluation for onshore layouts containingdl60 turbines
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Fig. 13 Turbine geometry key
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Fig. 14: 42-turbine offshore layout, objective evaluatiorl=79456e+08
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Fig. 15: 32-turbine onshore layout, objective evaluatiorl.64933e+08

Table 4. Minimum objective evaluations for offshore anmdshore layouts

Offshore Onshore
Optimal Number of 42 32
Turbines
Minimum Objective | -1.79456e+08 | -1.64933e+08
Evaluation (-1.60024e+08)
R? Value 0.5597 0.3909

Layouts were optimized for an offshore environment based on parameters given in
Table2. A 16+turbine layout was generated using the EPS and compared to the layout
generated using the Adapted G29] (Figs. 16 and 1). Efficiencies (Eq. 2) for
layouts containing between 15 and 60 turbines are shokig.itt8. Layouts generated
by the EPS i@ 100% &icient up to 34 turbinesHig. 19).
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Fig. 16 16-turbine layout, EPS, 100% efficiency
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Fig. 17: 16-turbine layout, Adapted GA, 100% efficienfyiu and Wand29])
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Fig. 18: Efficiency of EPSgenerated layouts
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Fig. 19: 34-turbine layout EPS, 100% efficiency

6.2 Discussion

The deviation in the optimal number of turbines between the onshore and offshore
minimum objective evaluations can be attributed to three differences: cost, surface
roughness, and power law exponent. The surface resghand power law exponents
for both onshore and offshore environments are given in Tlableese values affect
the wind speed with respect to elevation and the shape of a wake behind a rotor.

Changing these values affects where the EPS places turbineteiance to other
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turbines, since the turbine agents try to avoid being placed in wakes. However, the
change in cost more greatly affects the optimal number of turbines as evaluated by the
objective function. Higher investment in offshore wind farmsracgiired for them to
be as profitable as onshore wind farms due to higher initial costs. However, results
from this work indicate that offshore wind farms may be as profitable as onshore wind
farms over a 2@ear lifetime. It should be noted that the cwmstdel used in this work
iIs new, and it has inherent uncertainty that propagates throughout the execution of the
optimization algorithm. That, coupled with the relative simplicity of the indicated wind
cases (unidirectional, singleind-speed) limit the rdaworld applicability of the
current method. Objective evaluations determined in this work may not represent actual
profit margins for real wind farms; however, subsequent improvement to the utilized
modeling will be conducted to improve accuracy.

The layauts shown in Fig 14 and 15contain large turbines populating the front
and back of the field, with turbines scattered throughout the middle of the field. The
turbines at the front of the field are unaffected by wakes, and are able to extract the
most enggy from the ambient wind speed. The turbines at the far back of the field have
spread out in order to move far away from the wakes of upstream turbines; this is
commonly seen in optimized wind farm layo{t§i 19]. For the offshore layout, most
turbines @ within the largest rotor radius and hub height group, indicating that the
power they are able to generate outweighs the increase in cost caused by the increased
size of the turbines. The layouts shown in Filgs.and 15are selected based on their
objedive evaluations; it is important to note that the common behavior across layouts
are shown in these figures, but it may be possible to improve the location of individual
turbines.

The noise in the data for both the onshore and offshore objective emaduiatdue
to the randomness of the EPS (Fiygs.and 12 The three stochastic extensions help to
avoid settling on poeperforming local optima. However, factors such as poor initial
layouts or insufficient popping attempts can lead to variatidime objective evaluation
for layouts containing the same number of turbideklitionally, the application of a

continuous algorithm to a large solution space allows infinitely many possible turbine
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locations and, given a lack of guaranteed global eaqgence of the EPS, the algorithm
Is likely to settle on local optima.

