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ABSTRACT 

 

While installed wind generating capacity has grown rapidly in the United States over the 

last several years, its primary competition in the electricity market, natural gas-fired 

generation, has benefited from low natural gas prices and efficiency improvements.  

Wind energy’s growth has been spurred on by the Federal Renewable Energy Tax Credit 

(PTC), which has helped make wind very cost competitive with natural gas generation. 

However, wind projects not currently under construction will not be eligible for the PTC 

due to its expiration and it is unclear when or if Congress will reinstate it.  If wind energy 

is to continue to be cost competitive and the industry is to continue its rapid growth, its 

efficiency must be improved to the point where success in the U.S. is no longer 

dependent upon Congress reauthorizing or extending the PTC. 

 

Advancements in Lidar technology as well as a decline in its cost offer the potential for 

improving the efficiency of wind generation through anticipatory wind data collection 

integrated with real-time turbine control.  Furthermore, Lidar and a similar technology, 

Sodar, can be used to gather wind data at heights well above the that of most traditional 

meteorological towers and may provide an answer to achieving the level of accuracy in 

wind resource assessments and energy production estimates demanded by the lending and 

investment communities.  The financial community has relied heavily on traditional 

meteorological towers and 3-cup anemometers to provide the wind data used in their due 

diligence process, but with turbine hub heights now frequently reaching or exceeding 100 

meters, such towers may no longer be practical for this use.   

 

The goal of this research is to determine the potential for remote wind sensing 

technologies such as Lidar and Sodar to improve the competitive position of wind energy 

relative to the more traditional sources of electric power generation.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Wind Energy’s Competitive Position 

 

Installed wind generating capacity has grown rapidly in the United States over the 

last several years, and in 2012 it was the largest source of new electric generation 

in the U.S.  However, its primary competition in the electricity market, natural 

gas-fired generation, has benefited from improved extraction technologies (such 

as fracking), growth in proven reserves, low natural gas prices, and significant 

efficiency improvements.   Wind energy’s growth over the past decade has been 

spurred on by the Federal Renewable Energy Tax Credit (PTC) applicable to wind 

energy, which has helped make wind energy cost competitive with natural gas 

generation.  However, unless a project was under construction at the end of 2013, 

new projects will not benefit from the PTC unless Congress chooses to 

reauthorize it. 

 

In addition, owners of many wind projects are finding that actual energy 

production from projects now in operation is consistently below the Annual 

Energy Production (AEP) estimates made prior to the construction of the projects.  

Owners of underperforming projects are now trying to determine how best to 

improve the efficiency of existing projects and how to improve the accuracy of 

energy production estimates being made for planned wind projects.  If wind 

energy is to continue to be cost competitive and for the industry to continue its 

rapid growth, the reliability and cost-effectiveness of electricity generation from 

wind energy must be improved to the point where it’s success in the U.S. is no 

longer dependent upon Congress reauthorizing or extending the PTC. 
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1.2 Impetuous for this Research  

 

As will be demonstrated in Chapter 5, the expiration of the PTC (if not renewed 

or extended by Congress) will increase the Cost of Energy (COE) from future 

wind farms by about $20 per MWh, or by approximately 60% for a typical west 

Texas wind project with a Net Capacity Factor (NCF) of 40%.  A 60% increase in 

the cost of any product will substantially reduce its profitability and competitive 

position.  Part of this research involved an evaluation of wind energy’s current 

competitive position and the identification of areas in which the efficiency of 

wind energy can be improved upon most cost effectively so as to at least partially 

offset the loss of the PTC, particularly in the event that Congress chooses to not 

extend or renew the tax credit in the future. 

 

Another reason underlying the need for the research included in this project is 

underperformance of existing wind energy projects.  In recent years, studies by 

some of the most well-known meteorological firms associated with the wind 

energy industry have indicated that actual production from many wind projects 

has been significantly lower than the energy production estimates prepared prior 

to their construction.  The studies indicated that, on average, actual energy 

production was about 10% less than had been anticipated, although some projects 

performed as expected or even better than expected, but others performed 

significantly worse.  While this issue is discussed in more detail in the Literature 

Review section (Chapter 2), this is clearly a very large concern for the wind 

energy industry and one that threatens the competitive position of wind energy.    

 

In addition to literature review on this subject, research for this dissertation 

included a survey of wind energy representatives which included questions 

regarding the most likely causes for project underperformance or energy 

production overestimation.  Input from three wind industry consultants was also 

obtained on methods to reduce areas of uncertainty introduced during the wind 
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resource assessment process.  Chapter 6 takes the reader step-by-step through the 

conversion of power in the wind into electricity, discusses typical ranges of 

energy loss in these steps, and identifies the most likely ones that can be cost 

effectively improved upon. 

 

At about the same time as the above-referenced studies on project under-

performance were published, several papers were written about the potential to 

improve the efficiency of wind generation by integrating Lidar (which stands for 

LIght Detection And Ranging) technology into the control system of wind 

turbines, and a few field tests of the concept were initiated.  Preliminary reports 

from some of the field tests suggested that energy production could be improved 

by 10 to 20% when Lidar was integrated with the turbine control system.  A large 

part of this improvement theoretically would be attributable to a reduction in 

“yaw error.”  Yaw error is the difference between the direction a wind turbine is 

pointing and the then current wind direction, thus lowering expected energy 

capture.   

 

 In Chapter 6, it is demonstrated that a 1% improvement in productivity of a wind 

project that continues throughout the project’s life is worth about $11,000 per 

MW of installed capacity, or about $2.77 million for a 250 MW wind project.  

Thus a 10% improvement would be worth about $110,000 per MW while a 20% 

improvement would be worth about $220,000 per MW. Therefore, if these reports 

from field tests of Lidar proved to be correct, it would have enormous financial 

implications for wind projects and greatly improve the competitive position of 

wind energy relative to the more traditional electric generation technologies.  This 

concept will be discussed in greater detail in Chapter 2, Literature Review.  In 

addition, an analysis of 1-second wind data from Texas Tech’s 200-meter tower 

was undertaken as part of the research for this dissertation to estimate the 

potential value of real-time turbine control, and this is discussed in detail in 

Chapter 8.   
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Chapter 9 discusses research undertaken as part of this project to determine the 

validity or accuracy of the cos² and cos³ methodologies.  This was done by 

analyzing actual one-second energy production and turbine orientation data from 

a test turbine at Texas Tech’s Great Plains Wind Test Facility and comparing it to 

actual one-second wind data from a hub height meteorological tower located near 

the test turbine.  In what is likely to be the most significant finding of the research 

for this dissertation, yaw error within the ranges most commonly occurring for the 

test turbine appeared to have very little impact on energy production at wind 

speeds above 6 meters per second (mps). 

 

In the past few years, several wind turbine manufacturers have begun offering 

turbine models with hub heights of 90 to 120 meters.  The author of this report 

has been active in wind project development for two decades, and is currently 

involved with several projects under development.  Each of these projects utilizes 

60-meter tall meteorological towers (or “met tower”). A “rule of thumb” in the 

wind industry is that wind resources need to be measured within at least 75% of 

the planned turbine hub height in order to avoid introducing excessive amounts of 

error into estimates of long-term wind speeds and projected annual energy 

production during the process of extrapolating wind speeds from the height of the 

met tower to the turbine hub height.  Thus 60-meter met towers may not be 

sufficient when turbines of 90 or 100 meter hub heights are being considered, and 

the cost of taller met towers escalates exponentially.  As will be discussed in 

Chapter 10, this situation introduces additional uncertainty into the process of site 

wind resource assessment and energy production estimates.  This is undoubtedly a 

contributor to the issue described above in which actual energy production from 

wind projects now in operation is consistently below the amount anticipated by 

project owners based on energy production estimates performed prior to 

construction of the projects.  The additional uncertainty then translates to 

additional risk in the eyes of potential lenders to the project and potential 
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investors, which in turn leads to a higher cost of capital and a higher Cost of 

Energy (COE), making wind projects less competitive. 

 

Due to declines in cost and improvements in their accuracy, Lidar systems and 

Sodar (which stands for SOnic Detection And Ranging) systems are increasingly 

being used for wind resource assessment at heights well above existing met 

towers.  Given the impact that the thoroughness and accuracy of wind resource 

assessment has on the ability to obtain capital for wind project construction and 

the cost of both debt and equity (discussed in more detail in Chapter 10), this is 

one of the most likely areas in which remote wind sensing technologies can add 

value to the wind energy industry and improve the competitive position of wind 

energy. 

 

1.3 Goal of this Research 

 

The goal of this research is to determine the potential for remote wind sensing 

technologies such as Lidar and Sodar to improve the competitive position of wind 

energy relative to the more traditional sources of electric power generation. 

Specific areas of focus evaluated as part of this analysis include: 

 

A. Evaluating the cost of wind energy, with and without the PTC, compared to 

that of natural gas-fired electric generation, the primary competition for wind 

energy 

 

B. Identifying areas of energy loss, inefficiency, underperformance, risk, and 

uncertainty associated with wind generation and the estimation of annual 

energy production (AEP) 

 

C. Reviewing the key “drivers” or variables impacting the economics of wind 

energy, and determining which of these variables can be significantly 
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improved upon, especially through the application of remote sensing 

technologies 

 

D. Researching the impact that turbine misalignment or yaw error has on turbine 

performance and efficiency and estimating the potential benefits of using 

Lidar to measure anticipatory turbine inflow data that can be integrated with 

wind turbine control protocols for purposes of optimizing energy production 

 

E. Determining the impact that inaccuracy and uncertainty in wind resource 

assessment and energy production estimates based on that assessment have on 

the cost of capital and the cost of energy from wind energy projects, and 

evaluating the costs and benefits of using state-of-the-art wind measurement 

technologies such as Sodar or Lidar for resource measurement at greater 

heights as turbine hub heights now frequently exceed 100 meters. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Overview 

A significant issue impacting the wind energy industry has been the 

underperformance of wind energy projects when comparing their actual 

generation to the amount that had been expected or forecast prior to their 

construction.  Several studies have been made to determine the reasons behind 

this underperformance, and several new technologies have been proposed as a 

means to improve the efficiency of wind power.  This has resulted in much higher 

levels of scrutiny of wind data and energy production forecasts by potential 

project investors, lenders, and their consultants. A review of such studies has been 

conducted as part of the research for this dissertation, and they are discussed 

below. 

 

While understanding the causes of underperformance or inaccuracy in energy 

production estimates is important, many companies are also looking at innovative 

technologies as a means to improve the efficiency of wind generation.  All 

businesses desire to improve their competitive position within the arena in which 

they compete.  The wind energy industry and the companies that make it up are 

no exception.  In general, wind energy competes within the power generation 

sector, with natural-gas fired generation providing the most formidable 

competition at this time due to low natural gas prices and a 20% improvement in 

the efficiency of the fleet of natural gas-fired generators in the U.S. over the past 

decade.  In addition, the rapid growth of the wind energy industry over the past 

decade has resulted in much greater competition within the industry itself, 

meaning that each turbine manufacturer and each wind project developer/owner 

/operator are looking for ways to give their company an advantage over their 

competition.   
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2.2 Underperformance of Existing Wind Projects 

 

As discussed above, the accuracy of pre-construction annual energy production 

estimates has come under scrutiny from investors, lenders, and their consultants 

over the past few years.  In response, three of the most well-known 

meteorological consulting companies in the wind energy industry have performed 

in-depth studies in recent years comparing the actual energy production from 

wind energy projects after construction and operation to the energy production 

estimates they prepared prior to construction of the projects.  Each of these found 

very similar results showing that, on average, actual energy production from wind 

energy projects was about 10% to 11% lower than the pre-construction estimates.  

Following are descriptions and summaries of the results of the three initial 

studies, plus a follow-up study by DMV-KEMA released in 2013. 

 

A. Garrad Hassan (GH) study (Johnson et al. 2008):  In a paper presented at the 

WindPower 2008 conference titled Validation of GH North American Energy 

Predictions by Comparison to Actual Production, the following information 

about the study and its results was included: 

i. The study reviewed data from 41 North American wind farms with 

operational periods which vary from 1 year to 8 years, resulting in a 

total of 113 wind farm years in the validation database. 

ii. GH had performed the energy production estimates for all projects 

evaluated in the GH study. 

iii. As shown in Figure 2.1 depicting the distribution of annual energy 

production relative to the GH central estimate, these projects have 

produced on-average 90% of the pre-construction estimates. 
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Figure 2.1:  Distribution of Annual Production Relative to Projected Central 

Estimates:  Source:  Figure 1 from Validation of GH North American Energy 

Predictions by Comparison to Actual Production (Johnson 2008). 

 

B. Det Norske Veritas - Global Energy Concepts (DNV-GEC) study (Jones 

2008):  In another paper presented at the WindPower 2008 conference, Steve 

Jones’ paper titled Project Underperformance: 2008 Update presented 

information including the following: 

i. The DNV-GEC study reviewed data from 59 North American wind 

farms ranging in age from 1 to 14 years, totaling 243 project years. 

ii. A variety of consultants had performed the energy production 

estimates for projects evaluated in the DNV-GEC study. 

iii. As shown in Figure 2.2 (Figure 2 from the DNV-GEC paper), the 

average actual energy production was about 11% below the P50 

estimate. 

 

P50 refers to the expected long-term annual average energy production, 

representing a value in which there is 50% chance in any given year that 

actual energy production will be in excess of that amount and a 50% chance 

that it will be less than that amount.  
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Figure 2.2:  Distribution of Annual Energy Production as a Percentage of P50 

Estimate: Source:  Figure 2 from Project Underperformance: 2008 Update 

(Jones 2008). 

  

C. AWS Truewind (AWS) study (White 2008):  In a third paper presented at the 

WindPower 2008 conference, Eric White presented a paper titled 

Understanding and Closing the Gap on Plant Performance which included 

the following information: 

 

i. The AWS Truewind study reviewed data from 56 North American 

wind farms ranging in age from 1 to 9 years, totaling 112 project 

years. 

 

ii. A variety of consultants had performed the energy production 

estimates for projects evaluated in the AWS study. 

 

iii. As shown in Figure 2.3, the average actual energy production was 

about 10% below the P50 estimate. 
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Figure 2.3:  Actual Energy Production as a Percentage of Projected 

Production:  Source:  Understanding and Closing the Gap on Plant 

Performance (White 2008). 

 

D. DNV-KEMA follow-up study (DNV-KEMA 2013):  Following the release of 

the 2008 study reports, DNV-GEC (which became DNV-KEMA following a 

merger) and other well-known wind industry meteorological consultants 

began to implement changes to their methodologies used to prepare pre-

construction energy production estimates.  A 2013 study and paper compared 

actual energy production following commercial operation of wind projects to 

the pre-construction energy production estimates made for project that began 

commercial operation during the years 2010 through 2012. Results of this 

analysis are reflected in Figure 2.4, and the report included the following 

conclusions: 

i. Data for projects whose first full calendar year of operation were 

2010-2012 show that the industry has made substantial progress 

toward eliminating the bias in pre-construction wind energy 

assessments. 

ii. While wind energy project performance assessment methods have and 

are continuing to improve, and it is too soon for the data to reflect the 

most recent changes in assessment methods, there continues to be a 

gap between the industry’s pre-construction energy estimates and 



Texas Tech University, Richard P. Walker, May 2014 

12 
  

actual project performance with more projects producing below the 

pre-construction P50 estimate than above. 

 

 

Figure 2.4: Actual Energy Production as a Percentage of Projected 

Production for Estimates Made in 2010-2012: Source: DNV KEMA, 2013 

Actual Versus Predicted Wind Power Project Performance White Paper
 

(DNV-KEMA 2013). 

 

E. Potential Causes of Variance Between Actual and Estimated Project 

Performance 

 

Potential reasons for the variance between actual energy production at wind 

plants and the annual energy production estimate performed prior to 

construction that are in the GH, DNV-GEC, and AWS studies are shown in 

Table 2.1, with the companies' initials signifying which company listed the 

issue.   
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Table 2.1:  Potential causes for error in pre-construction energy production 

estimates. 

 

1. Wind resource measurement and prediction errors (GH, DNV, 

AWS) 

a. Long-term adjustment error 

b. Error caused by extrapolation from met tower height to hub 

height 

c. Reliance on too few met towers, sometimes only one tower 

d. Met towers that are sited only at the windiest locations, thus 

not representative of entire site 

e. Measurement bias / instrument mounting effects 

2. Periods of on-site wind measurement are too short (DNV) 

a. Time pressures to construct project lead to short measurement 

periods 

b. Over-reliance on correlation to long-term data sites 

3. Windiness of operating period (AWS) 

a. AWS estimates that 10% of difference between actual 

production and predicted production (or about 1% of energy 

production) was due to lower winds during observational 

period than long-term average 

4. Underestimation of wake losses / turbine array effects (GH, DNV, 

AWS) 

a. Many current array loss models are inaccurate 

b. Clustering of projects results in nearby projects reducing the 

wind resource 

c. Underestimate of wakes in large wind farms 

5. Turbulence intensity (AWS) 

a. NRG Max 40 anemometers or similar instruments respond 

differently to turbulence than the Class 1 anemometers, such 

as the Risoe P2564A.  Turbine power curves are defined and 

warranted based on Class 1 anemometers, so data from Max 

40 type anemometers should be normalized to this reference 

b. Most current analytical tools only consider impact of ambient 

turbulence, but should also consider wake-induced turbulence 

from other turbines 
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Table 2.1:  Potential causes for error in pre-construction energy production 

estimates.  (continued) 

 

6. Inaccurate modeling of topographic effects / complex terrain (GH, 

DNV) 

a. Projects with steep slopes (complex terrain) may require 

higher turbulence adjustment 

b. Can be aggravated by inappropriate anemometer siting 

7. Turbine availability lower than expected (GH, DNV) 

a. Consensus that this is significant source of deviation 

b. Component failures 

c. Basing availability assumptions on time instead of energy loss 

d. Use of contract availability for energy assessments 

e. Poor performance in initial years of operation of many 

projects 

8. Turbine operation settings and power performance (GH, DNV, 

AWS) 

a. Sub-optimal turbine operation 

b. Site specific issues such as turbulence may make power curve 

adjustments necessary 

c. Incorrect anemometer or other control set-point issues, either 

at installation or during maintenance 

d. Pitch inaccuracy 

e. Wind vane or directional alignment issues 

f. May be associated with atmospheric conditions that vary from 

those used to calculate the turbine power curve 

9. Turbine power curve does not match reference curve (DNV) 

a. Little room for overperformance, lots of room for 

underperformance 

b. Warranted levels are typically 3 to 5% below the reference 

curve 

c. May be associated with atmospheric conditions that vary from 

those used to calculate the turbine power curve 

10. Blockage effect bias (GH) 

a. Presence of the turbine may be reducing the wind speed 

measured during a power curve test 
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Table 2.1:  Potential causes for error in pre-construction energy production 

estimates.  (continued) 

 

b. Possibility of  industry-wide, systematic bias in energy 

production assessments 

11. Balance of plant and grid availability lower than expected (GH, 

DNV) 

a. Curtailments underestimated 

b. There are many components associated with wind farms, such 

as substations, electric lines, and communications systems, not 

just wind turbines 

c. Unplanned downtime not considered 

12. Losses due to force majeure events are underestimated (DNV) 

a. Many unplanned events, often weather related, are overlooked 

b. Virtually all events result in potentially negative 

consequences, including ice, temperature extremes, hail, 

lightning, communication failures, and floods 

13. Electrical losses may be underestimated (GH) 

14. Natural, inter-annual wind variability, exacerbated by regional 

wind farm clustering (GH) 

 

2.3 The Accuracy of Wind Resource Assessment and Sensors used to Collect Wind 

Data for Turbine Control 

 

Accurate measurement of the wind is necessary both for evaluating the feasibility 

of potential wind project sites prior to their construction and for efficient 

operation of wind projects after their construction.  The increasing hub heights of 

wind turbines, now often 100 meter or greater, means that 60 meter tall 

meteorological towers are probably not sufficient for accurate predictions of hub 

height wind speed (much less to the apex of the turbine’s swept area).  Taller met 

towers are available, but become increasingly expensive to purchase and install – 

the installed cost of a 60 meter tilt-up tower is between $30,000 and $50,000, but 

the installed cost of an 80 meter tower can be $80,000 to $100,000.  As turbine 

heights continue to go up, the use of Sodar and Lidar will become increasingly 
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cost-effective provided that the produce results that are accurate enough to satisfy 

potential investors and lenders. One of the most obvious problems with turbine 

anemometry is that it typically located downwind of the rotor, meaning that wake 

effect and turbulence created by the rotor and the nacelle will disrupt their 

accuracy.  These nacelle-mounted sensors are relied upon to maximize power 

output while minimizing loads on the turbine. 

 

A. Risø’s Optimization of Wind Turbine Operation by Use of Spinner 

Anemometer (Pedersen et al. 2008). 

 

This report discusses the research done by Risø on the use of anemometers 

attached to the spinner (also called the hub or nose cone) of a turbine (see 

Figure 2.5).  The report discussed the following issues concerning nacelle 

anemometry: 

 

i. Today nacelle-anemometry is used on all large wind turbines. Wind 

speed and wind direction is measured with sensors mounted on the top 

of the nacelle. Typically the sensors comprise cup anemometers and 

wind vanes or 2D sonic sensors. The sensors are also often doubled for 

redundancy.  (see Figure 2.6) 

 

ii. Nacelle anemometry is hampered by the fact that the instruments are 

positioned behind the rotor where the wind is very complex. Nacelle 

anemometry is influenced by the mounting arrangement of the 

instruments, and of the wakes of the blade root vortices over the nacelle 

and of the flow distortion due to the nacelle. 

 

iii. The flow effects behind the rotor cause high deviations in determination 

of the free wind speed and wind direction. This may again cause weak 

yawing characteristics of the wind turbine, which leads to losses in 

electric power and increase in loads. To some extent the flow distortion 

effects may be calibrated by the use of a free mast, but for individual 

wind turbine positions in a wind farm there may be introduced 

additional deviations by local flow due to terrain effects and wakes of 

other wind turbines. 
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Figure 2.5:  Sonic anemometers attached to turbine spinners. Source: Figures 

8 and 45 from Optimization of Wind Turbine Operation by Use of Spinner 

Anemometer
 
(Pederson et al. 2008).

 

 

 

 

 

 

 

 

 

Figure 2.6:  Examples of turbine nacelle anemometry.  Source: Figure 1 from 

Optimization of Wind Turbine Operation by Use of Spinner Anemometer
 

(Pederson et al. 2008). 

 

B. Height of Meteorological Towers 

 

GE Wind Energy offers a 2.5 MW turbine with a hub height of 139 meters 

and a maximum tip height of 199 meters.  The 3.3 MW Vestas V-126 is 

available with a 137 meter hub height and a 200 meter maximum tip height.  

So the use of 60 meter or 80 meter meteorological towers to estimate hub 

height wind resource and annual energy production for projects using these 

types of massive wind turbines are going to have a large of uncertainty and 

risk.   
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In 2010, a TradeWind Energy press release indicated that the company had 

received approval to install a 100 meter tall meteorological tower in Indiana.  

According to Kevin Walter, Director of Meteorology for TradeWind Energy, 

“Use of 100 meter tall met towers is rare in the wind project development 

industry. In fact, the use of 80 meter tall met towers is unusual.  Most 

developers use 60 meter tall met towers with a sprinkling of 80 meter towers.”  

 

2.4 Impact of Yaw Error 

 

The vast majority of state-of-the-art, utility-scale wind turbines are designed such 

that the nacelle and rotor periodically turn (or “yaw”) so that the rotor is aligned 

perpendicular to the inflow of the wind, facing into the direction that the wind is 

coming (i.e., they are “upwind” turbines). 

 

 

Figure 2.7:  Upwind utility-scale wind turbine
]
 

 

Turbine 

Nacelle 

Turbine  

Rotor 

Wind 

Direction 
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Several yaw motors are located inside the nacelle and are used to drive the turbine 

into the wind, but due to the highly stochastic nature of wind, it is rare that the 

turbine direction aligns exactly.  The difference between the direction the turbine 

is pointing and the then current wind direction is referred to as “yaw error,” which 

is believed to reduce the efficiency of the rotor’s capture of power in the wind. 

 

A. Cosine Cubed Method 

 

One of the most common methods of estimating yaw error’s effect on turbine 

efficiency is referred to as the “cosine cubed” method.  As seen in Figure 2.8, 

when wind is not perpendicular to the rotor, the vector normal to the rotor can 

be calculated by multiplying the wind speed times the cosine of the yaw angle 

or error.  Since power output is a function of the cube of the wind speed, the 

expected power production is reduced by the cube of cosine γ. Note that yaw 

error would need to exceed 5 degrees before efficiency losses reach even 1% 

based on the Cosine Cubed methodology.   

 

 

Figure 2.8:  Illustration of Cosine Cubed Method for Estimating Yaw Error 

Effect. 
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The Wind Energy Handbook (Burton et al. 2011) addresses the potential 

impact of yaw error on the efficiency of wind generation.  Figure 2.9 shows 

Burton’s estimated reduction to the power coefficient (Cp) at increasing 

amounts of yaw misalignment.  While Burton notes that the “cos³ γ rule is 

commonly adopted for power assessment in yawed flow”, he also raises the 

valid question of “is it legitimate to apply the momentum theory in the above 

manner to the yawed rotor?”   

 

 

Figure 2.9:  Estimated Reduction of Coefficient of Power as a Function of 

Increasing Yaw Error; Source:  Figure 3.48 from 'Wind Energy Handbook" 

(Burton et al. 2011). 

 

Burton’s work also states that: 

 

Transverse pressure gradients which cause the wake to skew sideways 

may well also contribute to the net force on the flow in the axial direction, 

influencing the axial induced velocity.  The above analysis might be 

satisfactory for determining the average axial induced velocity but there is 

even less justification to apply the momentum theory to each blade 

element position than there is in the non-yawed case.  If a theory is going 

to be of any use in design it must be capable of determining the induced 

velocity at each blade element position to a satisfactory accuracy.  The 

satisfactory calculation of blade forces is as important as the estimation of 

power. 
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B. The Effects of Yawed Flow on Wind Turbine Rotors (Swift 1981) and 

subsequent work of Andrew Swift and Neha Marathe: 

 

As part of the research conducted for his dissertation, Andrew Swift evaluated 

the impact of yawed flow on wind generation. His work included the 

following observations.  Note that CT is the Rotor Thrust Coefficient and CQ is 

the Rotor Torque Coefficient. 

 

i. The near constant relation between CT and CQ with yaw angle suggests 

feasibility of a wind turbine system that limits power output to a 

constant value with a thrust limiting device that either yaws the rotor 

about a vertical axis or pitches the rotor about a horizontal axis, above 

rated thrust. 

ii. Another interesting result … is that the theory predicts that under 

certain conditions there may be more power available in yawed 

operation than in axial flow conditions. 

iii. Although the phenomenon of increased power with yaw angle appears 

to be a moderate effect from the viewpoint of obtaining extra power 

from a given wind machine, and may not occur under certain operating 

conditions, the ability to predict and be aware of the effect is important 

in the consideration of yaw as a method of power control. 

 

Swift’s work also included a graph of Cp vs. Tip Speed Ratio (TSR) at 

increasing levels of yaw error which resulted from use of the Yawflow 

program for a wind turbine with 3.2 % solidity at a near zero pitch angle (-0.5 

degrees) in which lines of constant torque coefficient and solidity are 

superimposed (see Figure 2.10, or Figure 7 from Swift’s dissertation). The 

Yawflow code used disc averaged momentum theory and helicopter inflow 

theory for yawed flow with data for a nominal airfoil.  One can see that as 

yaw error increases, Cp is significantly reduced.  Also notice that as yaw 

angles go above 30 degrees, the optimum Cp noticeably shifts to lower tip 

speed ratios.   
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Figure 2.10:  Graph of Cp vs. Tip Speed Ratio (ΩR/V), Figure 7 from Swift 

(1981).  

 

More recently, Dr. Swift has worked with Texas Tech Wind Science and 

Engineering Ph.D. candidate Neha Marathe to examine the performance of 

wind turbines under yawed flow conditions, again using the Yawflow 

program and Momentum Theory.  Figure 2.11 shows the comparison of the 

Yawflow program results for yawed wind turbine performance for a rotor 

with 4% solidity using points of maximum Cp for each yaw angle, 

comparing the results for cos, cos², cos³, and cos
4
 relationships.  This work 

suggests that the cos² theory aligns very closely with the output of the 

Yawflow program for yaw error of 40 degrees or less. 
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Figure 2.11:  Cp vs Yaw Angle as predicted by the Yawflow Program.  

Source:  Swift, A. and Marathe, N.  

 

C. Risø DTU Studies: 

 

Another organization that has evaluated the effect of yaw misalignment, or 

skew airflow, on the efficiency of wind generation is Risø DTU, the Danish 

National Laboratory for Sustainable Energy at the Technical University of 

Denmark (DTU).  Wind Turbine Power Performance Verification in Complex 

Terrain and Wind Farms (Pedersen 2002) references a study by H.S. Madsen 

examining the effect that various degrees of yaw error had on power output of 

a 75 kW wind turbine compared to power reduction predicted by various 

aerodynamic codes.   As shown in Figure 2.12, which came from Pedersen’s 

report, Madsen’s work indicated that the square of the cosine of the yaw error 

(cos²) most closely predicted the decline in power output. 
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Figure 2.12:  Comparing Calculated Power Losses as a Function of Yaw 

Angle to Experimental Results; Source:  Figure 6.1 from Wind Turbine Power 

Performance Verification in Complex Terrain and Wind Farms (Pedersen 

2002). 

 

One interesting thing to note in Figure 2.12 is that Madsen’s experimental 

results show a slight increase in power production at a yaw angle of about 2 to 

3°, which supports Andrew Swift’s finding that under certain conditions there 

may be more power available in yawed operation than in axial flow 

conditions. 

 

A subsequent work by Pedersen et al (2008), Optimization of Wind Turbine 

Operation by Use of Spinner Anemometer,  included the graphic shown above 

in Figure 2.12 and included the following statements regarding power versus 

measured yaw error: 

i. Investigations of power performance at skew airflow indicate that the 

power output of a wind turbine is reduced with a cos
2
-function of the 

yaw error. 

 



Texas Tech University, Richard P. Walker, May 2014 

25 
  

ii. This means a reduction of power of 1%, 3%, 7% and 22% for average 

yaw errors of 5º, 10º, 15º and 20º, respectively. 

 

iii. Typically, the yaw error is measured to have a spreading with 10 

minute averages of about 5º. 

 

iv. This spreading of yaw error increases the power reduction because of 

the un-linearity of the cos² function. 

 

v. This means that there is a significant gain in power to be achieved if 

the yawing is optimized. 

 

D. Wind Power Systems in the Stable Nocturnal Boundary Layer (Walter 2007): 

Kevin Walter’s dissertation work at Texas Tech included an examination of 

directional shear of wind in addition to vertical wind shear.  Directional shear 

refers to the difference in the direction of wind as elevation above ground 

increases.  For example, Walter used data from Texas Tech’s 200 meter tower 

to identify times that wind direction at the 116 meter level were as much as 80 

degrees difference from the wind direction at 10 meters.  The majority of large 

differences in wind direction were found at lower wind speeds – 7 mps or less.  

Given the ever-increasing sizes of turbine rotors, one can envision how forces 

on the top of the rotor are significantly different than that on the bottom of the 

rotor while the blades turn.  Not only do wind speeds increase with elevation 

due to vertical wind shear, particular in the evening hours, but the direction of 

wind inflow may be significantly different due to directional shear.  In his 

conclusions, Walter stated that “Idealized aerodynamic vector geometry 

shows that the case of direction shear is different than the case of wind turbine 

operations in yawed flow.”  He also noted that: 

We have seen that wind shear has the potential to deplete the energy 

capture of a megawatt scale wind turbine.  In this way it may directly 

impact the economics of wind power installation.  However, fatigue loads 

associated with speed and direction shear, which have not been quantified 

in this study, may have a more important impact on wind power 

economics by impacting the design drivers and increasing machine costs.  



Texas Tech University, Richard P. Walker, May 2014 

26 
  

Economic impacts could also occur through increased operations and 

maintenance costs with accelerated fatigue, through decreased turbine 

availability through control system faults in these environments, or by 

permitting more significant turbine array losses than those which are 

predicted by standard wind resource assessment software platforms. 

 

2.5 Using Lidar for Wind Turbine Control 

 

Effective control of wind turbines is essential for balancing the need for efficient 

energy capture with the need to keep loads on the turbine below the turbine’s 

design limits during high wind conditions.  However, the wind data being used by 

the controller represents wind conditions over the previous few seconds or 

minutes, as opposed to what will be happening in the next few seconds or 

minutes.  While advances such as fast-reacting power electronics and the 

integration of high-speed computing capacity into the control logic of turbines has 

significantly improved turbine control, many believe that the next step to 

improving turbine control and performance is by providing predictive wind data 

to the control system enough in advance so as to allow the nacelle to be yawed or 

the blades to be pitched just in time to be optimal for incoming gusts of wind.  

Lidar appears to be a technology that can enable this type of advance in turbine 

control. 

 

Lidar stands for Light Detection and Ranging, and it may also be referred to as 

laser anemometry. While the technology was developed in the 1970’s, its high 

cost and complexity tended to limit its use to research applications.  Recent 

improvements and cost reductions have resulted in it being considered for more 

purposes, including with the wind energy industry for wind resource 

measurements and for upwind data collection to be used for real-time or 

anticipatory control of wind turbines.  Several papers have been written on this 

topic, some of which are discussed in this section. 
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A. Lidar For Turbine Control (Harris et al. 2006), NREL Report NREL/TP-500-

39154 (2006)   

In 2005, NREL evaluated the use of a turbine-mounted laser anemometer, 

which was probably the first such study in this area.  The goal of the research 

project was to determine if a forward-looking Lidar system could collect 

inflow wind data early enough to allow interface with a wind turbine’s control 

systems. Conclusions from this research included the following: 

 

i. Damage equivalent flap loads were reduced by approximately 10% 

under turbulent wind inflow conditions when Lidar signals were 

included as measurements to the controller. 

ii. As the potential exists to reduce blade loads, it is reasonable to expect 

that Lidar inputs to turbine controllers could serve to reduce loads on 

these other components as well. 

iii. Reduction in fatigue loading is only one aspect that will ultimately lead 

to design changes that result in cost of energy reductions. The loads 

resulting from extreme, discrete load cases that prescribe gusts and wind 

direction changes must also be reduced. It is reasonable to expect that 

Lidar inputs to controllers could serve to reduce these extreme loads.  

iv. A number of cost-effective Lidar options have been explored, and it has 

been shown that a system based on optical fiber operating at a 

wavelength close to 1.55μm will provide an economically viable 

solution. This technology is also well-proven, having been successfully 

deployed on the only two turbine-mounted Lidar experiments of which 

we are aware. 

B. Yaw Control: The Forgotten Controls Problem (Mamidipudi et al. 2011). 

 

An interesting product that was being heavily marketed to the wind energy 

industry about three to four years ago was a “laser wind system” called the 

Vindicator
®
 being produced by a company called Catch The Wind, Inc. The 

concept being promoted was to mount the system on top of a turbine nacelle 

and use it to control the turbine’s direction based on wind expected to reach 

the turbine in the next few moments instead of basing turbine control on the 
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average speed and direction measured during the previous few minutes.  This 

paper, prepared for the European Wind Energy Association’s annual 

convention, included the following excerpts: 

i. Nacelle mounted Vindicator® Laser Wind Sensor (LWS) units and 

associated turbine control hardware have been installed on several utility 

scale wind turbines throughout North America and Europe. 

ii. Data has previously been presented demonstrating a 10.7% average 

energy increase on a Vestas V82 turbine in Nebraska, USA over an 

eight-month period using a non-optimized control algorithm. 

iii. A Vindicator® LWS was also integrated with a Nordex N60 turbine 

Alberta, Canada, and additional data was gathered. 

iv. This report presents power and energy data from the V82 turbine, 

demonstrating 14% average energy increase over an 11-month period 

prior to the optimization program. 

v. It also presents the results of a preliminary optimization experiment on 

the same V82 turbine, demonstrating the ability to achieve a greater than 

20% average energy increase using a more optimized control algorithm. 

vi. Further, the results from the N60 turbine, demonstrating an 11.1% 

average energy increase by simply more accurately aligning the turbine 

with the wind, will be shown. 

vii. Finally, the average yaw error of these turbines will be shown, as well as 

those of other turbines on which the Vindicator
®

 LWS is installed, 

demonstrating that the average yaw error of these turbines using 

traditional wind measurement instrumentation is consistent across 

different makes and models of wind turbines and different sites. 

 

Figures 2.14 and 2.15 come from the Yaw Control: The Forgotten Controls 

Problem report, showing power versus yaw error at two different wind speed, 

and its authors state “it is further evident that there is, indeed, at least a cos³ 

dependency between loss of power and yaw misalignments between -20° and 

+20°.” 

Based on the studies of Catch The Wind’s Vindicator device, much of the 

estimated efficiency benefits appear to be related to a significant reduction in 

yaw error.  Obviously, a 20% increase in energy production would be a huge 
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benefit to the competitiveness of wind energy.  Even a 10% increase would 

have enormous value.  However, potential factors to consider for the 

achievement of such large improvements include the age, calibration, and 

overall accuracy of the sensors being used to control the turbines tested prior 

to installation of the Vindicator device.   

 

 

Figure 2.13:  Power vs. Yaw Angle for Wind Speeds between 7 and 8 m/s; 

Source: Figure 4(a) from Yaw Control: The Forgotten Controls Problem 

(Mamidipudi 2011).
 

 

 

Figure 2.14:  Power vs. Yaw Angle for Wind Speeds between 10 and 11 m/s; 

Source: Figure 4(b) from Yaw Control: The Forgotten Controls Problem 

(Mamidipudi 2011).
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C. Risø DTU / LM Glasfiber / NKT Photonics research project: 

 

LM Glasfiber (now LM Wind Power) is one of the largest manufacturers of 

wind turbine blades.  In 2010, they joined with Risø DTU and NKT Photoics 

in a test of a laser wind sensing system located in the spinner (also known as 

the hub or nosecone) of a wind turbine.  An LM Glasfiber press release 

included the following information regarding the potential use of Lidar 

integrated into the spinner and possibly the turbine blades: 

 

i. The test of the system successfully predicted wind direction, gusts and 

turbulence. 

 

ii. Objectives of the project included use of the laser system to “improve 

wind turbine load control during operation, improving overall turbine 

reliability by acting as an efficiency enhancement and operational 

lifetime-boosting measure.” 

 

iii. LM Glasfiber estimates this technology could increase energy yield by up 

to 5%, “primarily because it will be possible to use longer blades by 

maintaining the same wind turbine structural stress level.”  

 

The company’s Research Director stated: 

The company is seeking to improve rotor blade efficiency through 

development of intelligent blades that continuously measure the 

approaching wind and either adapt to these prevailing wind conditions or 

supply data to the wind turbine control system which can include 

integrating Lidar technology into the blades themselves.  Integrating 

Lidars into the blade enables us to measure the exact wind conditions to 

which these blades are exposed. And instead of realizing afterwards what 

the force upon a blade has been, we will be able to measure wind real-

time and either have the blade or the wind turbine react instantly. 
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D. First Wind / Wind Iris Lidar Case Study (NRG Systems 2014): 

 

In NRG Systems’ Wind Currents on-line publication dated January 2, 2014, 

an article discusses a case study in which First Wind used a Wind Iris Lidar 

mounted on the nacelle of a utility-scale turbine to correct yaw error.  The 

article includes the following statements: 

 

i. By detecting and accurately quantifying the yaw misalignment, we were 

able to correct the error and gain significant AEP improvement. 

 

ii. A Wind Iris was installed on a test wind turbine, and it collected wind 

speed and direction data ahead of the turbine for 30 days. Analysis of the 

data showed an average yaw error of 7 degrees. 

 

iii. A correction factor was then applied to the yaw measurement, and 15 

additional days of measurement using the Wind Iris revealed the yaw 

error had been eliminated.  

 

iv. By using data collected with the Wind Iris to eliminate the yaw error, the 

annual energy production (AEP) of the wind turbine increased by 1.8%. 

 

Figure 2.15 from the Wind Currents publication graphically depicts yaw 

error before and after use of the Wind Iris Lidar. 

 

 

Figure 2.15:  Yaw Error Before and After Use of Wind Iris Lidar; 

Source: Wind Currents article on First Wind / Wind Iris Lidar Case Study 

(NRG Systems 2014). 

http://windcurrents.nrgsystems.com/wp-content/uploads/2013/12/Distribution-of-the-10-minute-average-yaw-error-measured-before-and-after-correction.png
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2.6 The Impact of Resource Assessment Uncertainty on Cost of Capital 

 

As will be discussed in detail in Chapter 10 of this report, potential wind project 

investors and potential institutional lenders to wind projects both base their 

expected returns from investments or loans on the likelihood of begin repaid, 

including both a return of their original investment (or loan, in the case of debt 

providers) and a return on the investment.  Items that are perceived to increase the 

risk of not receiving the expected return can increase the investors’ minimum 

expected return on their investment or the interest rate on funds to be borrowed 

from lending institutions.  These same items also impact the amount of funds that 

lenders are willing to provide to wind energy projects.  Given the highly variable 

nature of wind and the ever-increasing size of wind turbines, both investors and 

lenders typically use meteorological consultants to analyze the thoroughness and 

accuracy of the project developer’s wind resource assessment campaign and the 

accuracy of the estimated Annual Energy Production (AEP) and associated 

revenue from sales of electricity.  The following papers or conference 

presentations provided insight into the potential impacts of wind resource 

uncertainty. 

 

A. The Financial Impact of Wind Plant Uncertainty, by Bruce Bailey, President 

of AWS Truepower, presented at the NAWEA Symposium, August 2013, in 

Boulder, Colorado. 

 

Mr. Bailey’s presentation discussed the concepts of P50, P90, P95, and P99, 

which are the annual energy production levels associated with various 

“probabilities of exceedance.”  For example, P50 refers to the expected long-

term annual average energy production, representing a value in which there is 

50% chance in any given year that actual energy production will be in excess 

of that amount and a 50% chance that it will be less than that amount, whereas 
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P95 is a significantly lower value than P50, and represents the value in which 

there is 95% chance in any given year that actual energy production will 

exceed and only a 5% chance that it will not.  

 

He indicates that potential equity investors use P50 to evaluate the expected 

Net Present Value (NPV) or Internal Rate of Return (IRR) for projects, while 

potential lenders focus on the P95 and P99 values to evaluate the project’s 

debt capacity.  Uncertainty about various factors tens to move P95 and P99 

further away from P50, and many of these factors are associated with the wind 

resource assessment process, including practices used for on-site 

measurements of wind, the extrapolation of wind data from the top level of a 

meteorological tower to a that planned height of the turbine hub using 

estimated wind shear coefficients, and wind flow modeling.  The presentation 

also discussed typical Debt Service Coverage Ratios (DSCR) used by lenders.  

A DSCR is the ratio of (Revenue – Operating Expense) to the annual debt 

payment.  Lenders run financial model cases based on these differing levels of 

annual energy production and typically require a minimum DSCR of 1.40 

when considering a P50 scenario, 1.20 for the P90 scenario, 1.10 for the P95 

scenario, and 1.00 for the P99 scenario.  Thus the P90, P95, or P99 energy 

production levels can end up controlling the amount of funds that lenders are 

willing to provide to wind projects.   Bail indicates that “Accurately predicting 

the wind resource and energy output ensures the long term fiscal health of the 

project” and that “Reducing uncertainty during development (i.e. better 

quality data & modeling, more measurements) can lead to risk reduction in 

eyes of lenders and increase debt capacity on the project.” 

 

B. Monetizing Uncertainty Reductions in Wind Resource Assessment, by Erik 

Hale of EDF Renewable Energy, presented at the AWEA Wind Resource and 

Project Energy Assessment Seminar, September 2012, in Pittsburg, 

Pennsylvania. 
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Mr. Hale’s presentation discussed a survey of various meteorological firms or 

consultants, and the potential sources of error or inaccuracy during the 

resource assessment process.  It also discussed the expected reduction to 

uncertainty gained through the use of Lidar, Sodar, more meteorological 

towers (met towers), and taller (i.e., hub height) met towers 
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CHAPTER 3 

SURVEY OF WIND ENERGY INDUSTRY REPRESENTATIVES 

 

3.1 Survey Overview 

 

As part of the research undertaken for this dissertation, a survey of representatives 

of the wind energy industry was completed asking questions about project 

performance and efficiency.  Thirty nine individuals responded to the survey 

request, but since respondents were encouraged to skip questions about subjects 

that they were not knowledgeable about, not all questions were answered by 

thirty-nine people.  

 

In Chapter 2, some of the studies and reports reviewed as part of the research for 

this dissertation were discussed.  Several of those dealt with discrepancies 

between energy production estimates made prior to construction of wind projects 

and the actual energy production after commercial operation commenced, while 

others dealt with potential anemometry issues creating inaccurate information.   