The efficiency of the 16 turbine layouts for both the Adapted GA and EPS are
100%. However, this may be attributable to the large area of the farm; turbines are able
to easily spread dat this size to reach optimal efficiency. As the number of turbines
in the farm increases, the more difficult it becomes for the farm to be theoretically
perfectly efficient. Layouts with more than 16 turbines are not provided for the Adapted
GA, therefae, the greatest number of turbines in a farm at 100% efficiency cannot be
compared to the EPR9]. However, the Adapted GA requires the field area to be
discretized into 200 m by 200 m sections, limiting the number of possible layout
solutions. The EPSiable to optimize continuously within the field area such that a

greater number of highly efficient layouts are possible.
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Chapter 7: Multidirectional Wind Case Results and Discussion

7.1 Results

Layouts were optimized using the &Ror farms containig betweeroneand 22
turbines. The objective evaluation for each layouts is plotted against the number of
turbines in the layout iffig. 20. Based ora cubic fit to the datgwith an R value of
0.9029, the projectedminimum objective evaluation occurs when the wind farm
containsfive turbines. The objective evaluation for the best layout contaifiwey
turbines is-$9.93x16 (Fig. 22); the hub height and rotor radius of turbines can be
interpreted using the turbingeometry key given in Fig2l The aerage power
production for the fiveturbine layout is equal to 23.4 MW. The overall minimum
objective evaluation for the data shown is equab1o20x1Gfor a severnurbine layout
(Fig. 23). The aveage power produan for the seveturbine layout is equal to 28.7
MW.

A 12-turbine layout was generated that also has a low objective evaluation (

$8.96x10, Fig. 24). The averag@ower production of the @irbine layout is 42.2
MW.
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Fig. 20: Objective Evaliation for layouts containing orie 22 turbines
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Fig. 21: Turbine geometry key
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Fig. 22: Optimized layout containing five turbines, objective evaluation = $9.93x10
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Fig. 24: Optimized layout containing 12 turbines, objective evaluatie$8-96x16
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7.2 Discussion

The layouts givern Figs.22 and 23have similarcharacteristics; they line up in
perpendicular rows, diagonally across the field, from the bottom left corner to the top
right. In the 40°- 60°, and 220% 240° onset angle wind directions, wake losses are
more significant than in other directions. Thebines are lined up perpendicularly to
the 310°- 320° wind directions, which experience higher wind spgeds 7). This
means that along the 31:0320° wind directions where the highest wind energy occurs,
wake interactions are minimized; this behawoexpected of optimal layoufEhe five
turbine layout showrn Fig. 22 implemented wind turbines of the largest rotor radii
and hub heights. This suggests that the power production of each turbine was high
enough to overcome tlimgh costs of implemeintg large turbines. However, the seven
turbine layout shown irFig. 23 implemented one turbine of the smallest available
turbine geometry. It is likely that the EPS did not find a location for this turbine that
would allow it to produce enough energy teosome the high costs, and instead made
it as small as possible, both to reduce costs and to help it avoid the wakes of upstream
turbines.

The 12turbine layout shown ifrig. 24is included to show the behavior of a wind
farm containing a higher number wirbines. The 12urbine layout has some similar
behavior ashe five and seveturbine layouts. However, turbines that are not aligned
diagonally are placed along the perimeter of the field. This behavior is common among
multidirectional wind farm optimizatiofl6,54] The 12turbine layout implements
four unique turbine geometrieanging in both rotor radius and hub height. By allowing
the EPS to choose the turbine geometry, it is able to further minimize the objective
function; if only a single wind turbine hub height and rotor radius were allowed, the

resulting layout would haveelen less optimal than the one showFim 24.
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Chapter 8: HardCoded Layout Study Results and Discussion

8.1 Results

Layouts were hardoded in the model and evaluated for both Case 1 and Case 2
(Table5). Minimized transmission cable layouts weetermined for each layouE(g.
8). Results for the objective evaluation both including and excluding the cost of cabling
are given. In addition, the average Annual Energy Production (AEP) per turbine for
each layout are given.

For Case 1, Layouts 1 and 2/bahe lowest objective evaluations and highest AEP
per turbine. For Case 2, Layouts 2 and 8 have the lowest objective evaluations and

highest AEP per turbine.