 

Four of the questions on the survey dealt with project efficiency, energy 

underproduction, and the accuracy of pre-construction energy production 

estimates. In general, the responses of the wind energy industry representatives to 

these questions corroborate many of the findings in the GH, DNV-GEC, and 

AWS reports discussing the discrepancies between energy production estimates 

and actual energy production.  The results from these four questions from the 

survey are discussed below, while the survey and a complete summary of its 

results are included as Appendix D to this report.   
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3.2 Questions Regarding Project Efficiency and Accuracy of Pre-Construction Energy 

Production Estimates 

 

One of the questions asked in the survey addressed the actual performance of the 

projects compared to the Annual Energy Production estimates prepared prior to 

the construction of the project, while another one asked if the company had 

undertaken studies to address poor performance or inefficiency.  As shown in 

Table 3.1, over 60% of the respondents indicated that their wind project(s) were 

not meeting energy production expectations, with 50% indicating that the 

percentage of underproduction was at least 2%, and 15% indicating that it was 

10% or greater.  This aligns with the results of the GH, DNV-GEC, and AWS 

studies discussed in Chapter 2. 

 

Table 3.1:  Results from Question 5 of Survey of Wind Industry Representatives 

 

After adjusting for or taking into account any curtailments due to transmission 

congestion, how has energy production from the project been on average as 

compared to Annual Energy Production (AEP) estimates prepared prior to 

construction of the project? 

 

Count Percent 

Exceeds expected AEP 4 12.5% 

Meets expected AEP 8 25.0% 

Slightly below expected AEP (less than 2%) 4 12.5% 

2 to 3.9% below AEP 5 15.6% 

4 to 5.9% below AEP 3 9.4% 

6 to 7.9% below AEP 3 9.4% 

8 to 9.9% below AEP 0 0.0% 

10 to 15% below AEP 4 12.5% 

Greater than 15% below expected AEP 1 3.1% 

Total 32 100.0% 
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As shown in Table 3.2, several of the companies had completed or were 

undertaking studies to identify potential sources of inefficiency or under- 

production, and the majority of those that had completed such studies had seen 

improvement.  Of note is the number of companies (just over one-fourth of 

respondents) that had not really evaluated sources of potential underperformance 

of their project.  However, if their project was performing above expectations, the 

company might not really see the need for a study to address underperformance. 

 

Table 3.2:  Results from Question 4 of Survey of Wind Industry 

Representatives 

 

Has your company taken an in-depth review of the project(s) performance to 

identify potential sources of inefficiency or reduced production? 

 

   
 

Count      Percent 

Yes, with an outcome of improved production 11 29.7% 

Yes, but improved production has not been detectable 5 13.5% 

Currently undertaking such an analysis 11 29.7% 

No 10 27.0% 

Total 37 100.0% 
 

    

When asked about ways to improve upon the accuracy of Annual Energy 

Production estimates, responses again produced several answers similar to the 

findings in the GH, DNV-GEC, and AWS studies, with responses leaning 

heavily toward improved wind data collection campaigns prior to construction 

and the need for improvements in computer simulation of wake losses and 

array effects. 
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Table 3.3:  Results from Question 9 of Survey of Wind Industry Representatives 

 

What is the number one thing that could improve the accuracy of Annual Energy 

Production (AEP) estimates made prior to the start of project construction? 
 

 

Improved wind data collection: longer, more locations, higher, 

improved correlation analysis 

 

 

11 

Increased accuracy in modeling wake losses and array effects, 

particularly for large arrays used in U.S. / measure wake 
 7 

Don't underestimate losses due to unavailability 1 

Accumulation of wind data regionally rather than looking at each 

project independently 
1 

Better understanding of shear, turbulence, and terrain effects 1 

Yaw misalignments do not seem to be a big issue as proven 

through rigorous data crunching to test the hypothesis. 
1 

Compare and reconcile proprietary and third party reports to find 

delta. 
1 

Decrease any estimates by 10% right off the start 1 

As built resource assessment 1 

Apply density specific power curves rather than applying a linear 

coefficient on a single power curve 
1 

Redundancy in the substation to avoid curtailments when 

reactive equipment fails 
1 

Wind forecasting / prediction 1 

Eliminate bias towards higher estimates that support favorable 

project economics 
1 

Reduced some, but not all, conservatism in modeling 

assumptions. 
1 

Independent Engineer too conservative on assumptions on 1 
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availability and general factors, reducing estimated AEP 

Better cooperation from turbine manufacturer 1 

Improve understanding the performance and behavior of existing 

plants 
1 

 

When asked about reasons that the project may not be meeting energy production 

expectations (other than curtailment due to transmission congestion), respondents 

again pointed to improper characterization of the wind resource and inaccurate 

modeling of turbulence and wake effects.  Other higher ranked responses which 

could be addressed through a project owner’s O&M practices included the time 

required to get a crane on-site, the availability of spare parts, and need for 

additional training. 
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Table 3.4:  Results from Question 7 of Survey of Wind Industry Representatives 
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3.3 Summary and Conclusions 

 

The responses of the wind energy industry representatives to my survey questions 

corroborate many of the findings in the GH, DNV-GEC, and AWS reports 

discussing the discrepancies between energy production estimates and actual 

energy production.  Over half of the respondents indicated that their wind 

project(s) were not meeting energy production expectations.  Studies to identify 

potential sources of inefficiency or underproduction at existing projects have been 

or are being performed, and the majority of these studies have resulted in 

improvements to energy production.  However, about one-fourth of the 

respondents indicated that underperformance or inefficiency at their project(s) had 

not been evaluated, although it could be that if their project was performing at or 

above expectations, the company might not really see the need for a study to 

address underperformance. 

 

Accurate pre-construction energy production estimates are needed in the wind 

energy industry so that potential investors and lenders to a proposed wind project 

will continue to have confidence in the projected financial performance of the 

project. If these estimates regularly turn out to be too optimistic after the wind 

projects begin operation, any future estimates will be viewed skeptically or as 

having a high degree of uncertainty or unreliability.  To investors and lenders, 

uncertainty means increased risk, and increased risk results in higher return 

expectations by both investors and lenders.  Thus, the accuracy of such forecasts 

is essential to continued investment in the industry at reasonable costs of capital. 

 

The survey further points to the need for improvements to wake modeling and the 

importance of long-term wind monitoring campaigns using multiple towers, taller 

meteorological towers, Sodar and/or Lidar. 
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CHAPTER 4 

GROWTH OF WIND ENERGY AND THE CHALLENGES IT FACES 

 

4.1 Wind Energy’s Growth and the Current Status of the PTC 

 

As mentioned at the beginning of this dissertation, installed wind generating 

capacity has grown rapidly in the United States over the last several years, and in 

2012 it was the largest source of new electric generation in the U.S.  Wind 

energy’s growth over the past decade has been spurred on by the Federal 

Renewable Energy Production Tax Credit (PTC) applicable to wind energy, 

which has helped make wind energy cost competitive with natural gas generation.  

However, at the time of this writing, unless a project was under construction at the 

end of 2013, new projects will not benefit from the PTC unless Congress chooses 

to reauthorize it. 

 

The PTC was first enacted as part of the Energy Policy Act of 1992, and has been 

extended several times in the past, but Congress has also allowed it to lapse on 

occasion.  It was scheduled to expire on December 31, 2012, but on that same 

day, Congress extended it through December 31, 2013.  However, a new 

provision was included allowing projects under construction on December 31, 

2013 to still qualify for the PTC even if not completed until sometime after that.  

Previously, all turbines in a given wind project had to be in operation at the time 

of the PTC expiration in order to qualify for PTCs after its expiration.   

 

As of the writing of this report, wind projects meeting the IRS definition of 

“under construction” as of December 31, 2013 can still qualify to receive PTCs 

upon commercial operation, but new wind projects not under construction as of 

that date would not qualify for PTCs unless Congress reauthorizes the PTC.  Note 

that in each of the three occasions that the PTC was previously allowed to lapse 

but later reauthorized, Congress made the effective date retroactive to the date 
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that the tax credit had expired. However, large Federal budget shortfalls, divisions 

in Congress, and opposition from competing industries all increase the potential 

that the PTC will not be re-authorized. 

 

4.2 Challenges to Wind Energy 

 

Wind energy is widely recognized as being one of the most environmentally 

benign forms of electricity generation.  However, detractors, competitors, or 

opponents of wind energy often use some of the following arguments to discount 

its potential to produce large percentages of our nation's electricity requirements 

in the future: 

 

A. Wind energy is not cost effective without subsidies. 

B. Wind energy produces very little energy during periods of high electricity 

usage when utilities need it the most. 

C. Wind energy provides virtually no capacity value to utilities due to its 

intermittent nature. 

D. Wind energy reduces the reliability of the electric grid. 

E. The best wind resources are located far from that nation’s largest electric load 

centers, requiring costly additions of new transmission lines. 

F. Major components of today's MW-scale wind turbines are failing at rates 

substantially higher than predicted. 

G. Wind energy increases overall emissions related to electric generation. 

H. Wind energy has its own environmental impacts including impact on the avian 

population, aesthetics, and noise. 
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Although some of these arguments have threads of truth, the detractors of wind 

energy tend to ignore many facts that refute such arguments.  Nevertheless, for 

wind energy to continue to grow rapidly, the reliability and cost-effectiveness of 

electricity generation from wind energy must be improved to the point where it’s 

success in the U.S. is no longer dependent upon Congress reauthorizing or 

extending the PTC. 

 

4.3 Sources and Uses of Energy and Electricity 

 

As a nation, the U.S. uses a lot of energy, and in most years, energy use increases.  

In recessionary periods such as 2008 through 2010, energy consumption may 

level off or even decline, but in general, when the economy grows, energy growth 

also goes up.  While the efficiency with which the U.S. uses this energy has 

increased over time, this improvement has not been able to offset overall growth 

in energy use.  Figure 4.1 from the Annual Energy Review 2011
 
(USEIA 2012) 

shows the growth of energy consumption in the U.S. over the past 60 years. 

 

Figure 4.1:  U.S. Energy Consumption in Quadrillion Btus (USEIA 2012). 

 

Figure 4.2 from the USEIA’s Annual Energy Outlook 2013 (2013) shows the 

declining use of energy per capita and per dollar of GDP in the U.S.  Much of this 

can be attributed to a transition to a service economy and improved energy 

efficiency, although there is little doubt that much more can be done in terms of 

energy efficiency and conservation.  While energy consumption per capita in the 
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U.S. has declined by about 10% since 1980, that nation is still one of the world’s 

leaders in terms of energy use per capita.  Note the decline in energy use per 

capita in 2009-2010, which is likely due to the economic recession experienced in 

the U.S.  Energy consumption per dollar of GDP (as adjusted to 2005 constant 

dollars) has improved by almost 50%.   

 

 

Figure 4.2:  U.S. Energy Use Per Capita and Per 2005 Dollar of Gross Domestic 

Product, Indexed to 1980; Source:  USEIA Annual Energy Outlook 2013 (USEIA 

2013). 

 

As shown in Figure 4.3, also from the USEIA's Annual Energy Review 2011, 

(2012), the U.S. consumed 97.3 quadrillion Btu’s (or quads) of energy in 2011, 

which is down from a peak of 101.4 quads of energy consumed in the U.S. during 

2007, reflecting the impact that an economic recession can have on energy use 

and the increased efficiency with which the U.S. has been using energy. 

Petroleum was the largest source of energy used in the United States, followed by 

natural gas and coal.  About 36 percent, or 35.3 quads, of the energy consumed in 

the U.S. came from petroleum, with 71 percent of that being used for 

transportation purposes.  Note that only about 1 percent is used to produce electric 
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power, so increased use of wind energy for electric power generation may have 

little direct impact on imports or use of petroleum.   

 

 

Figure 4.3:  U.S. Primary Energy Flow by Source and Sector, 2011 in 

Quadrillion Btus (USEIA 2012). 

 

About 92 percent of the 19.7 quads of coal consumed in the U.S. is used to make 

electric power.  This is a huge source of carbon dioxide emissions in the U.S., as 

well as several other pollutants including sulfur dioxide, nitrous oxide, mercury, 

and particulate matter.  About 31 percent of the 24.8 quads of natural gas 

consumed in the U.S. is used to make electric power, with significant percentages 

of natural gas being consumed directly in the industrial, residential, and 

commercial sectors.  Natural gas also is responsible for large amounts of carbon 

dioxide emissions in the U.S., although it is generally considered to be much 

cleaner source of energy than coal.  

 

One can also see that renewable energy only accounted for 9.1 quads of energy 

used in the United States during 2011, representing only about 9 percent of all 
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energy consumption, with 54 percent of renewable energy being used for electric 

power generation.  This is, however, up from the 8.0 quads of renewable energy 

used in 2010.  About 13 percent of electricity consumed in the U.S. during 2011 

came from renewable sources of energy. 

 

Turning our attention from the supply side to the demand side of Figure 4.3, one 

can also see that petroleum provides 93 percent of energy used in the 

transportation sector, with natural gas accounting for 3 percent and sources of 

renewable energy, such as ethanol, accounting for only 4 percent.  Not 

surprisingly, nuclear energy does not provide any energy for transportation 

purposes, although as electric and hybrid-electric cars become more prevalent, 

one can make the case that even nuclear energy will be used for transportation 

purposes.   

 

As stated above, renewable energy only accounted for about 9 percent of total 

energy consumed based on Btu value, which is in fact not significantly changed 

from the percentage of the nation’s total energy use than renewable energy 

contributed 60 years ago.  As shown in Table 4.1, based on data through 2012 

available from the US-EIA’s website, renewable energy accounted for 8.0 percent 

of energy in 1952, compared to 9.3 percent in 2012.  One of the primary causes of 

this lack of progress is that hydroelectric generation, which accounts for a 

significant proportion of the renewable energy generation in the U.S., has seen 

very little new capacity constructed in the past four decades.  On the other hand, 

as shown in Table 4.2, production of electricity from wind energy and solar 

energy in the U.S. has grown rapidly in recent years, with wind energy growing at 

an annualized rate in excess of 21 percent since 1992 and 29 percent since 2002, 

and solar energy averaging in excess of a 14 percent growth rate since 2002.  

Solar energy production in the U.S. continued to grow rapidly in 2013, with the 

Solar Energy Industries Association expecting final 2013 numbers to show about 

a 27 percent increase in installations over the previous year. 
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Hydroelectric generating capacity has remained fairly constant for many years, 

but electricity production from this resource may increase or decrease noticeably 

from year to year due to changes in the amount of rainfall, particularly in 

locations where large amounts of hydroelectric capacity exist, such as the 

northwest U.S.  The use of biofuels, such as ethanol, has also shown rapid growth 

rates in recent years, with the majority of its use being in the transportation sector. 

If the United States is going to markedly increase the proportion of its energy 

coming from renewable sources, continued rapid growth in the non-hydro 

renewable energy sectors of wind, solar, and biomass energy will be required.  

 

Table 4.1:  U.S. Energy Consumption (1952 to 2012) in Billions of Btu.  (Walker 

and Swift, 2014), Based on data from USEIA website, Sources and Uses of 

Energy.
 

 

 

Electric power generation, where wind energy will make its largest contribution, 

accounted for 39.3 quads of energy use in 2011, or about 40 percent of the 

nation’s energy use. Coal, nuclear energy, and natural gas are currently the fuel 

source for most of our nation’s demand for electricity, accounting for 46 percent, 

21 percent, and 20 percent, respectively.  The U.S. has abundant reserves of coal 
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and lignite, but the use of coal for electricity generation also presents the largest 

environmental issues.   

Table 4.2:  Consumption of Renewable Energy (1952 to 2012) in Billions of Btu.  

Source:  (Walker and Swift, 2014, Based on data from USEIA website, Sources 

and Uses of Energy. 

 

 

As shown in Table 4.3, renewable resources were used to about 12.2 percent of 

U.S. electric needs in 2012, with hydroelectric generation accounting for most of 

that.  Sixty years ago, the U.S. obtained about one-third of its electricity from 

hydroelectric generation, but virtually none from other sources of renewable 

energy.  The good news in the information reflected in Tables 4.2 and 4.3 is that 

non-hydro sources of renewable energy are finally starting to make a measurable 

contribution, accounting for almost 5.4 percent in 2012.  In fact, during 2012, 

additions of new wind generating capacity exceeded new additions of any other 

type of resource, accounting for about 44 percent of all new electric generation 

capacity installed in the U.S. that year. 
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Table 4.3:  Percentage of U.S. Electric Generation by Fuel Source, 2003 to 2012.  

Source:  (Walker and Swift, 2014), Based on data from USEIA website, Sources 

and Uses of Energy. 

 

 

4.4 Can Wind Energy Really Play a Significant Role in Meeting U.S. Energy Needs? 

 

While growing fairly rapidly in recent years, wind energy generation still 

represents a relatively small fraction of the United States’ sources of electric 

generation, and until recent years was almost negligible.  Wind energy was first 

used for electricity production in 1887, with the construction of a 12 kW wind 

turbine by Charles Brush in Cleveland, Ohio, but wind energy accounted for less 

than 1% of annual electricity generation in the United States until 2008, as 

reflected in Table 4.4 below, and only contributed 3.5% in 2012.   However, the 

U.S. wind industry experienced rapid growth in installed wind generation capacity 

from 2005 through 2012, exceeding 60 GW of installed wind generation capacity 

in the U.S. by the end of 2012.   
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Table 4.4:  Electricity Generation in the United States (Megawatt-hours); Source:  

(Walker and Swift, 2014), Based on data from USEIA website, Sources and Uses 

of Energy.
 

 

 

As shown in Figure 4.4, based on data from quarterly and annual market reports 

from the American Wind Energy Association (AWEA), installed wind power 

capacity grew very slowly from 1988 to 2000, but has shown an exceptional rate 

of growth since that time.  The red bars in this graph represent new installations 

occurring during that calendar year, whereas the top of the black bars represents 

cumulative installed capacity in the U.S.  Note the significant drop-off in new 

installations in 2010, compared to 2009.  Obviously 2010 was a disappointing 

year for the U.S. wind energy industry, as the global economic recession, low 

natural gas prices, and transmission congestion in the windiest U.S. states 

combined to create a significant drop-off in wind energy installations.  Even with 

this decline in wind energy installations in the United States during 2010, the 

average annual growth rate of wind-generated electricity in the U.S. has been in 

excess of 21 percent since 1992 and in excess of 29 percent since 2002. 
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Figure 4.4:  Installed Wind Power Capacity in the United States through End of 

2012.  Source: (Walker and Swift, 2014), Based on data from AWEA Quarterly 

Market Reports. 

 

Even the 14 percent annual increase in total installed capacity during 2010 is still 

the type of growth many industries would covet, particularly in a recessionary 

period.  2007, 2008, and 2009 were all banner years for the wind industry, with 

total installed capacity increasing by 45 percent, 50 percent, and 39 percent, 

respectively.  2012 saw the largest amount of new U.S. wind generation 

installations ever with 13,124 MW, representing a 28% increase in cumulative 

installed capacity. However, final numbers for 2013 will no doubt show a huge 

drop-off in wind energy installations which is attributable to Congress’ failure to 

extend the PTC until the very last day of 2012.  Due to the uncertainty that this 

caused, most wind project developers did not order turbines for U.S. projects after 
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the middle of 2012, resulting in very few wind capacity additions in the first three 

quarters of 2013. 

 

While wind generation in the U.S. exceeded 60 GW by the end of 2012, China 

has overtaken the U.S. as the world leader in terms of total installed wind 

generation capacity and will probably be rapidly pulling away in coming years.  

Globally, wind capacity exceeded 282 GW in 2012, and has had an annual growth 

rate of about 30 percent over the past decade.  Due to increased diversity of 

political and regulatory environments across many nations, global growth of the 

wind energy industry has been much steadier than that experienced in the U.S. 

alone. 

 

The primary contributors to the improved economics and desirability of wind 

energy after the year 2000 include the following: 

 

A. Larger and more reliable turbines were developed 

 

B. Rising costs of natural gas and coal 

 

C. Natural gas price volatility 

 

D. Increasing public concern about global climate change caused by carbon 

dioxide emissions from fossil fuel plans, and concern by utility companies that 

state governments or the Federal government may limit emissions of carbon 

dioxide or place a tax upon such emission 

 

E. Increasing regulation of emissions such as sulfur dioxide, nitrous oxide, and 

mercury from coal-fired plants, or nitrous oxide from gas-fired plants 
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F. Improved understanding of the impacts that large-scale wind generation can 

have on the electric grid, and improvements in wind turbine technology 

making it more compatible with the electric grid 

 

G. Electricity market rules and operating protocols more conducive to the 

interconnection of non-utility generators such as most wind projects, and 

 

H. Improved understanding of our nation’s wind resources, including locations 

that have the best wind resource and wind forecasting technologies that help 

utilities plan for fluctuations in wind energy production. 

 

In July 2008, the U.S. DOE published its report entitled 20% Wind Energy by 

2030 (U.S. DOE 2008) which examined the costs, technical issues, challenges, 

and key impacts of generating 20 percent of our nation's electricity from wind 

energy by the year 2030.   

 

As shown in Figure 4.5, the report estimated that about 306 GW of wind 

generation would be needed by 2030 to reach the 20% target, with peak annual 

installations reaching 16,000 MW per year in 2022.  Therefore, based on the 

American Wind Energy Association's estimate of 60,007 MW of installed wind 

generation capacity in the U.S. at the end of 2012, wind capacity would need to 

increase at an annual average growth rate of about 9.5 percent between 2012 and 

2030, a percentage that should be achievable given the growth rate over the past 

ten years.  The 60 GW existing at the end of 2012 indicates that the U.S. is 

substantially ahead of the pace envisioned by the authors of 20% Wind Energy by 

2030. 
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Figure 4.5:  Projected Annual and Cumulative Wind Installations Needed to 

Achieve 20% of Nation’s Electricity from Wind by 2030; Source:  20% Wind by 

2030 (U.S. DOE 2008). 

 

4.5 Integrating Intermittent Resources Such as Wind Energy into the Electric System 

 

One of the issues frequently brought up when discussing large-scale integration of 

wind energy into our national electricity grid is its intermittent nature.  Questions 

often raised may include: 

 

A. What happens when the wind stops blowing? 

 

B. Can there be too much wind energy being produced, such as during a wind 

storm? 

 

C. Can electricity from wind turbines be stored? 
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D. Don't you need an equal amount of conventional generators to back up wind 

energy? 

 

For many decades, the electric grid has dealt with fluctuating electric loads and 

power plants that unexpectedly stop producing energy.  Thus the issues created by 

large-scale integration of wind energy are not necessarily unique or ones that grid 

operators are not capable of handling.  Operators of the electric grid traditionally 

have planned to carry sufficient reserves of generation capacity to allow for the 

largest generator in the fleet they manage to unexpectedly trip off line without 

taking down the entire grid.  Quite often, the largest units are nuclear power plants 

in the range of 1,000 MW to 1,200 MW. 

 

In addition, electric load can fluctuate dramatically over the course of a day, 

particularly during periods of very hot or very cold weather, or when cold fronts 

blow into an area.  Again, the grid operator has effectively dealt with these 

conditions for many decades.  Figure 4.5 depicts electric load during the course of 

a typical weekday in August in a southern state such as Texas, New Mexico, or 

Arizona, and the type of generating resources that an electric utility might use to 

meet the load.  Demand for electricity is low during the early morning and late 

night hours, but begins to grow as lights are turned on, people arrive at the office 

or factory, and the heat of the day requires the use of air conditioners.   

 

An electric utility’s annual peak load in the Southwest U.S. typically occurs 

around 4:00 p.m. or 5:00 p.m. on a hot afternoon sometime during the summer 

months.  As load grows throughout the course of the day, the electric utility will 

bring on more and more generating plants.  Nuclear and most coal-fired plants are 

not designed to be frequently cycled; instead, operators prefer to bring them on-

line and keep output levels fairly constant for long periods of time.  These are 

often referred to as “base-load units.”   
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Figure 4.6: Resources Used to Meet Electric Load as it Changes Throughout the 

Day  

 

On the other hand, most modern natural gas generators are designed to allow their 

output to change either up or down very quickly as demand for electricity 

changes. While some very efficient natural gas plants may be operated as base-

load units, particularly when natural gas prices are low, natural gas plants are 

generally categorized as “peaking units.” Hydroelectric power plants may fall 

somewhere in the middle between base-load and peaking, depending upon 

individual circumstances such as predictability of rainfall and the intended use of 

the lakes created by the dam that the hydroelectric facility is attached to, such as 

flood control or recreational purposes. 

 

In Figure 4.6, production from base-load coal generation and nuclear generation, 

represented as grey and red respectively, usually stays fairly consistent throughout 

the day.  The green area represents wind energy, and it will generally be more 

variable than coal or nuclear generation, and its highest periods of production may 

not align well with the utility’s peak load periods.  To meet the remaining demand 
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for electricity, electric utilities will typically use natural gas-fired generators, 

depicted as the orange area in the figure below, and these same plants are also 

called upon to react to fluctuations in wind generation output.  This can be done 

cost effectively when gas prices are low and if modern, efficient gas-fired units 

are available, but can become very costly in periods of high gas prices or when 

very high demand for electricity requires the use of older, inefficient units.   

 

Not surprisingly, the marginal cost of electric generation will follow a similar 

pattern throughout the day.  The marginal cost starts out low when the most cost 

effective generation is being used to produce electricity, but begins to rise as less 

cost effective generation resources have to be brought on line to meet the rising 

demand for electricity, as illustrated in Figure 4.7. 

 

 

Figure 4.7:  Variation of Electricity Prices throughout the Day.  Data Source:  

ERCOT Marginal Clearing Price of Energy, 2007. 
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CHAPTER 5 

THE ECONOMICS AND COMPETITIVE POSITION OF WIND ENERGY 

 

5.1 The Relationship between Wind Energy’s Value and the Cost of Natural Gas 

 

Modern natural gas-fired generators can change output either up or down fairly 

rapidly, and thus it is these generators that are most often used to meet peak load 

requirements and to adjust to changes in electricity load and for fluctuations in 

output of other generating sources such as wind energy.  Since natural gas-fired 

power plants are predominately the generation resource used to balance the 

fluctuations in wind energy production, much of the value of wind energy is 

considered as "the value of fuel not burned." Therefore, in many regions of the 

country, the price that electric utilities will be willing to pay for wind energy is 

highly correlated to the cost of natural gas. This is especially true in the ERCOT 

electricity region, where natural gas fuels close to one-half of electric generation.   

 

As shown in Figure 5.1, based on Sources and Uses of Energy data from the U.S. 

EIA’s website, the cost of natural gas is highly variable.  When the price of 

natural gas is high for sustained periods of time, demand for new wind power 

purchase agreements by electric utilities is usually also high, but when gas prices 

are low, it is significantly more difficult to find a willing long-term purchaser of 

wind energy.  Figure 5.1 also depicts the currently low price of natural gas.  While 

gas prices have historically been volatile, the increasing production of shale gas 

and the potential for importing liquefied natural gas may help suppress the price 

of natural gas for some time to come.   Also note the difference of roughly 

$1/1000 cubic feet of gas between the price of natural gas at the wellhead as 

compared to the delivered cost of gas to the power plant.  This difference can be 

attributed to the cost of pipelines necessary to transport the natural gas.  It is 

important to account for the cost of delivering natural gas when making 

comparisons of the cost of wind energy to the cost of electricity produced using 
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natural gas.  Also note that natural gas prices are sometimes quoted in $ per1000 

cubic feet (or $/mcf) and at other times in $ per million Btu (or $/MMBtu).  To 

convert $/mcf to $/MMBtu, simply divide $/mcf by 1.023. 

 

 

Figure 5.1: Monthly Average Price of Natural Gas at the Wellhead and for 

Electric Generation ($/1000 Cubic Feet). Source: (Walker and Swift, 2014), 

Based on data from US-EIA website, Sources and Uses of Energy. 

 

The relationship between natural gas prices and the incremental cost of electricity 

can be clearly seen in Figure 2.2 below depicting the relationship between 

electricity prices, as reflected by the Market Clearing Price of Electricity (MCPE) 

in the part of Texas surrounding Dallas-Fort Worth and the price of natural gas.  

A 12-month rolling average was computed for both prices from January 2007 

through November 2010, and it is clear that the two are strongly correlated.  Note 

that ERCOT changed from a zonal electricity pricing system to a nodal pricing 

system after November 2010. 
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Figure 5.2:  ERCOT North Zone Marginal Clearing Price of Electricity versus 

Henry Hub Natural Gas Price (12 month rolling averages).  Source:  (Walker and 

Swift, 2014), Based on data from ERCOT and US-EIA websites. 

 

In addition to the relatively low cost of natural gas, the efficiency of the fleet of 

natural gas-fired power plants has steadily improved over the past ten years.  

Statistics in U.S. EIA's Electric Power 2012
 
(U.S. EIA 2013) show that in 2001 it 

took an average of 10,051 Btu's to produce one kWh, whereas in 2012, it only 

took an average of 8,039 Btu's, representing an efficiency improvement of 20%.   

 

  

$0.00

$2.00

$4.00

$6.00

$8.00

$10.00

$0.00

$20.00

$40.00

$60.00

$80.00

$100.00

Ja
n
-0

7

A
p
r-

0
7

Ju
l-

0
7

O
ct

-0
7

Ja
n
-0

8

A
p
r-

0
8

Ju
l-

0
8

O
ct

-0
8

Ja
n
-0

9

A
p
r-

0
9

Ju
l-

0
9

O
ct

-0
9

Ja
n
-1

0

A
p
r-

1
0

Ju
l-

1
0

O
ct

-1
0

North Zone Henry Hub Natural Gas Price



Texas Tech University, Richard P. Walker, May 2014 

62 
  

Table 5.1: Average Operating Heat Rate of U.S. Electric Generators (Btu/kWh).  

Source: (Walker and Swift, 2014), Based on Table 8.1 from US-EIA’s Electric 

Power 2012 (U.S. EIA 2013). 

 

 

Much of this improvement is due to the retirement of older, simple cycle steam 

generators with high heat rates (i.e., low efficiency), and the increased use of 

efficient, combined cycle gas-fired units.  The following table, also based on U.S. 

EIA's Electric Power 2012, shows the difference in heat rate of different methods 

for using natural gas to produce electricity.  In periods of low natural gas prices 

such as the last five years, a highly efficient combined cycle plant may be 

operated as a base-load unit much like coal-fired power plants or nuclear power 

plants are operated. 

 

Table 5.2: Average Operating Heat Rate of Natural Gas-fired Generators 

(Btu/kWh).  Source: (Walker and Swift, 2014), Based on Table 8.2 from US-

EIA’s Electric Power 2012 (U.S. EIA 2013). 

 



Texas Tech University, Richard P. Walker, May 2014 

63 
  

 

Since the value of wind energy to the electric utility is largely based on the 

displacement of natural gas and any variable operations and maintenance 

expenses associated with operating the gas-fired unit, the combination of low 

natural gas prices and significantly improved natural gas plant efficiencies makes 

it imperative that wind energy technology keep pace with natural gas generation 

in terms of improving its efficiency and providing high value to electric utilities. 

 

Wind energy purchases by an electric utility can reduce the variable cost 

component of natural gas generation, but may not significantly reduce the fixed 

costs associated with natural gas generation, at least in the short term.  For 

purposes of this comparison of the cost of wind energy to the cost of natural gas 

generation, only the variable costs of natural gas generation is considered, or 

essentially fuel cost and some small amount of variable O&M, estimated at $5 per 

MWh in this analysis, based on USEIA's report Updated Capital Cost Estimates 

for Electricity Generation Plants
 
(U.S. EIA 2010) which estimates variable, non-

fuel O&M costs for conventional combined cycle units to be $3.43 per MWh and 

$14.70 per MWh for conventional combustion turbines.  Figure 5.3 shows the 

estimated variable cost of energy from natural gas-fired generation as a function 

of natural gas prices. Key assumptions used include a heat rate of 8,000 Btu’s per 

kWh and non-fuel variable O&M expense of $5/MWh. 
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Figure 5.3:  Estimated Variable Cost of Natural Gas Generation as a Function of 

Natural Gas Prices. Source: R. Walker based on data from US-EIA’s Updated 

Capital Cost Estimates for Electricity Generation Plants (U.S. EIA 2010). 

 

5.2 The Impact of Capacity Factor and the Federal Renewable Energy Production Tax 

Credit on the Economics of Wind Energy 
 

The cost of energy from a wind energy project is a function of many factors, but 

some of the principle ones include (1) quality of the wind resource as translated 

into the net capacity factor of the project, (2) pricing of turbines and other 

materials needed for the project, which may be strongly correlated to the price of 

such commodities such as steel or aluminum, (3) tax rates, including state or 

federal income taxes, and county property or ad valorem taxes, which may 

sometimes be abated as an enticement for construction of a wind project in the 

county, and (4) tax benefits applicable to the project at the time it is constructed, 

such as the federal Production Tax Credit (PTC), accelerated depreciation for tax 

purposes, or “bonus” depreciation rules that are sometimes enacted by Congress 

to encourage investment in certain sectors of the economy. 

 



Texas Tech University, Richard P. Walker, May 2014 

65 
  

Figure 5.4 reflects an estimated “break even” or minimum acceptable price for 

sales of wind energy needed for a project to be viable based on various expected 

annual average net capacity factors, based on the output of a pro forma model that 

was developed for this research.    The black line reflects the break-even price 

assuming the PTC is available, and the red line reflects the break-even price 

without the tax benefits of the PTC.   

 

Key assumptions used in both scenarios include the following: 

 

A. 250 MW project size at an installed cost of $1.6 million per MW of 

nameplate capacity (includes roads, electrical collection system, O&M 

building, substation, etc…) 

 

B. 2.0% ad valorem tax rate with no tax abatements 

 

C. 5-year MACRS depreciation of wind plant, assuming commercial 

operation in the 4
th

 quarter of the year, with no bonus depreciation 

 

D. Combined state and federal income tax rate of 35% 

 

E. Minimum return on equity of 12.0% 

 

F. 2.0% annual escalation of the energy sales price and 2.0% annual inflation 

of operating expenses. 
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Figure 5.4:  Estimated Break Even Price of Wind Energy in $ per MWh as a 

Function of the Expected Average Annual Net Capacity Factor.  Source: (Walker 

and Swift, 2014). 

 

One can easily see that the availability of the PTC allows the sales price of energy 

to be reduced by about $20 per MWh.  Thus, if Congress chooses not implement 

further extensions of the PTC, this will significantly impact the cost 

competiveness of wind energy. 

 

Note that the input and assumptions pages as well as the output from the pro 

forma financial model used to produce Figure 5.3 is included as Appendix C to 

this report.  The “base case” that will be referred to several times throughout this 

report will reflect the same assumptions as those listed above the figure plus a 

40% net capacity factor and $30.12 per MWh energy sales price, or the “break 

even” price of wind energy with the PTC. 

 

Figure 5.4 also clear demonstrates how the net capacity factor of a wind project 

has a huge impact in its resulting Cost of Energy (COE).  Likewise, capacity 

factor will also affect the economics of all other types of electric generation. 
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Table 5.3 shows average capacity factors of power plants in the United States by 

fuel source during 2012.  As one can see, the average capacity factor of all wind 

plants in the U.S. is shown as 30.6%, considerable less than the 40% net capacity 

factor used as the base case in the researcher’s pro forma financial model.  

However, the 30.6% value reflects projects all over the U.S., projects of all ages 

and turbine sizes, and transmission curtailment of wind projects in some parts of 

the country.  With the larger rotors and taller hub heights in today’s state-of-the-

art wind turbines, net capacity factors can approach or exceed 50% in the windiest 

regions of the U.S.  As shown in Figure 5.4, when net capacity factors of wind 

plants start to approach 50%, the resulting cost of energy with the PTC in effect is 

in the range of $20 to $25 per MWh, making it highly competitive with any other 

form of electricity generation.  Figure 5.5 taken from DOE’s 2012 Wind 

Technologies Market Report (Wiser et al. 2013) supports this assertion, showing a 

number of Power Purchase Agreements with prices in this range. 

 

Table 5.3 Average Capacity Factors of U.S. Electric Generators by Fuel Type in 

2012. (Source: (Walker and Swift, 2014), Based on data from US-EIA’s Electric 

Power 2012
 
(U.S. EIA 2013). 

 

Average Capacity 

Fuel Type           Factor (%)____        

Nuclear      86.2 

Geothermal     70.9 

Coal      55.0 

Biomass     54.8 

Hydroelectric     40.0 

Natural Gas     33.3 

Wind      30.6 

Solar      21.0 

 

As discussed earlier in this section, older, less efficient natural gas generators are being 

replaced with more efficient combined cycle plants.  However, since many of the older, 
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inefficient plants have not yet been retired, the above table reflects that natural gas 

generation averages out to have only a 33.3% capacity factor, but a new, efficient 

combined cycle unit is likely to have a substantially higher capacity factor than this.  In 

fact, in periods of low gas prices, they may be operated as base-load generation units with 

capacity factors of 60 to 80%. 

 

 

Figure 5.5  Levelized Wind PPA Prices by PPA Execution Date and Region. Source:  

Figure 32 from the 2012 Wind Technologies Market Report
 
(Wiser et al. 2013). 

 

5.3 Comparing the Cost of Wind Energy to the Variable Cost of Natural Gas 

Generation 

 

As discussed in Section 5.1, natural gas-fired power plants are predominately the 

generation resource used to balance the fluctuations in wind energy production, or 

one may think of it as the typical type of power plants that are turned off or used 

less when the wind is blowing.  Thus much of the value of wind energy is 

considered as "the value of fuel not burned" with the fuel usually being natural 

gas. While there are other attributes of wind energy that a utility might value 

(discussed in more detail in Section 5.7), such as long-term price stability or 

wind’s positive environmental attributes, the marginal cost of operating a natural 

gas-fired power plant can serve as an indicator of the minimum price a utility 

might be willing to pay for wind energy. 
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As shown in Figure 5.6, by combining a graph of the cost of wind energy as a 

function of net capacity factor (as earlier reflected in Figure 5.4) with the cost of 

energy (COE) from natural gas generation as a function of the price of natural gas 

(as earlier reflected in Figure 5.5), one can estimate the capacity factor of a wind 

energy project needed for the wind plant to be cost competitive given some price 

of natural gas.  Note that the estimated COE of the wind plant reflected in Figure 

5.6 assumes that the project does qualify for PTCs.  Later in this section, Figure 

5.12 depicts the cost of wind energy without the benefit of PTCs. 

 

 

Figure 5.6  Estimated Wind Plant Capacity Factor Needed to be Cost Competitive with 

Natural Gas-Fired Generation (Walker and Swift, 2014) 

 

For example, as shown in Figure 5.7, if one believes the long-term price of natural 

gas will average $3.00 per MMBtu, then the marginal cost of electricity from a 

fairly efficient natural gas-fired power plant (having a heat rate of 8,000 Btu per 

kWh) would be about $30 per MWh.  To obtain an estimated cost of energy of 

$30 per MWh or lower would thus require the wind plant to have a net capacity 
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factor of 40% or greater.  As shown in Figure 5.1, the cost of natural gas delivered 

to power plants are closer to $4 per MMBtu over the past year, suggesting that 

wind projects with net capacity factors of about 35% or greater should be cost 

competitive with natural gas generation, provided that they qualify for PTCs. 

 

 

 

Figure 5.7  Example Showing that a Wind Plant Capacity Factor of 40% is Needed to be 

Cost Competitive to be Cost Competitive with Natural Gas-Fired Generation when the 

Price of Natural Gas is $3.00 per MMBtu. 

 

5.4 Subsidies or Incentives for Wind Energy and other Forms of Energy 

 

Figure 5.4 clearly shows the impact that the Federal Production Tax Credit (PTC) 

has on the price of electricity.  One of the most frequent assertions by detractors 

of wind energy is that “wind energy is not competitive without subsidies.”  This 

section attempts to address the reasons behind the PTC and to dispel any 

supposition that wind energy is the only form of energy production receiving 

subsidies or support from the government. 
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Governments wanting to boost some sector of the economy, such as farming, 

housing, energy, or manufacturing, may offer financial incentives to attract 

additional investment into that economic sector.  Examples of such incentives can 

include investment tax credits, income tax credits or deductions, accelerated 

depreciation for tax purposes, or ad valorem tax abatements.  Governments may 

also promote industries by allocating funds for research and development that can 

make those industries more competitive.  In the United States, there are literally 

thousands of financial incentives available for various sectors of the economy that 

legislators have chosen to support, wind energy being just one of many. 

 

Since the enactment of the Energy Policy Act of 1992 by the U.S. Congress, the 

Federal renewable energy PTC has provided an incentive for investors to invest in 

renewable energy projects.  The PTC has been a large reason for the rapid growth 

of wind energy, but it has also created some issues or problems for the wind 

energy industry.   Like many Federal tax credits, Congress must periodically 

reauthorize or extend them, but in 1999, 2001, and 2003, it failed to extend them 

in a timely manner, causing new construction of wind projects to dramatically 

decline until such time as Congress was able to get around to extending the PTC.  

While Congress did extend the credit retroactively each time to the date on which 

the PTC expired, wind project developers were hesitant to commit to the projects 

without knowing for certain that Congress would do so. 

 

One can clearly see in Figure 5.8 the "down years" of 2000, 2002, and 2004 when 

wind project construction in the U.S. came to a virtual standstill.  Each time, this 

was a direct result of lapses in the PTC.  While such lapses or the impending 

expiration of the PTC are difficult for wind developers to deal with, it is even 

harder for wind turbine manufacturers with plants located in the U.S. to deal with.  

Project developers usually stop placing turbine orders for their U.S. projects 

several months in advance of any pending expiration of the PTC, which often 
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results in turbine manufacturers shutting down their plants for long periods and 

laying off of employees. 

 

 

Figure 5.8:  Impact of Lapse in PTC on New Wind Power Installations in the 

U.S. (Walker and Swift, 2014). 

 

When implemented in 1992, the PTC provided for a tax credit of 1.5¢ per 

kilowatt-hour (kWh) for wind energy produced during the first ten years of a wind 

project.  The 1.5¢ per kWh escalates with the rate of inflation.  In May 2013, the 

U.S. Internal Revenue Service issued its annual notice of the inflation adjustment 

factor applicable to the Production Tax Credit, indicating that the adjustment 

would be 1.5063, resulting in a PTC value of 2.3¢ per kWh in 2013.  Note that the 

IRS rounds the value to the nearest 0.1¢ per kWh. 

 

There are many reasons that governments may want to support the increased use 

of wind energy and other renewable sources of energy including reducing 

dependence on energy imports, promoting rural economic development, reducing 

energy price volatility, improving air quality, and addressing concerns about 
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global climate change.  In the U.S., virtually every energy technology is supported 

in one way or another by the federal government.  Wind energy is no exception, 

nor should it be.   

 

Tables 5.4 and Table 5.5 from the U.S. Energy Information Administration’s 

report entitled Direct Federal Financial Interventions and Subsidies in Energy in 

Fiscal Year 2010 (U.S. EIA 2011) show the amount of federal support received 

by various energy technologies. As shown in Table 5.4, in FY 2007, fossil fuels 

received more support than all renewable sources of energy.  Among renewable 

energy sources, biofuels were the largest recipient of federal support, while wind 

energy received only 2.65% of the energy-specific subsidies and support in FY 

2007.  As shown in Table 5.5, in FY 2010, wind energy received almost $5 

billion, or about 13.4% of the total energy-specific subsidies.  This is, however, 

somewhat misleading since the majority of this support was related to the 

American Recovery & Reinvestment Act (ARRA) of 2009.  ARRA included a 

provision allowing owners of a wind energy project to take advantage of a 30% 

Investment Tax Credit or a 30% cash grant from the U.S. Treasury in lieu of 

receiving the Production Tax Credit over a 10-year period.  Thus, federal support 

of wind energy other than ARRA-related items amounted to only about 0.6% of 

non-ARRA-related energy specific subsidies and support in 2010. 
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Table 5.4: Quantified Energy-Specific Subsidies and Support by Type, Fiscal 

Year 2007 (million 2010 dollars), Table ES2 from Direct Federal Financial 

Interventions and Subsidies in Energy in Fiscal Year 2010 (U.S. EIA 2011). 
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Table 5.5: Quantified Energy-Specific Subsidies and Support by Type, Fiscal 

Year 2010 (million 2010 dollars), Table ES2 from Direct Federal Financial 

Interventions and Subsidies in Energy in Fiscal Year 2010 (U.S. EIA 2011). 

 

 

 

In addition, as shown in Figure 5.9 from the a March 2013 testimony of a Senior 

Advisor in the Congressional Budget Office regarding Federal Financial Support 

for Development and Production of Fuels and Energy Technologies (U.S. EIA 

2011),
 
fossil fuels have received the lion’s share of federal support for several 

decades.  It was not until 2008 when federal support of renewable energy began to 

exceed the amount directed toward fossil fuels.   
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Figure 5.9:  Cost of Energy-Related Tax Preferences, by Type of Fuel or 

Technology; in Billions of 2013 Dollars (Dinan 2013). 

 

In September 2011, Nancy Pfund and Ben Healey with a venture capital fund 

called DBL Investors issued a paper titled What Would Jefferson Do?
 
(Pfund and 

Healey, 2011) in which they reported the results of their analysis of historic levels 

of energy subsidies.  Two of the more interesting charts included in that paper are 

shown as Figures 5.10 and 5.11.   

 

 

Figure 5.10:  Estimated Cumulative Historical Federal Subsidies of Various 

Types of Energy (Pfund and Healey, 2011). 
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According to their work, oil and gas has received over 75 times the level of 

support that renewable energy has, when historic expenditures are adjusted to 

2010 dollars, while nuclear energy has received over 31 times the level of support 

for renewable. Since the paper does not have the detail needed to verify these 

findings, the accuracy of this information could be questioned, but there is little 

doubt that fossil fuels and nuclear energy have received huge levels of federal 

support in the past.  Yet it is these same industries that probably complain the 

loudest about federal support for renewable energy. 

 

 

Figure 5.11:  Estimated Historical Average of Annual Energy Subsidies (Pfund 

and Healey, 2011). 