Table 5: Objective Evaluation and AEP Results for Layou$, Cases 1 and 2

Case 1 (Unidirectional) Case 2 (Multidirectional, 3 Speeds)
Number
Layout of L Objective L Objective
Turbines | SPiective | a1 AEP/ turbine | OPISCtive | i AEP/
Evaluation Cabli Evaluation bii turbine
$) abling (Watts) $) Cabling (Watts)
®) ($)
1 11 -1.73E+07 | -1.68E+07 9.65E+09 -4,17E+07| -4.11E+07 | 1.20E+10
2 22 2.65E+07 | 2.83E+07 8.21E+09 -9.71E+07| -9.52E+07 | 1.23E+10
3 32 1.03E+08 1.05E+08 7.19E+09 1.92E+07 2.15E+07 9.47E+09
4 25 8.53E+07 | 8.67E+07 7.10E+09 -5.07E+06| -3.70E+06 | 9.93E+09
5 33 3.28E+08 | 3.31E+08 3.83E+09 8.37E+07 | 8.62E+07 | 8.39E+09
6 32 1.19E+08 | 1.20E+08 6.95E+09 7.79E+07 | 7.96E+07 | 8.45E+09
7 32 2.89E+08 | 2.92E+08 4.28E+09 -7.06E+07| -6.81E+07 | 1.10E+10
8 16 1.74E+08 1.77E+08 3.38E+09 -8.40E+07| -8.14E+07 | 1.28E+10
9

36 3.80E+08 | 3.83E+08 3.52E+09 1.64E+08 | 1.67E+08 | 7.26E+09

8.2 Discussion

The two besperforming layouts for Case 1 have rows of turbines perpendicular to
the wind direction. In Layout 2, turbines extract energy from the wind at the front of
the field and create wakes; the wind speed picks up again before the back row of

turbines. Layout 1 is modeled after Middelgrunden Wind FEB8&j; designing single
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rows of turbines for locations with a single dominant wind direction can help to drive
down costs and increase power production.

Layout 2 also performed well for Case 2; this waexpected, since at wind
directions at 90 and 270 degrees, both of the rows are completely in the wake of
upstream turbines. However, wake effects are minimal at the majority of wind
directions. Layout 8 is modeled after Horns Rev wind farm and perfogstsrbCase
2 [89]. Layout 8 has larger spacing than the other-tikel layout, Layout 9, and also
has a slight offset.

The notable difference between the objective evaluations in Case 2 for Layouts 6
and 7 was unexpected. Both layouts contain the saméeeatwof turbines and the same
square shape. However, their orientation and spacing are different. Turbines in Layout
7 are spread further apart than in Layout 6. The large difference in objective evaluations
further suggests that the spacing and oriematiolayouts plays a pivotal role in the
overall power production. Wind data at potential offshore wind farm locations will vary
based on geographic location; orienting the layout to maximize energy production
greatly relies on knowledge of wind characttcis at a given location.

While the cost of transmission cabling is no small factor, it did not affect the best
performing layouts. Optimal spacing of turbines can reduce the cost of transmission
cabling thus reducing the overall investment costs; howemimizing layouts to
increase power production is more important for the profitability of an offshore wind

farm over its lifetime.
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Chapter 9: Seeded Initial Layout Study Results and Discussion

9.1 Results

For the 400 meterby 4000 meter areease, layouts were optimized for farms

containing 1652 turbines. The objective evaluations for farms optimized using seeded

initial layouts are plotted ifrig. 25. For comparison, objective evaluations for layouts

optimized using random initial layoutseaplotted inFig. 26.
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Fig. 26: Objective evaluations for 4000 meter optimized farms containirg216
turbines, random initial layouts

For the 2000meterby 2000 meter areease, layouts were optimized for farms
containing4 - 48turbines.The objective evaluations for farms optimized using seeded
initial layouts are plotted irFig. 27 (R> = 0.8625. For comparison, objective
evaluations for layouts optimized using random initial layouts are plotféd.ia8 (R?
= 0.8197.
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Fig. 27: Objective evaluations for 2000 meter optimized farms containing&!
turbines, seeded initial layouts
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Optimal layouts for the seeded initial layout cases for both 4000 meter and 2000
meter wind farms are given in Fig@ and30, respectivelyThe 4000 meter, 44 turbine
layout has an objective evaluation-8fL.74E+08 The 2000 meter, 20 turbine layout

has an objective evaluation -&5.25E+07
4000I I . - - = mmm . )
3000 1
2000
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(] e s o
0 1000 2000 3000 4000