 

5.5 Environmental Externalities 

 

In addition to direct subsidies or incentives offered by governments, there are 

other societal costs of electricity generation that may not be reflected in the cost 

of electricity paid by the consumer.  For example, owners of fossil-fueled power 

plants rarely are required to pay for the release of emissions into the atmosphere 

provided they stay below any government mandated rate of emissions.  These 
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emissions, however, can impose a cost on society.  Particulate matter from a coal-

fired power plant goes out the smokestack and into the air, but eventually comes 

back down near the Earth's surface where it may be inhaled by an asthmatic 

person, further complicating his or her medical condition.  Thus there is a societal 

cost, or "environmental externalities", such as increased medical expenses, 

associated with releases of emissions into the atmosphere, but in the vast majority 

of cases, the company releasing the emissions does not have to pay for the right to 

emit.   

 

Opponents of wind energy may even argue that its use imposes environmental 

externalities on those living near wind turbines.  This could be in the form of 

noise or visual aesthetics.  However, assuming that environmental externalities 

could be accurately quantified for fossil fuels, nuclear energy, and renewable 

sources of energy, there is little doubt that impacts caused by fossil fuels would be 

many times greater than impacts from wind energy or other renewable energy 

sources.   

 

According to a somewhat dated publication by the USEIA titled Electricity 

Generation and Environmental Externalities (U.S. EIA 1995), several state utility 

regulatory commissions require utility companies to consider environmental 

externalities in the form of air emissions in their generation planning processes, 

and seven of them (California, Massachusetts, Minnesota, Nevada, New York, 

Oregon, and Wisconsin) specify monetary valuations by the type and amount of 

emissions. 

 

5.6 Cost Competitiveness of Wind Energy without the Production Tax Credit 

 

While proponents of wind energy can argue that almost all competing forms of 

electricity production also receive some type of government incentive, support, or 

tax break, the reality of the matter is that there is some chance that the wind 
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energy PTC could go away while incentives for other means of electricity 

generation remain in place.  Thus, it is critical that the wind energy industry fully 

comprehend its competitive position in the electricity marketplace both with and 

without the PTC. Figure 5.12 shows a comparison of the cost of wind energy if 

the PTC is not available to the variable cost component of natural gas-fired 

generation.  

  

 

Figure 5.12:  Comparison of the Cost of Wind Energy without the PTC to the 

Variable Cost of Natural Gas Generation 

 

One can see that a wind project without receiving PTCs and having with a net 

capacity factor of 40% would need to sell its energy for about $49 per MWh, 

which would roughly equate to a natural gas price of $5.50 per MMBtu.  While 

natural gas prices have exceeded this level for short periods of time in the recent 

past, the large volumes of shale gas currently being produced in the U.S. may 

keep natural gas prices below this level for an extended period of time into the 

future.   This highlights the importance of and need for continued efforts to 

improve the efficiency of wind generation. 
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5.7 Other Benefits of Wind Energy Not Quantified in this Analysis 

 

While the above comparisons base wind energy’s value on the avoidance of 

variable costs associated with natural gas generation, there are other benefits to 

wind energy not included in this analysis which utilities may be willing to pay for.  

These include: 

 

A. Price Stability:  Wind energy prices can be established with reasonable 

accuracy for the expected life of the turbines, and thus wind project 

owners have been willing to lock in sales prices for 20 or 25 year periods.  

Given the high variability of natural gas prices, it is much less likely that a 

utility seeking to purchase power could lock in the price of electricity from 

natural gas plants for this period of time. 

 

B. Value of Renewable Energy Credits:  Due to the large number of states 

that have implemented Renewable Electricity Standards (RES) or 

Renewable Portfolio Standards (RPS), there is an active market for 

Renewable Energy Credits (RECs). 

 

C. Hedge Against Carbon Taxes or Carbon Caps:  Many utility executives 

believe that Congress will at some point enact a national carbon tax or 

carbon cap, and thus are actively trying to add clean energy resources to 

their portfolio, and thus may be willing to pay some premium for energy 

from these cleaner resources. 

 

D. Keeps Natural Gas Prices Lower:  As aging coal-fired and nuclear power 

plants are retired, natural gas-fired generation, wind energy, and solar 

energy will be the primary sources of replacement electricity.  Natural gas 

is also used by many consumers to heat their home and water, and is also 

becoming a more frequent source of transportation fuel.  Large-scale 
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additions of wind generating capacity will help reduce the demand on 

natural gas, and due to the laws of supply and demand, will thus help keep 

the price of natural gas down for electric generation and residential, 

commercial, and industrial consumers of natural gas. 

 

E. Customer Preference / Public Support:  Surveys of electric utility 

customers or the general populace consistently reflect a strong preference 

for the increased use of renewable energy sources.   

 

 A May 2012 survey of over 1,500 individuals performed by Texas 

A&M University regarding national opinion on energy issues
 

(Pappas 2012) noted the following results: 

 

o “59 percent of Americans support increased funding for 

research and development of renewable energy sources” 

 

o “60 percent support tax cuts for companies to develop 

renewable energy technologies” 

 

 Similarly, a March 2012 Gallup Poll
 
(Jones 2012) found that 

“Americans are nearly twice as likely to say the United States 

should put greater emphasis on the development of alternative 

energy supplies such as wind and solar power (59%) as to say the 

U.S. should emphasize production of more oil, gas, and coal 

supplies (34%).”   
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5.9 Summary 

 

Three of the most important factors impacting the cost competitiveness of wind 

energy are (1) net capacity factor of wind projects, which technological advances, 

larger rotor sizes, and taller hub heights have significantly improved upon, (2) 

natural gas prices (specifically, the delivered price to gas-fired power plants), 

which can be volatile but which are currently low in the U.S. due in part to large 

volumes of shale gas being produced, and (3) the Federal renewable energy 

Production Tax Credit applicable to wind energy, which is currently only 

available to projects completed before December 31, 2013, or which were under 

construction on that date. 

 

Factors which contribute to the demand for wind energy even when gas prices are 

low and/or the PTC is not available to wind energy include (1) state RPS or RES 

policies, which the majority of U.S. states have implemented, (2) continued 

concerns about global climate change related to the greenhouse gases produced by 

burning fossil fuels, and (3) high levels of public support for increasing the use of 

fossil fuels to meet our energy needs. 

 

While wind energy is clearly cost competitive in many regions of the U.S. when 

projects qualify for PTCs, it seems far less certain that the industry can sustain the 

growth rate it has experienced over the past decade if Congress chooses not to 

extend the PTC in the future.  Thus, it is critical that the wind energy industry 

focus on improving the efficiency and cost effectiveness of wind energy through 

technological improvements, advanced material sciences, innovative financing 

mechanisms, and better wind resource characterization. 
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CHAPTER 6 

IDENTIFYING POTENTIAL AREAS FOR IMPROVING EFFICIENCY IN THE 

CONVERSION OF WIND INTO ELECTRICITY 

              

6.1 The Wind Power Formula 

 

In order to begin identifying technologies, turbine components or operating 

protocols for improving the efficiency and cost effectiveness of wind generation, 

one must first begin with an understanding of how wind is converted into 

electricity.  The “Wind Power Formula” can be used to calculate the expected 

electrical production given information about the wind turbine, wind speed and air 

density.  In the following sections, the components of this formula will be 

discussed with emphasis on identifying potential areas for improving the 

efficiency of wind generation. 

 

The power output from a wind turbine is a function of several factors including 

wind speed, the density of the air, the area swept by the turbine rotor, the 

efficiency of the rotor in capturing the power in the wind, the orientation of the 

turbine rotor relative to the direction of the wind, and the efficiency of the 

turbine’s gearbox and generator in converting mechanical energy into electrical 

energy.   Thus, power output at a given point in time can be estimated using the 

widely-used Wind Power Formula, as shown below: 

 

Power =    0.5    ρ    V
3 
  Swept Area    Cp      εGen    εGB   

    or 

Power =    0.5    ρ    V
3 
 πR²    Cp      εGen    εGB   

 



Texas Tech University, Richard P. Walker, May 2014 

84 
  

where:  

 

 Power = instantaneous electrical production as measured in watts 

 Cp  =  Coefficient of Performance (also sometimes referred to as the 

Coefficient of Power or Power Coefficient) = the percentage 

of  power in the wind that is converted into mechanical 

energy 

 ρ =  air density at the location the turbine is installed in kg/m
3
  

 R =  distance from center of rotor to end of blade in meters 

 V =  wind velocity in meters per second 

 εGen  =  the efficiency of the generator (sometimes shown as ηGen) 

 εGB  =  the efficiency of the gearbox (sometimes shown as ηGB) 

 

Note that air density is a function of temperature, relative humidity, and 

barometric pressure, which are constantly changing; therefore, having this 

information would be expected to provide more accurate results than just using a 

single value for air density.  When such information is not available, as is often 

the case, one can use a constant value for air density based on the elevation of the 

wind turbine site since, in general, the density of air decreases with altitude.  Also 

note that the efficiency of the generator and the gearbox will vary depending upon 

output.  For example, at lower wind speeds or low output levels, the generator 

may only be 90% efficient, whereas at full output the generator may be 95% 

efficient or better. 

 

  



Texas Tech University, Richard P. Walker, May 2014 

85 
  

To calculate air density based on measured data for temperature, barometric 

pressure, and relative humidity, one can use the following method: 

 

      Pd   Pv 

ρ  = air density in kg/m³ =            _________       +       ___________ 

 

                Rd  T   Rv  T 

 

where:   

 

 Pd  = partial pressure of dry air in Pascals = P - Pv 

 Pv    = pressure of water vapor = relative humidity  Psat 

 P    = barometric pressure in Pascals 

 Rd  = specific gas constant for dry air = 287.058 J/(kg·K)  

 Rv  = specific gas constant for water vapor = 461.495 J/(kg·K) 

 T    = temperature in °K = 273.15 + °C 

 Psat = saturation vapor pressure =  6.1078  10 
((7.5  T - 2048.625)/(T - 35.385))

 

 

Another factor that may affect a turbine’s power output is referred to as “yaw 

error” which means that the turbine rotor is not aligned exactly perpendicularly to 

the wind direction.  Since wind direction is constantly changing, one can readily 

see that the turbine is frequently a few degrees off of perpendicular, and if the 

wind direction changes substantially over a very short period of time, turbines can 

be many degrees out of alignment.  The effect of yaw error on generated energy 

will be discussed in much greater detail later in this study. 
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6.2 Validating the Wind Power Formula / Validating Turbine Performance 

 

Wind turbine manufacturers can estimate the performance of their turbine designs 

based on the wind power formula, but they also will subject their turbines to a 

series of performance tests in a variety of wind conditions before publicly 

releasing the power curve associated with a particular turbine model.  Shown in 

Figure 6.1 is the power curve found on the website of Vestas, the Danish wind 

turbine manufacturer, for their 3.0 MW, V90 turbine model.   

 

 

Figure 6.1:  Power Curve for 3.0 MW Vestas V90 Wind Turbine.  Source:  

Vestas website
 

 

Such power curves are normally published based on air density at sea level (1.225 

kg/m³), although most manufacturers will also provide tabular power curve data 

adjusted for different air densities to potential customers considering the purchase 

of turbines.  In addition, as noted in the figure below, power curves may differ for 

models or operating modes designed to produce less turbine noise.   
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A power curve such as that shown in Figure 6.1 can be divided into the following 

"regions" as illustrated in Figure 6.2: 

 

 Region I:  Wind speeds too low to produce power (generally under 3 or 4 

mps) 

 

 Region IIa:  Power output begins and ramps up with blades at "full angle of 

attack" 

 

 Region IIb:  Power output still less than rated capacity, but blades begin to 

pitch slightly in transition to Region III; this is the region in which the turbine 

blades are exposed to the highest loading 

 

 Region III:  Turbine is producing at rated capacity and blade pitch angle is 

increased at progressively higher wind speeds  

 

 Region IV:  Turbine shuts down in high wind conditions by pitching blades to 

"full-feather" in order to prevent damage to turbine components  (typically at 

winds in excess of 25 mps) 

 

The wind power formula can be used to calculate an estimated power curve for a 

particular turbine model by using a few assumptions.  The coefficient of 

performance, or Cp, for the best designed blades is usually somewhere in the 

range of 0.48 to 0.50 at a near-zero blade pitch angle occurring in Region IIa.  

Mechanical losses through the gearbox typically range between 4 and 6%, while 

electrical losses through the turbine generator and padmount transformer also 

typically range between 4 and 6%.  Table 6.1 below shows an Excel spreadsheet 

used to compare the estimated output of the Vestas V90 at various wind speeds 

compared to the power curve found on the Vestas website.   Figure 6.3 then 
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shows a plot comparing the two, and one can readily see how closely the wind 

power formula compares to the power curve-based output determined during 

performance testing of the turbine. 

 

Figure 6.2:  Power Curve Regions. Source of Power Curve: Vestas website
 

 

 

  

Region 

I 
Region IIa Region III 

Region 

IV 

Region 

IIb 
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Table 6.1:  Comparison of Turbine Output Calculated Using Wind Power 

Formula versus Manufacturer's Power Curve.  Source: R. Walker 

 

 

As one can see, the power output rapidly increases due to the wind speed being 

cubed, and would far exceed the rated capacity of the turbine if the Coefficient of 

Performance (Cp) did not begin to change at around 12 mps.  Most modern 

turbines change the pitch angle of the blades to begin reducing Cp, but a 

technique called stall regulation can also be used.  Stall regulation relies on 

aerodynamic blade designs that cause the turbine to begin to stall at higher wind 

speeds rather than pitching the blades. 
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Figure 6.3:  Comparison of Turbine Output Calculated Using Wind Power 

Formula versus Manufacturer's Power Curve.  Source: R. Walker 

 

A wind turbine manufacturer will validate or verify the accuracy of the turbine’s 

power curve before beginning sales of a turbine model by taking thousands of 

field measurements comparing turbine output to data collected from one or more 

meteorological towers located near to the turbine, as dictated by IEC Standard 

61400.  The thousands of points are then normalized to adjust for differences in 

temperature and air density and then plotted on a graph of power output versus 

wind speed.  The curve that best fits the data would then be selected as the 

manufacturer’s power curve. 

 

6.3 Approximating the Financial Value of Improving Efficiency 

 

Efficiency improvements within the wind energy industry can come in a variety 

of forms.  The overarching objective of improving efficiency is to reduce the cost 

Calculated Power 

Curve Using Wind 

Power Formula 

Manufacturer’s 

Power Curve 



Texas Tech University, Richard P. Walker, May 2014 

91 
  

of energy produced by wind energy projects, thus making them more competitive 

with traditional forms of electricity generation.  

 

Some examples of various types of turbine performance or turbine array 

improvements are: 

 

A. Aerodynamic improvements to the turbine blade increasing the percentage of 

energy captured in the swept area; 

 

B. Mechanical or electrical improvements in the drive train that reduce the 

amount of losses incurred while converting power in the wind to electricity; 

 

C. Optimized turbine spacing designs that minimize energy losses and 

destructive forces on downwind turbines while also recognizing and 

accounting for the increased costs of roads, collection system, and property 

rights. 

 

Other types of improvements may focus on costs, which can also increase the 

competitiveness of wind energy.  Examples of this include: 

 

A. Operational improvements reducing the project’s O&M costs; 

 

B. Selection of the optimal combination of hub height and blade length reflecting 

the value of increased energy production as offset by increased costs of taller 

towers and longer blades; or 

 

C. Improved designs of turbines and towers that minimize material costs for 

steel, concrete, copper, or fiberglass while still maintaining the structural 

integrity needed to ensure the turbine will last 20-plus years. 
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In order to provide an idea of the financial value that efficiency improvements can 

provide to a wind project, the pro forma model used to develop Figure 3.4 was 

modified.  The “base case” model assumed 250 MW wind farm, a 40.00% Net 

Capacity Factor, and a capital cost of $1.606 million per MW.  By reducing the 

assumed energy sales price lower and lower until the model results in an expected 

Net Present Value of $0 and an expected return on equity investment of 12.0% 

(the minimum acceptable return assumed in this analysis), one can determine that 

the minimum acceptable energy sales price in Year 1 would be $30.12 per MWh 

(escalating at 2% annually).  The base case model is included in Appendix C to 

this report.   

 

Next, an “improved case” model was developed simply by changing one 

assumption, which in this case was an assumption that the Net Capacity Factor 

increases to 40.40%, which could be due some type of efficiency improvement to 

the turbine or due to operational practices such as increasing staffing at the site.  

Keeping the assumed energy sales price the same as used in the base case then 

results in an expected Net Present Value of $2.77 million over the expected life of 

the project and an expected return on investment of 12.4% as reflected in Table 

6.1. 
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Table 6.2:  Estimated Increase in Net Present Value Resulting From a 1% 

Efficiency Improvement to a 250 MW Wind Project.  Source:  R. Walker 

financial model 

 

 

Thus, an estimate of the financial value of a 1% improvement in the productivity 

of a 250 MW wind farm is $2.77 million, assuming that the 1% improvement 

continues over the life of the project.  One can readily see the huge financial 

impact that such efficiency improvements can have on a large wind energy 

project’s bottom line. 

 

6.4 Potential Areas for Improving Turbine Efficiency 

 

From the wind power formula outlined in Section 6.1, one can readily identify 

several potential targets for improving the efficiency of wind generation.  These 

include: 
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A. Improving the Coefficient of Performance (Cp):  A German physicist named 

Albert Betz calculated that the maximum percentage of kinetic energy in the 

wind that can be captured by a wind turbine was 59.3%, and this value is now 

referred to as the Betz Limit.  In practice, the best designed wind turbine rotor 

sets have only reached from 48% to 50% capture of energy in the wind, so it 

is conceivable that additional improvements in the design of turbine blades 

can be achieved.  Very small changes in the pitch angle of the blades can have 

a dramatic impact on Cp, and thus blade pitch is the most effective means to 

prevent turbines from producing too much power in high wind speed 

conditions.  However, this can also be a large source of inefficiency if pitch 

angles are even slightly off from optimal.   

 

Yaw error (i.e., the difference between the direction that the turbine is 

pointing and the direction that the wind is coming from at a given point in 

time) can also reduce Cp, as illustrated in Figures 2.8 and 2.9 in the Literature 

Review section.  The investigation of the potential impact of yaw error was 

one of the primary areas of research for this dissertation. 

 

B. Increasing wind velocity through better site selection and resource 

characterization:  Since power output is a cubic function of wind speed, this is 

obviously an area that can yield significant results.  Publicly available wind 

maps produced by AWS Truepower for NREL and found on the NREL 

website show that excellent wind sites in Texas, such as those which may be 

found in Briscoe, Floyd, Castro, or Carson Counties, can have average annual 

wind speeds at 80 meters of 9.0 to 9.5 mps.  Applying a Rayleigh Distribution 

based on an average annual wind speed of 9.0 mps and average air density of 

1.134 kg/m³ (2,500 feet above sea level) to the power curve for a Vestas V-

100 turbine results in a Gross Capacity Factor of 58.5%.  Assuming 15% 

losses, this results in a 49.7% Net Capacity Factor.    
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On the other hand, the wind maps for Pennsylvania indicate the best wind 

speeds there might average 6.5 to 7.0 mps at 80 meters above ground.  

Applying a Rayleigh Distribution based on an average annual wind speed of 

7.0 mps and average air density of 1.134 kg/m³ (2,500 feet above sea level) to 

the power curve for a Vestas V-100 turbine results in a Gross Capacity Factor 

of 43.0%.  Assuming 15% losses, this results in a 36.5% Net Capacity Factor.  

This represents 26.6% less energy production through the course of the year 

when compared to the excellent sites in Texas.     

 

While nature’s forces will dictate overall wind speeds, the project developer 

can help maximize the feasibility of a project by identifying the windiest 

project areas and turbine locations in a given region and selecting the optimal 

tower height and rotor size. Since wind speed generally increases with height 

above ground, the increasing height of wind turbines has produced 

significantly improved capacity factors.  This increase in wind speed with 

elevation above ground is commonly referred to as vertical wind shear.     

 

Wind turbines have increased substantially in height, with commercially-

available models reaching heights of 198 meters above ground. Yet most 

meteorological towers in use today are 80 meters or less in height.  The 

customary method used to estimate wind speeds at elevations above that 

actually measured is to measure wind speed at two or more lower levels and 

then to extrapolate up to the assumed turbine hub height based on the 

difference in wind speeds between the various levels actually measured.  The 

two most common methods for this extrapolation are the power law and the 

log law.  This method, however, introduces error or uncertainty into AEP 

estimates. Since uncertainty in the AEP estimate equates to risk for investors 

and lenders, this can result in a higher cost of capital and a higher cost of 

energy.  
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Fortunately, better equipment and tools for assessing wind speeds at higher 

elevations are becoming commonplace, including the use of taller 

meteorological towers and technologies such as Sodar and Lidar systems.  Use 

of these types of tools in combination with alternatives in turbine hub height 

thus allow developers of wind energy projects to determine the optimum 

turbine hub height, i.e., the one which provides the best balance between 

increased wind speed at greater heights and the increased cost of higher 

towers and larger foundations. 

 

Another major focus of this research is on how improving the characterization 

of wind resources can reduce uncertainty in the energy production forecast, 

which can translate to a lower cost of capital, reduced cost of energy, and 

more cost-effective wind projects.  

 

C. Increasing wind velocity by using taller towers/hub height: As mentioned, 

wind turbines have increased substantially in height, with commercially-

available models reaching heights of 198 meters above ground. Most turbine 

manufacturers now offer multiple choices in turbine hub heights, as well as 

choices in length of blades.  As shown in Figure 6.4, the overall height of 

wind turbines has increased substantially over the past 15 years, resulting in 

higher average annual hub height wind speeds and significantly more power 

output.  The goal is to find the combination of height and blade length that 

optimizes the financial performance of the project when considering offsetting 

factors such as the increased cost of taller towers, longer blades, larger 

foundations, and bigger equipment required to install such massive turbines. 

 

D. Larger rotor diameters optimized for a given site:  Since swept area and the 

resulting power output are functions of the square of the rotor's diameter, 

increasing blade length is another obvious way to improve energy production 

from wind turbines.  In the past, wind turbine manufacturers may have only 
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offered one choice in blade lengths for a given turbine rating (in kW or MW), 

whereas now many manufacturers have two or three choices in blade lengths 

for a given turbine rating.  Longer blades obviously will cost more than 

shorter blades, and they may also not be appropriate for areas with high 

average annual wind speeds or where extreme wind conditions may occur, 

such as in areas subject to hurricane force winds.  But these longer blade 

turbine models have helped make wind energy viable in many regions of the 

country with lower wind speeds such as Illinois, Indiana, or Pennsylvania. A 

later section of this report addresses the costs versus benefits of taller hub 

heights and larger rotor diameters. 

 

 
 

Figure 6.4:  Growth of Turbine Size in Recent Years.  Source: R. Walker 

 

E. Improving efficiency of the gearbox:  The turbine’s gearbox, which is also 

sometimes referred to as the transmission, transfers the mechanical power 

from the rotor to the generator, increasing the rotational speed from that most 

efficient for the rotor (typically 15 to 20 rpm) to speeds more efficient for the 

generator (typically 1200 to 1800 rpm).   Burton et al (2011)
 
states that 

“Gearbox efficiency can vary between about 95 percent and 98 percent, 
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depending on the relative number of epicyclic and parallel shaft states and on 

the type of lubrication.”   

 

F. Elimination of the gearbox:  Some wind turbine manufacturers produce direct 

drive wind turbines in which the low speed shaft from the turbine rotor 

connects directly to the turbine’s generator without the use of a gearbox, and 

several others are considering or testing such designs.   The generator turns at 

the same speed of the rotor, which varies depending upon wind velocity.  To 

produce 50 Hz or 60 Hz power as used in most of the world’s electric grids, 

the number of pole pairs in the generator is significantly increased, from the 4 

to 6 customarily used in turbines with gearboxes to 100 or more, and through 

the use of a power electronics convertor to level out variation caused by the 

constantly changing wind speeds.  By eliminating the gearbox, the installed 

cost of the turbine may be reduced and one of the most problematic and costly 

O&M issues is eliminated.  In addition, the efficiency losses through the 

gearbox are eliminated. 

 

G. Reducing losses through the generator and power electronics:  The generator 

converts mechanical, rotating power from the gearbox, or from the rotor in the 

case of a direct drive turbine, into electrical energy. Energy can be lost in the 

form of mechanical losses due to friction in bearings or electrical losses 

through the iron-based core of the generator and its copper wiring. Energy 

losses attributable to the generator may amount to 3 to 6% (Muljadi 2006), 

worth thousands of dollars over the expected life of the turbine.  Therefore, 

minimizing these losses can increase profits and efficiency of the project.  The 

development of improvements such as variable speed generators, power 

electronics, and doubly-fed induction generators has not only increased the 

efficiency of converting mechanical power into electrical power, it has also 

resulted in improved power quality from wind turbines, or in other words, 

electrical power that is easier to integrate into the electric transmission grid.   
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Most state-of-the-art wind turbines now utilize power electronics to enable 

variable speed technology, which can make the turbine more “grid friendly” 

and can also increase the efficiency of the turbine by allowing the rotational 

speed of the rotor to constantly adjust in order to optimize the tip speed ratio 

and Cp, particularly at lower wind speeds when the turbine has not yet 

reached its rated capacity.  Power electronics technology continues to evolve 

rapidly, but it is always wise to consider the amount of electrical losses which 

occur through the power electronics when selecting the most cost effective 

turbine for a project. 

 

H. Reducing losses between the generator and transformer and in the 

transformer:  Electricity coming out of the generator is typically at 575 volts 

to 690 volts, and a step-up transformer is used to raise voltage to something 

like 12,700 volts, 25,000 volts, or 34,500 volts, so that the electricity can be 

transported over distances up to several miles to the project substation.  

Electrical losses will occur in the step-up or padmount transformer, with 

losses amounting to 0.25 to 0.75% (Muljadi 2006), and thus need to be 

considered by the project developer.  One can choose an inefficient 

transformer with low upfront costs, or one can choose a more efficient 

transformer that may cost more to purchase but which may reduce electrical 

losses worth thousands of dollars over the expected life of the turbine.   

 

The size and length of the low-voltage cable between the generator and the 

transformer will also affect losses.  Higher electrical losses will occur in a 

given sized cable operated at low voltage as opposed to the same cable being 

used at a higher voltage; thus, one of the ways that turbine manufacturers can 

reduce electrical losses is to place the step-up transformer as close to the 

generator as possible, which in some cases means placing it inside the turbine 

nacelle instead of at the tower base.  While this is not the most common case, 
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certainly placing the transformers not located in the nacelle as near to the base 

of the tower as possible makes sense.  In addition, economic analysis can be 

useful in selecting the size of the low-voltage cable coming down from the 

nacelle to a padmount transformer located at the tower base, optimizing the 

higher cost of larger cable against increased revenues resulting from lower 

electrical losses. 

 

6.5 Concepts of Gross Capacity Factor and Net Capacity Factor  

 

By applying the “wind power formula” discussed in Section 6.1 to measured or 

extrapolated wind speeds at a given location throughout a year (typically reported 

as 10-minute averages), one can estimate the gross annual energy production from 

a wind turbine.  Doing so would include assumptions that there are not turbulence 

or wake effects from other turbines, that the blades remain clean or un-degraded 

throughout the year, that the turbine never needs to be shut down for maintenance, 

that the electric transmission grid is always available and that transmission 

capacity is always sufficient to move power from the project to market.  The 

estimated Gross Capacity Factor would then be the estimated gross annual energy 

production divided by the energy that would be produced if the turbine ran at 

rated capacity at all times throughout the year.  Excellent wind energy sites may 

have expected Gross Capacity Factors of 50 percent or greater. 

 

In reality, however, turbines will periodically need to be shut down for planned 

maintenance, forced outages, transmission curtailments, or substation 

maintenance, and the aerodynamics of the turbine blades can be affected by 

soiling (bugs, dirt, or grease), by icing, or by degradation caused by damage 

during construction, by excessive forces on the blade, or from large hail stones 

striking the blades. 
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In addition, there are other losses or inefficiencies introduced when turbines are 

grouped together, as opposed to installing a single turbine away from others, and 

when the electricity from the turbine is converted to a higher voltage and/or 

transported to some central locations such as the project substation.  The 

purchaser of the wind energy from a project will typically only pay for electricity 

actually delivered to some point, and this point is often the “high-side” of the 

project substation, meaning the point at which power from the wind energy 

project is finally raised to the same voltage of the transmission line the project is 

interconnected to.  Accordingly, the electric meter used by the seller and 

purchaser of the power to base the power sales payments upon is normally placed 

at the high-side of the project substation. 

 

The project developer will want to know the estimated amount of energy sales 

that future revenues will be based on, and thus needs to account for the additional 

types of losses described above during the project layout and engineering design 

phases in order to maximize financial returns from the project.  The estimated 

energy production of the project that can actually be sold, after accounting for all 

these types of losses or reductions to actual energy produced, is called the 

project’s estimated net annual energy production, and the estimated Net Capacity 

Factor would then be the estimated net annual energy production divided by the 

energy that would be produced if all of the turbines in the project ran at their rated 

capacity at all times throughout the year.  Excellent wind energy sites may have 

expected Net Capacity Factors of 40 percent or greater. 

 

6.6 Loss Factors Considered in the Calculation of Net Capacity Factor 

 

As one goes from estimating energy produced from a single wind turbine to 

energy produced by a multi-turbine wind plant, many factors have to be 

considered.  This is done by a process of calculating a Net Capacity Factor for the 

project starting with the estimated Gross Capacity Factor for each turbine.  
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For instance, electricity produced from a turbine goes into a padmount 

transformer located in the nacelle of the turbine or at the base of the turbine, then 

into the project’s electrical collection system (typically at some distribution level 

voltage such as 34.5 kV), through step-up transformers located at the project’s 

substation, and then into the electric transmission grid at a higher voltage such as 

69 kV, 138 kV, 230 kV, or 345 kV.  There are electrical losses in the collection 

system, in the transformers, and in transmission lines.  All of these losses have to 

be estimated and accounted for. 

 

Another example would be wake losses or array effects caused by the use of 

multiple turbines instead of a single turbine.  One wind turbine located upwind of 

a second wind turbine will effectively block some of the wind that would 

otherwise be available to the second turbine, thus reducing the amount of energy 

that would be produced by the second turbine.  The list of factors that one should 

consider in calculating the estimated Net Capacity Factor of a wind plant or an 

array of wind turbines can include: 

 

A. Electrical losses occurring between the turbines and the point of electricity 

sales (or “the meter”):  These can amount to 1.5 to 3% of gross energy 

production, and will vary by the efficiency of the transformers used to step the 

voltage up both at the turbine and at the project substation, the size and/or 

electrical resistance of the conductor used in the collection system, the 

distance electricity must travel within the wind plant and to the transmission 

grid, the voltage selected for the collection system, and the voltage of the 

transmission line the plant is interconnected to.  In general, choosing more 

efficient transformers and conductor for the project will increase capital costs 

but reduce electrical losses over the life of the project, so optimizing the 

electrical design of the project requires close cooperation between engineers 

designing the project and financial modelers that can calculate the cost 
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tradeoff between higher initial capital cost and lower electrical losses over the 

life of the project. 

 

B. Internal energy consumption:  Electricity is required by the project to power 

FAA warning lights on the turbines, turbine yaw motors, and the lights, air 

conditioners, and computers in the project O&M building.  In periods of low 

wind speed, the project may use more electricity than it is producing, and 

depending upon state regulations, the project may actually have to purchase 

electricity from a supplier different than the purchaser of electricity produced 

by the wind project.  This aspect probably has limited opportunity for 

improvement. 

 

C. Wake effects:  Wake effects are no doubt one of the largest causes of lost 

energy production in wind energy arrays. And it’s also possibly one of the 

least understood.  Wind turbines were often laid out based on “rule-of-thumb” 

spacing considerations, such as 3 times the rotor diameter between turbines 

within rows (in the direction perpendicular to the prevailing wind direction) 

and 10 times the rotor diameter between rows (in the direction parallel to the 

prevailing wind direction).   

 

According to a paper by Garrad Hassan (Schlez et al.), “the decrease in energy 

yield or increase in array losses arising from wake effects ranges typically 

from 5% to over 15% depending on the wind farm layout.”  Wake effects can 

include external sources, such as surrounding topography, trees, or buildings 

and internal wake effects caused by surrounding wind turbines.  In addition, if 

future wind projects may be sited adjacent to or nearby the project currently 

being designed, one may want to include some consideration of this possible 

impact.  In general, internal wake effects can be reduced by spacing turbines 

further apart.  However, the benefits of reducing internal wake effects needs to 

be balanced against the increased costs that greater spacing of turbines will 
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cause including land lease costs, more road to construction, longer segments 

of the electrical collection system, and possibly greater electrical losses.  Once 

again, optimizing turbine spacing requires close cooperation between 

engineers designing the project and financial modelers that can calculate the 

cost tradeoffs. 

 

As discussed in the next chapter, the wind energy industry has recognized that 

the energy production estimates being made prior to construction of wind 

projects were consistently turning out to be higher than the projects actually 

produced once commercial operation began, with actual project performance 

averaging between 87% and 91% of the P-50 estimates (DNV-KEMA 2013), 

P-50 referring to the estimated average annual production.  Studies by DNV 

(Jones 2008), Garrad Hassan (Johnson et al. 2008) and AWS Truewind 

(White 2008) all indicated that wake losses that were higher than modeled 

were one of the primary contributing factors to this problem.  One of the 

primary focuses of research at Texas Tech’s National Wind Institute is to 

reduce the uncertainties in wind flow modeling of wake effects. 

 

D. Turbine availability:  This refers to the expected average percentage of time 

that a wind turbine will be available to produce electricity during some period 

of time, such as one year or over the life of the project, whether or not there is 

sufficient wind speed to generate electricity.  All turbines will need to have 

routine maintenance performed on them periodically, and energy losses 

associated with this activity can be 1 to 2% of gross annual energy production.  

In addition, turbines may also be required to shut down due to weather-related 

damage or component failure, called forced outages.  Depending upon the 

area the turbines are located (frequent lightning storms vs. infrequent; high 

wind sites vs. moderate wind sites) and the quality or maturity of the turbine 

being used, forced outages can account for 2 to 6% of gross annual energy 

production. Other factors that will impact a wind project’s availability include 
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staffing or manpower decisions (such as having at least one maintenance crew 

available 24/7 vs. manning the site only from 8 to 5 during weekdays), the 

level of spare parts inventory kept on-site or nearby, and the availability of 

large cranes that may be needed for major repairs, such as the replacement of 

blades, gearboxes, or generators.  These last three items are things that the 

project owner should be able to influence, and thus the owner should use 

detailed financial modeling to compare the benefits versus the costs of 

increasing staffing levels or spare parts inventories. 

 

How turbine or project availability is defined is a significant source of 

controversy or contention between project owners and turbine vendors, and 

needs to be very clearly spelled out in Turbine Supply Agreements and/or 

O&M Agreements.  Basing availability on time rather than energy may result 

in O&M vendors not really caring about whether they are performing routine 

maintenance during high wind periods or low wind periods, or periods of high 

electricity prices vs. low electricity prices.  The owner’s interest is best served 

when routine maintenance is scheduled during periods of low wind and/or low 

electricity prices.  

 

Well proven turbine models typically have higher availability than turbine 

models that are new to the market, and most projects may have lower 

availability in the early months of operation as the “bugs” are being worked 

out of the turbines or the project.  While turbine vendors may tout availability 

of their fleet of turbines in the range of 97 to 98%, these numbers can be 

deceiving based on how they are defining availability.  Companies providing 

consulting engineering services to project owners or lenders seem to be 

gravitating to 94 to 95% availability in recent years based on historical project 

performance.  As discussed above, this is an area in which the decisions of the 

project owner can result in improvement, and such decisions can include 

considerations such as contractual terms with an O&M vendor, whether or not 



Texas Tech University, Richard P. Walker, May 2014 

106 
  

the site is manned 24x7 or only part of the time, the availability of spare 

turbine components, and the availability of cranes and other equipment 

necessary to maintain the turbines. 

 

Figure 6.5 from a Garrad Hassan (Graves et al. 2008) presentation at AWEA’s 

2008 WindPower Conference shows the distribution of annual project 

availability for projects that the company has been involved in. While this 

reflects a global mean of 96.1%, it also reflects that 10% of projects have 

availability of less than 91.5 

 

 

Figure 6.5:  Distribution of Average Annual Project Availability.  Source: 

Garrad Hassan (Graves et al. 2008). 

 

E. Balance of plant availability:  Balance of plant (or BOP) refers to those 

components of the wind plant other than the turbines, and can include the 

electrical collection system, the SCADA system, the road system, the 

operations building, the project substation and transformers, and the 

transmission line connecting the project to the electric grid.   When the 

collection system, the substation, or the transmission line are out of service 
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either for routine maintenance or due to forced outages, some or all of the 

wind turbines may have to be shut down.  Balance of plant availability should 

be on the order of 99.7% to 99.9% for most wind projects.  A decision that the 

project developer/owner can influence involves the number of step-up 

transformers used in the project substation.  For example, the developer/owner 

of a planned 200 MW wind farm may choose between purchasing a single 220 

MVA transformer or two 110 MVA transformers.  If a decision is made to go 

with the single 220 MVA transformer because it will reduce the total capital 

cost of the project, but the transformer fails at some point, then all of the 

output of the project is curtailed.  On the other hand, had the developer/owner 

gone with two 110 MVA transformers, only a portion of the project’s energy 

production must be curtailed.  An owner of several wind projects in a given 

region may consider purchasing a spare transformer that could be rapidly 

moved to one of its projects in the event of a transformer failure.  Even though 

power transformers have an expected life of 40 to 50 years, failures to occur 

and the project owners needs to be aware of the potential impact of such a 

failure. 

 

F. Grid availability:  Transmission lines are typically in service in excess of 

99.5% of the time, and when wind projects were small and constituted only a 

very small fraction of power being transmitted on these lines, grid availability 

was rarely a significant consideration.  This has changed dramatically in 

recent years as very large wind projects or clusters of wind projects have been 

coming on line.  For example, there is in excess of 6,000 MW of wind 

generation located within 75 miles of Sweetwater, Texas.  This has 

overwhelmed the available capacity of the transmission grid in that region, 

requiring wind projects to be curtailed or shut down.  

 

As shown in Figure 6.6, curtailment of wind energy in ERCOT exceeded 17% 

in 2009, representing a huge financial impact for owners of wind projects in 
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that region. Thus, a thorough understanding of the potential for curtailment of 

a wind plant due to transmission constraints is now of critical importance 

when evaluating its economic feasibility.  At least one wind plant owner has 

constructed a transmission line in excess of 100 miles in length in order to 

reduce curtailments to its projects. 

 

 

Figure 6.6:  Curtailment of Wind Generation in ERCOT 2007-2011. Source: 

ERCOT Independent Market Monitor Report (ERCOT 2012). 

 

G. Turbine performance:  Turbine performance can be impacted by weather 

conditions, air density, power curve inaccuracy, sub-optimal operations, 

turbulence, and high-wind speed hysteresis.  While the project 

developer/owner/operator will not be able to influence weather conditions, 

there are some things which can be done to impact turbine performance.  High 

wind speed hysteresis is an example of one such factor.  High wind speed 

hysteresis refers to lost energy production associated with wind turbines 

shutting down in high wind speed conditions.  For example, assume the wind 
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turbine controller is programmed to shut the turbine down when wind speeds 

exceed 25 m/s for 30 seconds in order to reduce extreme loading, and that it is 

programmed to turn the turbine back on when wind speeds are below 23 m/s 

for one minute.  By changing the control logic to re-start the turbine when 

winds are below 24 m/s for 30 seconds, some additional amount of electricity 

can be produced.  However, the benefit of this additional electricity 

production will be partially offset by additional wear-and-tear on several 

turbine components.  An analogy to this might be turning off your car engine 

at every red light and restarting it when the light turns green – probably not a 

practice recommended by the car manufacturer.  Some companies are looking 

at ways to implement a gradual shutdown in winds such as Siemens’ “High 

Wind Ride Through” system (Siemens 2013). 

 

While this research project included an analysis of the use of Lidar technology 

for anticipatory wind monitoring for the purpose of yaw control, a similar 

concept being evaluated by another Ph.D. student in Texas Tech’s Wind 

Science and Engineering program, Rachit Mathur, is the use of Lidar to refine 

pitch control.  If this concept could be implemented, turbines could be 

programmed to pitch the blades to some desired position before a high wind 

gust arrives.  Potential benefits of being able to do this could include enabling 

the use of longer turbine blades, increasing the useful life of turbine blades 

and other key components such as the low speed shaft or the gearbox , 

reducing losses related to high wind speed hysteresis, or improving energy 

production in Region IIb of the power curve. 

 

With regard to power curve adjustment, air density adjustment, and site 

turbulence adjustment, the wind project developer/owner/operator’s turbine 

procurement process needs to take these factors into account when selecting 

the optimal turbine model for the site.  Turbine manufacturers have sets of 

power curves for different air densities, and some of them now have power 
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curves adjusted for various levels of turbulence.  As discussed in the next 

chapter, one of the factors contributing to pre-construction estimates of 

expected energy production that were about 10% greater than what actual 

production turned out to be was a failure to recognize that site turbulence 

reduces energy production. 

 

H. Blade soiling / degradation:  The aerodynamic properties of wind turbine 

blades can be affected by blade soiling (often from the residue of insects 

colliding with the blades), ice accumulation during cold weather conditions, 

and degradation of the leading edge due to insects, dirt, dust storms, salt, rain 

or hail stones.  In addition, moisture can cause degradation of resins in the 

turbine blades over time. These items are a much greater problem for stall-

regulated turbines than pitch-regulated turbines, but even for pitch-regulated 

turbines, attention to this issue can result in better project performance.  In 

Wind Energy Explained (Manwell et al. 2010), it is noted that “Soiled blades 

have been observed to degrade aerodynamic performance by as much as 10 to 

15%.” 

 

A Garrad Hassan presentation (Tindal et al. 2008) at WindPower 2008 in 

Houston included the following information: 

 

GH typically applies a blade fouling and degradation factor of 99.5% to 

account both for fouling of the blades by dirt and insects before blades are 

cleaned by sustained periods of rain and for the degradation of the 

aerofoils over time. For sites that are relatively arid or where there are 

known blade degradation issues, this factor is increased to 99%. 

 

Cleaning the blades routinely can be beneficial, particularly in areas with lots 

of insects and/or salt spray in the air.  Routine repair of blade cracks and 

pitting should be done, and blade coatings, tape, or films, particularly when 

applied to the leading edge of the blade, can also be cost effective. 
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I. Ice accretion on turbine blades and instrumentation:  The accumulation of ice 

on wind turbine blades affects their aerodynamic properties, thus reducing the 

turbine’s Coefficient of Performance (Cp).  While this is more likely to 

happen in cold weather regions, it can occur anywhere in which temperatures 

reach 0° C.  In addition to ice buildup on blades, the icing of turbine control 

instrumentation (anemometers and wind vanes) can negatively impact turbine 

performance, and may necessitate turbine shutdown in some situations. As 

shown in Table 6.3 taken from an International Energy Agency (IEA) report 

titled Wind Energy Projects in Cold Climates (Baring-Gould et al. 2012), 

icing can reduce annual energy production by 20% or more in extremely cold 

regions, but may only reduce annual energy production by 0.5% or less in 

warm regions. 

 

Table 6.3: Ice Classification and Estimated Impact on Energy Production 

(Baring-Gould et al. 2012). 

 

 

Turbines with black colored blades, instead of white, have been utilized in 

cold weather areas, since black materials tend to absorb sunlight rather than 

reflect it as white materials do.  In addition, some turbine manufacturers now 

offer blade de-icing systems utilizing electro-thermal heating elements or 

warm air circulation. 
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J. Temperature shutdown: IEC standards for wind turbine design call for 

turbines to remain operational at temperatures down to -10° C, but some 

regions may have extended periods of time that are colder than this.  Project 

owners can order cold weather packages from most manufacturers that extend 

the range of temperatures at which the turbines can remain operational.  

Methods or materials offered by turbine manufactures to address issues 

associated with cold weather include specialized lubricants, heaters for 

lubricants and components most susceptible to cold temperatures, and heated 

sensors for the control system. While developers of projects in extremely cold 

regions such as Canada or Minnesota would almost always want to purchase 

the cold weather package, it may also make sense for projects in regions that 

only experience sporadic spells of extremely cold temperature.  Thus, it 

should be evaluated on a case-by-case basis based upon historic regional 

temperature data, the incremental cost of the cold weather package, and power 

consumption requirements of the cold weather package.   

 

On the other end of the temperature spectrum, high temperatures can also be 

problematic for wind turbines.  Like most mechanical/electrical systems, 

excessive heat can be detrimental to efficient operation.  Components of the 

wind turbine which may require cooling include the nacelle, gearbox, 

generator, power electronics, bearings, hydraulic systems, and transformers.  

Excessive heat can cause essential lubricants to break down and some of the 

components to expand, resulting in increased friction.  Both air cooling and 

water cooling systems have been implemented in turbines 

 

Quantifying total losses due to temperature extremes is largely a function of 

the site location – they may be very small in moderate climates such as along 
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the southern California coastline, but can be large in cold weather regions due 

to extremely low temperatures or due to extremely high temperatures in desert 

or tropical regions. 

 

K. Noise and/or avian migration curtailment:  As wind generation continues to 

grow, environmental issues associated with wind turbines will become more 

commonplace.  Two of the larger issues that wind project owners need to 

effectively address are noise caused by wind turbines and the potential for bird 

deaths due to collisions with turbines.   