Fig. 29: 44 turbine, 4000 meter layout from seeded initial layout case; objective
evaluation =$1.74E+08
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Fig. 30: 20 turbines, 2000 meter layout from seeded initial layout case; objective
evaluation =$5.25E+07

9.2 Discussion

The minimum of the quadratic fit applied to the 40@6ter seeded initial layout
(Fig. 25) occurs at 44 turbinef~ig. 29); the minimum objective evaluation is
$1.74E+08. Theninimum of the quadratic fitgplied to the 400@neter random initial
layout (Fig. 26) also occurs at 44 turbines; the minimum objective evaluation is
$1.56E+08The inclusion of the seeded initialouts did not affect the optimal number
of turbines for the 400@neter farm; however, the inclusion of the seeded initial layouts
did decrease the minimum objective evaluation.

For the 200&meter seeded initial layout casEig. 27), the minimum of the
guadratic fit occurs &0 turbines, and the minimum objective evaluatio$%s25E+07
(Fig. 30). Theminimum of the fit for theandom initial layouscenariqFig. 28) occurs
at 18 turbines, and the minimum objective evaluatio$4s57E+07. The inclusion of
the seeded initial layouts decreased the minimum objective evaluation; in addition, it

changed the optimal number of wind turbines in the farm.
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Based on the comparisons betwé&gys. 25 and 26andFigs. 27 and 28it can be
concluded that the inclusion of seeded layalgsreases noise the fit of the objective
evaluations. Howevergduced noise in the data leading to a bettaréiated by the
seeded layouts for the 4000 meter case is much greater than for the 200@seetar c
square wind farm with 4000 meter side lengths has four times the area of a wind farm
with 2000 meter side lengths. Since the EPS optimizes in a continuous space within the
wind farm, the increase in area adds greatly to the number of solutionabdazail
Therefore, it can be concluded that the inclusion of seeded initial layoussnmae

positiveimpact on the fit of thelata when the wind farm area is larger.
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Chapter 10: Conclusions

In order to decreasethe consumption of fossil fuels, redugeeenhouse gas
emissions and meet renewable portfolio standards, new renewable energy sources
must be developed and implemented. Currently, floating offshore wind farms have very
high costs that make them roampetitiveas compared tother more estabfihed
energy sources, such as onshore wind, solar, and fossil fuels. The purpose of this work
wasto discover optimal floating offshore wind farm layouts and turbine geometries
and their corresponding profit objectives. Resa#tsinform wind farm developes of
expected power production and cgidditionally, implementation of the presented
optimized layouts will increasethe overall profitability of floating offshore wind

energy systems.

In the unidirectional wind case studiscussedn Chapter 6an EPS wasapplied
to the optimization of floating offshore wind farm layourtsinidirectional, single wind
speed conditionsResults from the offshore wind farm layout&ere compared to
similarly-optimized onshore wind farm layautlt wasdiscovered that coparable
objective evaluations can be achieved for both the onshore and offshore layouts for
farms containing a different number of turbines. While investment costs for offshore
wind farms are much higher than onshore wind farms, over a life of 20 yegrsaiine
achieve comparable profitability given the current problem formulation and modeling.
In addition, while increasing the size of wind turbines increases investment costs, the
offshore layouts chose to implement large turbine sizes, indicating thatother

produced over the life of the farm will offset higher investment costs.

The EPS was alscompared to resulting layouts obtained using an Adapted GA.
For 16turbine layouts, both the EPS and Adapted GA generated 100% efficient
layouts. The EPS also gerated 100% efficient layouts for farms containing twice as
many turbines as the layout presented by the Adaptedt@aén be concluded that, for
the simple wind case, the EPS is able to successfully optimize floating offshore wind

systems in order to aneaseprofitability.
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In Chapter 7an EPS method for optimizing offshore floating wind energy systems
in multidirectional, multiple wind speed cases was presented. Turbine layout and
geometrywere optimized for 200@mete square wind farms containing ohe 22
turbines. Resulting layouts b&stoward dominant wind directions; turbin@gere
placedin rows perpendicular tthe dominant wind directions, and along the perimeter
of the field. A cubic fit with an Rvalue of 0.9026 was applied to the relatiaips
between the number of turbines and the objective evaluations. The minimumedccur
for wind farms containing five wind turbines. The overall minimum of the data
presentedvasfound for a seven turbine wind farm; over a life of 20 years, the seven
turbine wind farm is expected to earn $12 million dollars, and have an average energy
production of 28.7 MW. The inclusion of the turbine geometry selection model
increased the optimality of resulting layouts.