 

Some communities, counties, states or nations have existing noise ordinances 

while others may consider implementing ordinances specifically addressing 

wind turbines.  These are becoming fairly common in European nations. 

Typically, the lower noise limits of such ordinances are during the nighttime 

hours when people are trying to sleep and there is less ambient noise due to 

traffic or industrial activity.  Thus, some wind projects may periodically 

curtail operations to stay within the limits of such ordinances.  It is therefore 

important to determine if such ordinances may impact a planned project, and 

the use of appropriate setbacks from occupied structures can also mitigate the 

impact of noise on the surrounding community. 

 

Another type of project-imposed curtailment which is becoming more 

prevalent is related to bird migration.  Bird detection radar systems can 

identify when large numbers of birds may be approaching a project, and the 

operator may then choose to shut down turbines.  Since birds tend to migrate 

more during low wind periods, the amount of electricity not produced may 

only be a relatively small amount, so this can be an effective solution in areas 

where the potential of bird strikes may hold up permitting of proposed wind 

projects. 
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Like icing issues and temperature shutdowns, curtailment for noise or bird 

migration are very site specific issues and need to be factored into the overall 

economic analysis of wind projects. 

 

6.7 Summary 

 

As one can see, there are a large number of factors that will affect the productivity 

of a wind energy project when one begins with the power in the wind impacting 

the turbine rotor and ends at the electricity sold to the purchaser “at the meter.”  

Following are those which appear to be the most significant, the range of impacts 

related to the factor, and the opportunity for improvement: 

 

A. Average annual wind speed / wind resource characterization:  As discussed 

earlier in this chapter, a site with an average annual wind speed of 9.0 mps at 

80 meters may have a Net Capacity Factor of almost 50%, compared to the 

36.5% Net Capacity Factor of a site with an average annual wind speed of 

only 7.0 mps, given the same site elevation, identical turbine model, and loss 

factors. Fortunately, turbine models with much longer blades are now 

available for use in moderate wind sites which can drive capacity factors up 

significantly, albeit with some additional cost associated with the larger rotor.   

 

Increasing the tower height will also result in higher wind speeds in almost all 

cases due to vertical wind shear, but determining whether or not this pays off 

involves financial modeling to see if the additional capital cost can be offset 

by increased revenues over the life of the project.  Since increasing tower 

height involves adding steel (or possibly concrete) to the “fat” part of the 

tower (the base) rather than the “skinny” part (the top), tower weight and cost 

can rise exponentially.  In addition, increasing the tower height usually results 

in an increase to the foundation cost due to the higher overturning moment 

caused by the longer moment arm (i.e., the tower). 
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Closely related to the concept of finding higher wind speed sites and using 

taller towers is the need to accurately determine the wind resource, including 

vertical shear, at much greater heights than ever before.  One cannot make 

good decisions without good data.  Meteorological towers of 60 meters in 

height are probably not sufficient as hub heights of 100 meters or greater are 

becoming common. Thus, using taller meteorological towers, Lidar or Sodar 

will be necessary to accurately determine the sites wind resource, including 

wind shear.  Furthermore, accurate wind resource assessment reduces risk, 

which translates to lower cost of capital, in turn leading to a lower cost of 

energy, a concept further discussed in later chapters. 

 

B. Swept area:  The increasing rotor size of wind turbines has been one of the 

largest factors in driving the cost of wind energy down over the past 20 years.  

The 70.5 meter rotor diameter available for the Enron Wind 1.5 MW turbine 

in 2001 (subsequently GE Wind Energy) had a swept area of 3.904 m², 

whereas the swept area of the 8.0 MW Vestas V-164 now being tested is 

21,124 m², or 5.4 times as much.  Note however, that the swept area per MW 

of rated capacity is almost identical, so the ratio of swept area along between 

turbine models can be deceptive – probably of more importance is the ratio of 

swept area to rated capacity.   

 

As discussed in the paragraph above, one of the biggest benefits of increasing 

rotor sizes is the ability to increase capacity factors in areas with only 

moderate winds.  For example, GE now offers its 2.5 MW turbine with rotor 

sizes of 100 meters (7854 m² swept area) or 120 meters (11,310 m² swept 

area), a 44% difference in swept area. 

 

The economics of both increased rotor size and taller hub heights are further 

explored in a later chapter. 
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C. Wake effects:   As previously discussed, wake effects are one of the largest 

causes of lost energy production in wind energy projects and one of the least 

understood.  A Garrad Hassan paper (Schlez et al.)
 
estimated that “the 

decrease in energy yield or increase in array losses arising from wake effects 

ranges typically from 5% to over 15% depending on the wind farm layout.”  

This points to the need to better understand wake effects and how to 

accurately model them, and suggests that this is a prime area in which 

research can lead to substantially improved project performance. 

 

D. Grid availability / transmission curtailment:  Transmission congestion for the 

wind energy industry became a significant issue for the wind energy issue in 

2002 after about 800 MW of new wind generation went into service near 

McCamey, Texas, making the area the “wind capitol” of the world until the 

area surrounding Sweetwater, Texas surpassed it a few years later.  Inadequate 

transmission interconnection procedures and communication barriers resulting 

in far more wind capacity than the transmission infrastructure could support, 

leading to curtailments of wind plants on the order of 25% of their annual 

energy production.  A similar wind rush near Sweetwater and Big Spring, 

Texas resulted in curtailments of wind projects in the western area of ERCOT 

during 2009 equal to approximately 17% of the wind energy that would have 

otherwise been produced.  This magnitude of losses can be devastating to the 

economics of a wind project, even if the curtailments only last for two or three 

years. 

 

E. Turbine availability:  As shown in Figure 6.3, wind project availability 

averages around 96%, but there are some projects averaging much closer to 

90% while many projects are at 98% availability.  Increasing availability of a 

250 MW wind farm from 96% to 97% over its lifetime adds about $2.7 

million to the value of the project, so it’s well worth evaluating the historic 
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availability of various turbine models and reviewing operating procedures 

regarding staffing and the availability of spare parts kept on-site. 

 

F. Coefficient of Performance (Cp):  Although the Betz Limit theorizes that the 

maximum percentage of the power in the wind that can be captured by a three-

bladed, upwind turbine is 59%, the best actual results are in the range of 49 to 

50%.  So perhaps there are some improvements that can be made to the 

aerodynamic design of the blade itself.  However, an area that probably has 

more opportunity for optimizing Cp is in the area of pitch and yaw control 

improvements.  As discussed in a later chapter, research for this project 

suggests that reductions to Cp due to yaw error may not be very significant.  

But a very small change in pitch angle can have a very impact on Cp. 

 

G. Efficiency of energy conversion through the turbine drive train and electrical 

systems:  This seems to be an area ripe for additional improvements, 

particularly as direct drive turbines become more prevalent.  Losses through 

the gearbox can be 3 to 6%, while losses in the generator, power electronics, 

low voltage cable, and padmount or step-up transformer can also be in this 

same range.   

 

H. Air density:  Differences in air density at various wind sites is a much larger 

consideration than most people would think.  For instance, average air density 

at wind farm sites can range from 1.225 kg/m³ at sea level to 0.94 kg/m³ at the 

Foote Creek Rim wind farm in Wyoming (~ 7800 feet above sea level), 

affecting power output by about 23%.  Elevation and air density must be 

incorporated into siting decisions and AEP estimates, and it is probably worth 

the time and effort to try and be as precise as possible in this regard, including 

trying to take into account seasonal and diurnal variation since the value of 

electricity to a utility purchasing the output from a wind project will vary 

significantly by time of day and season.  
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I. Collection system losses:  Electrical losses can range between 1.5 and 3% 

depending upon transformer efficiency, size and resistance of conductors, and 

how spread out the project is (affecting the length of conductors).  Until 

superconductors become cost effective, the best way to optimize the project in 

this area is coordination between electrical engineers and financial analysts so 

that the proper balance is struck between higher initial capital costs and lower 

electrical losses over the life of the project. 
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CHAPTER 7 

WIND TURBINE CONTROL METHODS AND THEIR IMPACT ON 

EFFICIENCY 

 

7.1 Wind Turbine Control 

 

In order to prevent wind turbines from producing too much mechanical or 

electrical power in high wind conditions or from continuing to operate when some 

component of the turbine has failed or is not operating correctly, wind turbines 

must be controlled. Turbine control also allows for optimization of power 

generation for wind conditions existing at a given point in time, providing that 

mechanical and electrical load limits are not exceeded. In summary, the primary 

purpose of wind turbine control is to maximize energy production and minimize 

turbine loading. In addition, as wind turbines have become a significant 

contributor to electricity flowing on the electric grid in some regions of the U.S., 

operators of wind plants are increasingly being called upon to curtail operations of 

wind projects when transmission lines are overloaded, or in some instances, to 

provide ancillary services such as reactive power to the electric grid. 

 

Wind turbines and wind plants can be controlled by Supervisory Control and Data 

Acquisition (SCADA) systems that monitor many turbines and may periodically 

start and stop turbines or initiate other actions when necessary, or by dynamic 

control systems, which rely on control logic and extremely fast data processors 

that dynamically control the turbine based on data inputs such as wind speed, 

wind direction, or instantaneous power production.  Supervisory control allows an 

operator to shut turbines down when maintenance is required or when instructed 

to do so by the transmission grid operator to prevent overloading of the electric 

lines.  Dynamic control is used to manage things like pitch angle or yaw direction 

based on information received from sensors such as anemometers and wind vanes 
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mounted on top of the turbine nacelle or upon sensors attached to critical 

components of the turbine such as the main shaft, the gearbox, or the generator. 

 

Figure 7.1 shows some of the common sensors used in the wind energy industry, 

both for use on meteorological towers and on top of the turbine nacelles.  Figure 

7.2 shows a 3-cup anemometer and a wind vane mounted on top of a Mitsubishi 1 

MW wind turbine. 

 

 

Figure 7.1:  3-cup anemometer (left), wind directional vane (center), sonic 

anemometer (right) 

 

 

Figure 7.2:  Wind sensors on top of a 1 MW Mitsubishi wind tower in the Roscoe 

wind farm. 
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Most wind projects having several utility-scale turbines have a SCADA system 

that collects and processes data coming from each turbine in the project.  The 

SCADA system can be used to turn turbines on or off as dictated by information 

being received from the turbines as well as external information such as weather 

forecasts or communications from the grid operator.  If the wind turbines are 

operating well and wind levels are not extreme, the project may operate for many 

hours without the need to make any substantial changes using supervisory control. 

 

On the other hand, dynamic control systems are constantly collecting and 

processing data and making adjustments to the turbine in order to optimize energy 

production while ensuring that aerodynamic, mechanical, or electrical forces do 

not exceed the design limits of the turbine.  Sensors can be used to constantly 

monitor wind speed, wind direction, rotor speed, generator speed, yaw rates, 

temperature of gearbox oil, temperature of electronics components, pitch angle, 

yaw position, hydraulic pressure, shaft vibration, power flow, grid frequency, and 

numerous other factors relevant to safe and efficient production of wind energy.   

 

Parameters critical to wind turbine control are wind speed and direction. Control 

systems for state-of-the-art, utility-scale turbines often include the following: 

 

A. Yaw control – changing the direction that the turbine is facing so the rotor is 

generally perpendicular to incoming winds 

 

B. Blade pitch control (or feathering) – changing the blade pitch angle so that (1) 

energy production is maximized during low wind periods and stays near the 

turbine’s rated power during high wind periods, (2) power generation does not 

exceed the electrical rating of turbine components such as the generator, 

convertor, or wiring, and (3) mechanical loading on turbine components such 

as the rotor blades, low speed shaft, gearbox, high speed shaft, tower and 

foundation is reduced. 
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C. Power electronic torque control – used to rapidly match electrical torque 

through the turbine with mechanical torque, and to change the rotor’s 

rotational speed and tip speed ratio in order to optimize the turbine’s 

Coefficient of Performance (Cp). 

 

D. Braking systems – Disk brakes or drum brakes can be used to stop the rotor 

from turning, but this is normally done only after turbine blades have been 

fully pitched to feather and not producing power. 

 

7.2 Wind Turbine Power Curve and Turbine Control Methods 

 

A turbine’s power curve can be used to illustrate how some of these sensors and 

control methods are used for turbine control.   Shown in Figure 7.3 below is a 

power curve for a turbine rated at 2,300 kW.   

 

 

Figure 7.3:  Power Curve for 2.3 MW Wind Turbine 
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As noted in the figure, the power curve can be divided into five regions, based on 

various wind speed increments.  In Region I, where wind speeds are less than 3 

meters per second (mps), no energy is being produced by the turbine.  In Region 

II, where wind speeds range between 3 mps and 15 mps, energy gradually 

increases as a function of wind speed.  This region can be further broken down 

into Region II-a, where the blades are maintained at a pitch angle near 0 degrees 

and where power output increases directly with wind speed based on the wind 

speed formula discussed in Section 4.1, and Region II-b, a transitory region in 

which blades begin to pitch prior to the turbine reaching full rated output.   

 

In Region III, where winds exceed 15 mps, the turbine has reached it rated power 

level, or 2,300 kW in this case, and will maintain an output fairly close to this 

level as long as wind speeds are between 15 and 25 mps by continuous pitch 

adjustments to the turbine blades.  When winds consistently exceed 25 mps, the 

turbine control logic instructs the turbine to fully feather (pitch to 90 degrees) the 

blades to prevent damage to the turbine’s components, so in Region IV, no power 

is being produced.  Note that the wind speed levels being used in the above 

example are representative of some turbine models, but which vary from turbine 

to turbine.   

 

In Region I, the turbine’s wind speed sensor(s) indicates that wind speeds are too 

low for the turbine to produce any significant amount of energy, so the turbine 

essentially is instructed by the controller to wait until wind speeds increase.  In 

Region II, the wind speed sensor(s), or anemometer, now indicates that wind is 

sufficient to produce electricity and the turbine is instructed to pitch blades to the 

angle that optimizes energy production at low wind speeds, which is near 0 

degrees.  The angle of attack is the angle between the relative wind velocity and 

the chord line of the turbine blade, as illustrated in Figure 7.4.  
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Figure 7.4:  Illustration of Pitch Angle and Angle of Attack.  Source:  A. Swift 

and K. Jay. 

 

A. Pitch Control 

 

Pitch control is used to regulate power at high wind speeds.  The wind 

power formula discussed in Chapter 6 shows that power output of the 

turbine is a function of wind speed cubed, as well as being a function of 

the rotor set's coefficient of performance.  Figure 7.5 shows the effect that 

blade pitch angle has on the rotor’s Coefficient of Performance (Cp), also 

sometimes referred to as the Power Coefficient as in this figure.  Tip speed 

ratio, symbolized as λ or abbreviated as TSR, is the ratio of the rotations 

speed of the blade tip to the horizontal velocity of the wind into the rotor.  

By controlling the rotational speed of the turbine rotor, a variable speed 
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turbine controller is able to determine the tip speed ratio that optimizes Cp 

for a given wind speed.  This is not the case for constant speed turbines, 

which are no longer very prevalent within utility-scale turbine models.   

 

 

Figure 7.5:  Wind Turbine Coefficient of Performance as a function of 

Blade Pitch Angle and Tip Speed Ratio.  Source: J. Chapman and A. Swift                             

 

Figure 7.6 depicts the rapid escalation of power produced by a wind 

turbine that would occur at high wind speeds if Cp is not reduced by 

pitching the turbine blades.  This graph was produced by the calculations 

shown in Table 7.1 that compares power output according to the turbine 

manufacturer's power curve to that calculated using the wind power 

formula including the assumptions that Cp remains at 0.48 for all wind 

speeds and losses attributable to the gearbox and generator equal 10% of 

the rotor's input power.  As can be seen in this table, power would reach 
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over 20,000 kW at wind speeds approaching 25 meters per second if the 

rotor's Cp was not reduced by pitching the blades. 

 

 

Figure 7.6:  Wind Speed vs. Power Output for a Wind Turbine Using 

Pitch Control Compared to Theoretical Output if Blades Were Not Pitched 

 

At lower wind speeds in Region IIa of the power curve, the pitch angle is 

typically set near 0 degrees in order to maximize energy production, and 

the pitch angle would not begin increasing in Region IIb as power output 

approaches rated capacity.  In the example shown in Figure 7.6, this 

occurs around at wind speeds of about 10.5 to 11 mps.   
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Table 7.1:  Calculation of Theoretical Power Output Using Wind Power 

Formula Assuming Constant Coefficient of Performance Equal to 0.48 as 

Compared to Turbine Vendor's Output Reflecting Use of Pitch Control to 

Limit Power Output 

 

 

Note that another means of reducing Cp for turbine blades other than pitch 

control is the use of blade shapes that cause "aerodynamic stall" at high 

wind speeds.  This is called stall regulation, but since the vast majority of 

state-of-the-art turbines use blade pitch rather than stall regulation, this 

research centers on pitch-controlled turbines.  Figure 7.7 illustrates the 

difference between the power curve for a pitch-regulated turbine and that 

of a stall-regulated turbine. 
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Figure 7.7:  Power Curve for a Pitch-Regulated Turbine Compared to that 

of a Similar Sized Stall-Regulated Turbine.  Source:  WindSim, 

www.windsim.com 

 

B. Yaw Control 

 

A wind direction sensor, or 

directional vane, tells the turbine 

controller which direction wind is 

coming from and the controller 

directs the turbine to yaw to the 

direction that will optimize energy 

production, typically assumed to be 

the direction parallel to the current 

wind position, and yaw motors then 

mechanically turn the rotor of an 

upwind turbine into the wind. 

 

 

Figure 7.8:  Wind Turbine Yaw 

Motor.  Source:  Chongqing 

Gearbox Co. website, 

www.cccme.org.cn 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=W4DXTOWIqj7CeM&tbnid=90XFE3rp4LGpDM:&ved=0CAUQjRw&url=http://www.cccme.org.cn/shop/cccme10616/index.aspx&ei=Gz0bU-7bDujJ2wWRlYGwBQ&psig=AFQjCNG8qR_jG_WpUPj8hxsdl18G4SUVdw&ust=1394380093827086
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Figure 7.9:  Gear Rim and Yaw Motors Used to Turn a Wind Turbine into 

the Wind (looking down from above).  Source:  Wikipedia Commons, 

Hanuman Wind at en.wikipedia 

 

Yaw error refers to the differential between actual turbine direction and 

then current wind direction.  While yaw error is believed to reduce the 

efficiency of wind turbines, it can also increase dynamic loading of the 

turbine, increasing fatigue and shortening the useful life of key turbine 

components.  On the other hand, rapid or frequent yawing (or changing the 

direction) of turbines can also create gyroscopic forces on the turbine 

blades and drive train.  This is typically minimized by limiting the yaw 

rate to less than 1 degree per second and by limiting how often the turbine 

yaws.  A typical wind turbine can change direction every few minutes if 

needed due to changes in the wind direction, but only if the average wind 

direction for the preceding averaging period is more than some set amount 

http://upload.wikimedia.org/wikipedia/commons/5/5b/Gear.rim.with.yaw.drives.svg
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different from the turbines current direction (such as more than 4 degrees 

of yaw error), depending on the yaw control system set points. 

 

Yaw control has also been used in smaller turbines as a means of reducing 

turbine output in high speed wind conditions, and there is interest in using 

yaw control for larger turbines to control turbine output, and possibly as a 

means to reduce wake losses on downwind turbines within wind projects.  

 

While these are somewhat simplified explanations of the pitch and yaw 

control processes, a key point to remember is the value of the data coming 

from two relatively simple and fairly inexpensive sensors -- the 

anemometer and the directional vane. Yet, optimization of power and 

minimization of loads is dependent on the accuracy of measurements from 

these sensors.  

 

C. Power Electronics 

 

The advent of power electronics for use in wind turbines has enabled the 

transition to full-span pitch, variable speed turbine technology that is 

common for state-of-the-art turbines.  As discussed above, in low wind 

speeds, the turbine blades are set at the most efficient angle of attack.  

Power electronics allow the controller to adjust the rotor speed to that 

which results in the optimum tip speed ratio and associated Coefficient of 

Performance for a given wind speed.  On the other hand, the tip speed 

ratio for constant speed turbines can only be optimized for a single wind 

speed, giving variable speed turbines an efficiency advantage in Region II 

of the power curve. 

 

Power electronics are also valuable in Region III of the power curve where 

wind speeds exceed that value needed to achieve rated power.  While the 
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turbine blades can be pitched at approximately 10 degrees per second to 

reduce aerodynamic power and loads on the turbine, this is a fairly slow 

process compared to how quickly wind speed can change due to gusting.  

Power electronics can almost instantaneously adjust generator torque to 

prevent excessive loads on the turbine’s power train and to provide a much 

“cleaner” power to the grid than constant speed turbines are able to.  This 

is one of the reasons that utility companies and/or transmission grid 

operators have a preference for variable speed turbines when wind projects 

are connecting to their system. 

 

Power electronics in wind turbines can provide several characteristics that 

the transmission grid operator would consider valuable or beneficial, such 

as real and reactive power control, over/under-frequency response, voltage 

regulation, the ability to continue operation during grid disturbances, 

inertial response to under-frequency events, and the ability to limit the 

amount or rate of change of power from variations in wind speed.  As 

wind turbine technology becomes more grid friendly, it becomes easier to 

integrate large amounts of wind power into the electricity supply, allowing 

higher wind penetration levels. 

 

7.3 Role of Turbine Sensors and Potential Sources of Error or Inaccuracy 

 

The traditional method of providing data about wind speed and direction to a 

wind turbine’s controller is through the use of anemometers and directional vanes 

mounted on the turbine nacelle.  This information is used to determine yaw 

direction and to start up and shut down the turbine.  Data from the anemometer, in 

particular, is being used less and less as turbine manufacturers have developed 

more sophisticated ways to control rotational speed of the rotor and pitch angle 

for purposes of minimizing loads and maximizing energy projects.  The sensors 
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are also used during the power performance verification process, although only a 

few of the turbines within a project would be used for performance verification.   

 

The wind energy industry has historically relied on three-cup anemometers for 

measuring wind speeds, but there has been a steady transition to sonic 

anemometers by turbine manufacturers in a desire for increased accuracy.  

Calibrated 3-cup anemometers such as NRG’s #40C cost about $300, and a 

typical wind direction vane such as NRG’s #200 P costs about $200.  Several 

turbine manufacturers use two of each sensor for redundancy.  So one can assume 

that the cost of such sensors on top of a wind turbine cost the manufacturer about 

$500 if one of each are used, or $1,000 if two of each are used for redundancy 

purposes. However, some manufacturers are now using 2-D sonic anemometers, 

which can cost in the range of $2,000 to $3,000.    