In Chapter 8 a study was presented that analyi#sal profitability of hardcoded
floating offshore wind farm layouts consisting of 3.6 MW wind turbik@s.the system
parameters presented, and at wind farm sites with a single dominant wind direction,
floating wind turbines oriented in straight lines pemdicular to the dominant wind
direction were shown to be ideal. Wind farm layouts with multiple dominant wind
directions and wind speeds should be designed such that wake interactions are
minimized at dominant wind directions. In addition, increased isgabetween
turbines will minimize wake interactions and optimize cost and power production. As
wind turbine designs and the wind market changes, future work using advanced and
stateof-the-art modeling will continue to provide offshore wind farm develsper
valuable information on best practices for optimally designing offshore wind farm
layouts.

The study presented @hapter ®xploredthe effect of seeded initial layouts on the
EPS6s ability to consi st en4iméter layoutsihe g o o d
inclusion ofseeded initial layouts improvetie R value from 0.7275 to 0.8392, a
15.35% increase in fit. For the 20@teter layouts, the inclusion @keded initial
layouts improvedhe R value from 0.8197 to 0.8625, a 5.2% increase in fit. While
farms of both sizes experiemcan increased fit with the inclusion of seeded initial

layouts, the larger fan experienced greatelincrease. It can be concluded that the
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inclusion of seeded initial layouts increases the fit of the data more as theZaris si
increasedFor both the seeded and random initial layouts for the -40€t@r case, the
minimum djective &aluation occurredat 44 turbines (-$1.56E+08 random;
$1.74E+08 seed@dhowever, for the 20D meter case, the minimum occurrad18
turbines for the random initial layot$4.57E+07) and 20 turbines for the seeded
initial layout (-$5.15E+07) The minimum objective evaluations at the optimal number
of turbines for all four farms/asbetter in both seeded cases; it can be coeduhat

the inclusion okeeded initial layouts improvete overall objective evaluationk is
recommended that EPS algorithms applied to floating offshore wind farm systems
optimization should include seeded initial layouts. While this decreases the
stochasticity of the algorithm, it increases the ability of the EPS to consistently find

betterobjective evaluations.

The work pesented coverethe optimization of floating offshore wind energy
systems for many different scenarios. famd sites with aisgle dominant wind speed
and direction, the results presentecCimapter 6can be used to inform developers of
how to design optimal layouts. Similarlghapter 7presents layouts that developers
can use in designing floating offshore wind farms for vaibes with many wind speeds
and directions. The work presented Gmapter 8suggests optimal wind farms for
developers who wish to implement layouts that are more uniform and symmetrical.
Lastly, the exploratory work presented @hapter 9shows that usingeeded initial
layouts increases the fit of layouts discovered by the EPS for a unidirectional wind

case.
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Chapter 11: Future Work

11.1 Additional Studies

Realstic wind cases resemble the windse presented in Section 5.Fig. 7),
therefore, in order to inform developers of optimal wind farm layouts in real wind
farms, further research must be conducted using the EPS to optimize wind systems in
realistic, multidirectional wind cases. One study will compare resulthhefEPS to
layouts generated using a Covariance Matrix Adaptation Evolutionary Strategy-(CMA
ES) in a nested configuration presented by Rodrigues [834&l.This study optimized
floating offshore wind farm layouts comped of IDEOL floating platformsupporting
5 MW wind turbineqd33,34] The wind speeds and percentages of occurrence for each

wind direction are given in Figl.

ind Speed (m/s
12-12.5

11.5-12

10-10.5
9.5-10
9-9.5
8-8.5
7.5-8

Fig. 31 Wind rose with wind speeds and percentage of occurrence at each wind
direction.

Additional future work includes atudy to explore theffect of seeded initial
layouts on wind farms optimized in multidirectional, multiple wind speed cases, such

as presented i@hapter 9lnitial layouts may resemble Fig§2.