 

Compared to the total cost of a wind turbine, which may range from $1 million to 

$3 million for those commonly used in the U.S., the cost of these sensors is a 

small fraction of the turbine cost.  Yet they serve extremely vital roles in the 

efficient operation of a wind turbine.  Since cup and vane devices have ball 

bearings which can eventually wear out or may be impacted by dust, dirt, salt, or 

humidity, periodic replacement of them can reduce the potential for inaccurate 

information being used to control the turbine.  In addition, the accuracy of some 

anemometers can be affected by temperature variations, possibly performing 

poorly in high temperatures due to increased friction in bearings.  A “dragging” 

anemometer can cause the turbine controller to underestimate actual wind speeds 

and thus delay turbine cut-in at lower wind speeds.  A “dragging” or inaccurate 

wind vane may cause a turbine to orient itself several degrees off from the optimal 

direction, again reducing turbine output.  The accumulation of ice on these 

sensors can cause them to stop working completely, meaning the turbine is not 

receiving the data needed for control, forcing it to shut down. 
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While sonic anemometers do not have moving parts like traditional 3-cup 

anemometers and wind vanes do, they are not without issues.  Wind flow can be 

distorted by the instrument support structures, they can be less accurate in 

precipitation, and may require routine calibration.  The higher initial cost of sonic 

anemometers may also be a barrier to their use, but when one considers the life-

cycle cost to 3-cup anemometers and wind vanes, which have to be periodically 

replaced, sonic anemometers may actually be more cost effective to use. 

 

How the turbine controller uses data collected by anemometers and directional 

vanes varies by turbine model, but in general, wind speed and direction data is 

collected and averaged over some period, such as 10 minutes, and then used to 

determine how the turbine should respond.  Sometimes, the time averaging time 

period is a “moving period” so that the turbine direction can change more 

frequently than the averaging period, particularly on gusty days with winds 

coming from a variety of directions.   

 

The rate of blade pitch and rate of yaw can also impact turbine efficiency.  As 

mentioned above, yawing a turbine too quickly will induce gyroscopic loads on 

the turbine rotor which then are transferred to the turbine shaft and gearbox.   

Since turbines typically yaw at a rate of less than 1 degree per second, if wind 

direction changes substantially in a short period of time, it can take several 

seconds or even minutes before the turbine reaches the intended direction, 

contributing to some portion of yaw error. 

 

Turbine controllers are typically programmed to respond to the average wind 

direction over some period, frequently a 10 minute period, and then determine if 

the turbine is currently oriented within some bandwidth of that direction, 

frequently a bandwidth of ± 4°.  If there is a difference between the actual turbine 

direction and the average wind direction over the 10-minute period of data just 

processed, the controller may instruct the turbine to yaw in the average direction 
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of that prior 10-minute period.  However, it is possible that the wind direction has 

again shifted and the turbine may in fact be yawing into a direction that is less 

efficient.  More advanced control techniques may initiate yaw actions based on 

much shorter time periods in instances where wind direction changes more 

dramatically. 

 

Note that since the anemometer(s) and wind vanes(s) are located on top of the 

turbine nacelle, this means they are located downwind of the rotor on an upwind 

turbine.   So you have huge, rotating blades passing in front of the sensors about 

once every second creating wakes which will impact the accuracy of the 

measurements.  In addition, you have the turbine nacelle that can cause an 

acceleration of wind over the top of the turbine.  Manufacturers try to calibrate the 

nacelle-mounted sensors by placing a hub-height meteorological tower far enough 

up-wind of the turbine to not be impacted by the presence of the turbine.  

However, that calibration not be accurate for all turbines within a given wind 

project since terrain affects, wakes and turbulence from other turbines in the 

project will cause a slightly different affect for every turbine.  However, as 

mentioned previously, more sophisticated means of controlling the turbine’s pitch 

angle and rotational speed are being implemented that have reduced the role of 

the anemometer. 

 

Another source of error is the calibration slope and offset values used with 

anemometers to equate a certain wind speed to the number of revolutions of the 

anemometer.  Calibrated anemometers come with a slope and offset specific to 

that anemometer, whereas non-calibrated ones come with a generic slope and 

offset value.  These slope and offset values are then to be programmed into the 

turbine controller.   

 

Based on literature review, discussions with wind plant operations managers, and 

responses to the survey of wind energy industry representatives discussed in 
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Chapter 3, following are some of the potential sources of error or inaccuracy 

related to wind sensors: 

A. Location of sensors downwind of the rotor, resulting in turbulence and 

wake effects that reduce the accuracy of the measurements 

B. Reliance on sensor calibration factors from one or two hub height met 

towers used for power curve validation (to try to adjust for the issue 

discussed in bullet A. above.) for all turbines in the project, while 

topographic factors, turbulence, and wake effects from at different 

locations may make these calibration factors inaccurate 

C. Failure to replace rotating sensors such as 3-cup anemometers and wind 

vanes as they get older and when bearings in the sensors can wear out and 

begin to drag, resulting in inaccurate information 

D. Small chips of glue used to assemble anemometers breaking off and 

getting into the bearings, causing dragging and inaccuracy 

E. Failure to routinely re-calibrate sonic anemometers 

F. Reversal of slope and offset values by technicians entering the information 

G. Use of generic slope and offset values rather than ones specific to the 

anemometer installed on the turbine 

H. Sensor misalignment due to set screws backing out or becoming loose 

I. Damage to sensors from hail or falling ice, particularly to the cups on 3-

cup anemometers 

J. Icing-up of sensors in winter or in Arctic environments 

K. Mis-wiring of electrical leads coming from sensors during turbine erection 

L. Mis-wiring of electrical leads coming from sensors following major 

maintenance requiring the nacelle cover. 
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7.4 Yaw Error and its Effect on Turbine Efficiency 

Due to the highly stochastic nature of wind, the use of after-the-fact wind data to 

control yaw direction and pitch angle of a turbine will invariably result in some 

degree of error.  As soon as the turbine controller orients the rotor in a direction 

perpendicular to the average wind direction for the previous averaging period, the 

wind may change.  Sometimes the degree of change is inconsequential, and other 

times it can be significant.  Most turbines have a range of averaging times and 

yaw error tolerance which determine how often the turbines will yaw as a result of 

changes in wind direction.  Yaw error tolerance refers to the minimum differential 

between current turbine direction and optimum turbine direction before the 

controller instructs the turbine to yaw.  Since yaw error occurs when the turbine 

rotor is not perpendicular to the wind direction, this can result in a reduction to 

energy captured by the rotor, or reduced efficiency, and this can place larger 

fatigue loads on the turbine since the blades will have a tendency to bend back 

and forth with each turn of the rotor.  Yaw error may also affect power quality, as 

discussed in a paper by Fadaeinedjad et al (2009).   

 

A survey of wind energy industry representatives was conducted as part of the 

research for this dissertation, and one of the questions asked addressed averaging 

time and yaw error tolerance.  Following are the responses from those who 

answered this question: 
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Table 7.2:  Survey Responses Regarding Averaging Time and Minimum Yaw 

Error to Activate Turbine Yawing 

       Minimum Direction Change 

  Data Averaging Period     Before Turbine Yawing      

   10 minutes    ± 3 degrees 

   10 minutes    ± 3 degrees 

   10 minutes    ± 3.5 degrees 

   5 minutes    ± 3 degrees 

   5 minutes    ± 3.5 degrees 

   5 minutes    ± 2 degrees 

   10 minutes    ± 5 degrees 

   10 minutes    ± 3 to 5 degrees 

   5 minutes    ± 2 degrees 

   

As previously discussed in Chapter 

2, one of the most common methods 

of estimating yaw error’s effect on 

turbine efficiency is referred to as the 

“cosine cubed” method.  As 

illustrated in Figure 7.10, when wind 

is not perpendicular to the rotor, the 

vector normal to the rotor can be 

calculated by multiplying the wind 

speed times the cosine of the yaw 

angle or error.  Since power output is 

a function of the cube of the wind 

speed, the expected power 

production is reduced by the cube of 

cosine γ.   

 

 

Figure 7.10:  Illustration of Cosine 

Cubed Method for Estimating Yaw 

Error Effect 
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Table 7.3 shows the assumed effect of increasing yaw error based on the cosine 

cube relationship, and one can see that yaw error would need to exceed 5 degrees 

before efficiency losses reach even 1% based on the Cosine Cubed methodology.   

 

Table 7.3:  Estimated Efficiency Loss Based on the Cube of the Cosine Yaw 

Angle 

 

As discussed in Chapter 2, work by H.S. Madsen and T. F. Pedersen at Risø DTU 

Pedersen 2002) indicated that decline in power output resulting from yaw error is 

most closely predicted by the square of the cosine of the yaw error (cos²).  In 

Table 7.4 below, estimated efficiency losses associated with increasing degrees of 

yaw error are again calculated, but instead of the cos³ relationship evaluated in 

Table 7.3, the cos² relationship suggested by Madsen and Pedersen is evaluated.  

Table 7.5 then compares estimated efficiency reductions predicted by the cos² and 

cos³ methods at various levels of yaw angle. 
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Table 7.4:  Estimated Efficiency Loss Based on the Square of the Cosine of Yaw 

Angle 

 

 

Table 7.5:  Comparing Estimated Efficiency Losses Based on the Square of the 

Cosine of Yaw Angle vs. the Cube of the Cosine of Yaw Angle 

 

    Losses Predicted  Losses Predicted 

      Yaw Error  by Cosine² Method  by Cosine³ Method 

     5°   0.8%    1.1% 

  10°   3.0%    4.5% 

  15°   6.7%    9.9% 

  20°            11.7%              17.0% 

 

A case can even be made for a cosine
4
 relationship between yaw error and 

efficiency losses.  Recall in the wind power formula that the expected energy 

production is a function of the area swept by the turbine rotor, in addition to the 

wind velocity and air density.  The swept area being impacted by the wind would 

also be slightly reduced by the cosine of the yaw error.   
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Figure 7.11 graphically depicts the hypothetical impact of yaw error on Cp.   

 

 

Figure 7.11:  Hypothetical Impact of Yaw Error on Coefficient of Performance 

based on Various Methods of Calculating the Impact (Assumes Cp = 0.50 at Zero 

Yaw). 

 

Since the kinetic energy in the rotor of variable speed turbines should serve to 

reduce the impact of short-term gusts of differing direction, and given that 

Madsen’s work using an actual turbine to compare the impact of yaw 

misalignment to various empirical methods of estimating the impact, it seems 

logical that the cosine² method is the best method for approximating losses due to 

yaw misalignment.   This would also be the more conservative of the two when 

estimating the potential gain from using technologies such as Lidar for 

anticipatory data acquisition and real-time turbine control. 

 

There are several other issues related to yaw error that have not be addressed as 

part of this research.  These can include wind directional shear, discussed in the 

Literature Review chapter when referencing the work of Kevin Walter (2007), a 

significant vertical component of wind which turbines placed at the top of a steep 
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incline may experience, and rotor tilt that may be built into wind turbines.  The 

technical specifications of Siemens 2.3 MW turbine indicate a rotor tilt of 6 

degrees.  Each of these aspects may impact turbine efficiency similarly to yaw 

error. 

 

7.5 Summary and Conclusions 

 

As shown in Figure 7.5, if efficiency losses due to yaw error can be accurately 

predicted by either the cosine
2
 method, the cosine

3
 method, or the cosine

4
 method, 

yaw error of 10° or more can have a significant impact on energy production, 

assuming that yaw error of this magnitude does occur with a significant 

frequency.  As noted in Chapter 2, the report Yaw Control: The Forgotten 

Controls Problem (Mamidipudi et al. 2011) suggests that using Lidar for 

anticipatory or real-time control of wind turbines could increase production by 10 

to 20%.  However, if one is comparing past and current production from a turbine 

now controlled by Lidar, one should also be interested in the accuracy of the 

sensors controlling the turbines prior to installation of the Lidar system.  As noted 

in Section 7.3, there are a myriad of issues that can affect the accuracy of nacelle-

mounted sensors used for turbine control. 

 

This led to this researcher’s investigation into (1) how often yaw error of various 

magnitudes can occur assuming turbine sensors and controls are working as 

designed, and (2) since present-day utility-scale turbines are much larger than that 

tested by Madsen at Risø DTU, will the cosine³ or the cosine² methods accurately 

predict the impact on energy production.  And even if turbine control can be 

improved using Lidar, one must also evaluate the cost effectiveness of this 

solution since most decisions are made by comparing costs to economic benefits. 

The following chapters of this report discuss the researcher’s use of actual wind 

data and actual turbine production data to analyze the potential impacts of yaw 

error on turbine efficiency. 
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CHAPTER 8 

ESTIMATING THE VALUE OF REAL-TIME TURBINE CONTROL:  AN 

ANALYSIS OF THE IMPACT OF AVERAGING PERIOD AND TOLERANCE 

RANGE ON YAW ERROR 

 

8.1 Analysis of One-Second Wind Data from TTU 200-Meter Tower 

 

As discussed in Chapter 7, turbine controllers collect wind data from the nacelle 

mounted sensors and incorporate that into the control of turbines, including 

determining the direction that the turbine should be oriented.  And as shown in 

Table 7.2 of the previous chapter, the frequency with which a wind turbine 

changes direction varies as a function of length of time that data is average over 

(typically either 5 minutes or 10 minutes) and the range of yaw error tolerance 

(such as ± 4°) which are used by the controller to determine if the yaw motors 

should be used to change the direction of the turbine rotor. These setting may 

depend upon the manufacturer and model of the turbine or upon the wind project 

operator’s desired settings. 

 

Based on the prevailing assumption that yaw error leads to reduced efficiency of 

wind turbines, one could reasonably assume that a constantly-yawing turbine 

would be more efficient than one that only periodically yaws due to the rapidity of 

wind direction changes.  One then should ask how much efficiency improvement 

justifies the additional costs of real-time turbine control, wear-and-tear on yaw 

motors, and increases in the cumulative gyroscopic loads that the turbine would 

be exposed to over its lifetime. 

 

Since the vast majority of meteorological towers used in the wind energy industry 

average and store data in 10-minute increments, data from such towers is of little 

use in determining the potential benefits of shorter averaging periods for yaw 

control.  However, at Texas Tech's Great Plains Wind Test Facility, a 200-meter 
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tower is heavily instrumented at 10 different levels and collects and stores wind 

data at a frequency of 20 Hertz.   

 

As part of the research for this project, data from this 200-meter tower has been 

used to examine the potential benefits of more frequent yawing by comparing the 

average yaw error for the following combinations of averaging time and yaw 

differential tolerance, as well as the estimated efficiency loss assuming both the 

cos² and cos³ relationships between yaw error and efficiency reduction.  This 

exercise also helps with estimating the potential benefits of real-time turbine 

control using advanced wind measurement methods such as nacelle-mounted 

Lidars integrated with the turbine controller. 

 

Data measured using U-V-W anemometers at 519 feet or 152 meters above 

ground was used for this exercise. Essentially, a 1 second averaging period and a 

0° tolerance band would represent a turbine that is always aligned with the wind, 

or constantly yawing, and controlled with the assistance of some anticipatory 

wind data collection technology, such as Lidar, so that it would be perfectly 

aligned just as wind from a given direction is intercepted by the rotor.  While a 

constantly-yawing turbine may improve overall efficiency, there are barriers to a 

constantly yawing turbine such as increased wear-and-tear on yaw motors and 

increased cumulative gyroscopic loading associated with yawing. 

 

Table 8.1 shows the various combinations of averaging period and yaw 

differential tolerance evaluated as part of this analysis. 
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Table 8.1:  Combinations of Averaging Period and Yaw Differential Tolerance 

 Averaging Period  Yaw Differential Tolerance 

     10 minutes         ± 4°, ± 2°, and ± 0° 

       5 minutes         ± 4°, ± 2°, and ± 0° 

       2 minutes         ± 4°, ± 2°, and ± 0° 

       1 minute         ± 4°, ± 2°, and ± 0° 

     30 seconds         ± 4°, ± 2°, and ± 0° 

     10 seconds         ± 4°, ± 2°, and ± 0° 

       1 second         ± 4°, ± 2°, and ± 0° 

 

8.2 Effect of Different Yaw Differential Tolerance Ranges 

 

Table 8.2 is an example of the data for portions of a day (August 26, 2011) using 

10-minute averaging. Appendix E contains more complete information for this 

analysis. From Table 8.2,  use of an 8° tolerance range or bandwidth (i.e., ± 4°) 

and a 10-minute averaging period results in an average yaw error of 10.7° 

throughout the course of the day, with an estimated 8.8% loss in efficiency based 

on the cos³ relationship, or only 6.3% based on the cos² relationship.   

 

Reducing the tolerance bandwidth to 4° (i.e., ± 2°) reduces average yaw error to 

10.2°, and estimated losses of 8.0% loss in efficiency based on the cos³ 

relationship, or only 5.7% based on the cos² relationship.  Reducing the tolerance 

bandwidth even further to 0° would essentially mean that the turbine yaws after 

every 10-minute averaging period, even when there is only a very small 

differential between the existing turbine direction and the wind direction for the 

previous 10-minute period.  This again slightly reduces yaw error to an average of 

9.6°, and an estimated 7.5% loss in efficiency based on the cos³ relationship, or 

only 5.3% based on the cos² relationship. This indicates that increasing the 

number of yawing events by reducing the yaw error tolerance band (such as from 
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±4° to ±2°) will have some beneficial effect in terms of reduced yaw error, but not 

a huge impact.  

 

Figure 8.1 shows the effect of reducing the tolerance band from 8 º to 4°, based on 

1 minute time interval averaging of all data from the 5-days of 200-meter tower 

data analyzed.  Since the turbine would initiate yaw operations more frequently 

with the 4º interval band, the average yaw error is reduced. 

 

 

Figure 8.1:  Yaw Error Frequency Comparing 4º Tolerance Bandwidth to 8º 

Bandwidth 
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Table 8.2:  Yaw Error Estimate Assuming 10-Minute Averaging Period and 

Various Bands of Yaw Error Tolerance (200-m tower data for August 26, 2011) 
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8.3 Effect of Different Averaging Times for Turbine Yaw Operations 

 

In addition to evaluating the potential benefit of reducing the tolerance bandwidth, 

this research also considered the benefit of shortening the averaging time.  

Different averaging time periods considered included 10-minutes, 5-minutes, 2-

minutes, 1-minute, 30-seconds, 10-seconds, and 1-second.  A combination of 1-

second averaging time period and a 0° tolerance band would approximate near-

perfect alignment of the turbine at all times.  

 

As shown in Figure 8.2, shortening the averaging time will also initiate yaw 

operations more frequently, reducing the average amount of yaw error.  One can 

then see the impact of both more frequent yawing and reducing the tolerance 

bandwidth by comparing Figure 8.2 to Figure 8.3. 

 

 

Figure 8.2:  Yaw Error Frequency Comparing Different Time Intervals Between 

Yaw Decisions With an 8º Tolerance Bandwidth 
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Figure 8.3:  Yaw Error Frequency Comparing Different Time Intervals Between 

Yaw Decisions With a 4º Tolerance Bandwidth 

 

Table 8.3 depicts estimated yaw error for the same day as Table 8.2, but assumes 

the use of 10-second averaging periods instead of 10-minutes. From Table 8.3, 

use of an 8° tolerance band (i.e., ± 4°) and a 10-second averaging period reduces 

average yaw error of 4.6° throughout the course of the day, with an estimated 

2.4% loss in efficiency based on the cos³ relationship, or only 1.5% based on the 

cos² relationship.  Reducing the tolerance band to 4° (i.e., ± 2°) reduces average 

yaw error even further to 4.2°, with estimated losses of 2.3% loss in efficiency 

based on the cos³ relationship, or only 1.5% based on the cos² relationship.  

Reducing the tolerance band even further to 0° and using a 10-second averaging 

period would essentially mean that the turbine is almost continuously yawing. 

This again slightly reduces yaw error to an average of 3.9°, and estimated losses 

of 2.1% loss in efficiency based on the cos³ relationship, or only 1.4% based on 

the cos² relationship. This would indicate that more frequent yawing associated 

with use of shorting averaging periods may be more effective for improving 

efficiency than reductions to the tolerance band. 
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Note that Tables 8.2 and 8.3 only reflect the results from a single day, August 26, 

2011, which was determined to be the day having the greatest amounted of 

average yaw error from among those days evaluated.  Later tables reflect other 

days with much lower levels of average yaw error and efficiency reduction.  

These later tables also show how results vary based on the height above ground.  

It should also be noted that Tables 8.2 and 8.3 reflect yaw error and efficiency 

loss at all periods.  This tends to over-estimate potential improvements due to 

shorter averaging periods and reduced bands of yaw error tolerance, since turbines 

reach their rated capacity somewhere in winds of around 15 mps, meaning that 

slight amounts of yaw error at winds in excess of 15 mps would have little or no 

impact on energy production.  In addition, since turbines shut down in high wind 

speeds (typically somewhere around 22 to 25 mps), reducing yaw error in this 

range of wind speeds may not be useful in terms of producing more energy unless 

future turbine designs incorporate concepts such as predictive wind measurement 

(using Lidars or other advanced technologies) and advanced blade design.   

 

An excellent resource evaluating use of such advanced designs is Sandia National 

Laboratories’ report titled Active Load Control Techniques for Wind Turbines 

(Johnson et al. 2008). 
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Table 8.3:  Yaw Error Estimate Assuming 10-Second Averaging Period and 

Various Bands of Yaw Error Tolerance (200-m tower data for August 26, 2011) 
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8.4 Estimated Impact of Reducing Averaging Times and Differential Tolerance 

Range for Turbine Yaw Operations 

 

Tables 8.4 and 8.5 below provide a summary of the results from several days of 

this analysis.  Of those days considered, the maximum potential improvement 

would appear to be 8.6% based on the cosine³ method for estimating inefficiency 

due to yaw misalignment, or 6.1% based on the more conservative cosine² 

method.  Also note that these results indicate a trend showing less benefit on days 

having higher average wind speeds. 

 

Table 8.4:  Summary of Results Evaluating Potential Benefit of Improved Yaw 

Alignment based on Cosine³ Method of Estimating Losses due to Yaw Error 
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Table 8.5:  Summary of Results Evaluating Potential Benefit of Improved Yaw 

Alignment based on Cosine² Method of Estimating Losses due to Yaw Error 

 

8.5 Yaw Error as a Function of Wind Speed 

 

An analysis of yaw error as function of wind speed indicates that winds tend to 

change directions less during higher wind periods, and more during lower wind 

periods.  This may have implications in terms of determining the cost 

effectiveness of using Lidar to facilitate real-time control of wind turbines.  When 

wind speeds are high enough for the turbine to reach rated power, the power 

electronics in a state-of-the-art, variable speed turbine should keep power output 

at or very near the turbine’s rated power despite wind gusts and wind direction 
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changes.  Thus yaw error’s impact on energy production in Region III of the 

power curve (see Figure 6.2) should be minimal.  However, when winds are 

lighter, yaw error tends to be more significant, and it should be in Region II of the 

power curve that energy production can be increased by reducing yaw error, 

assuming either the cosine² or cosine³ theories are correct.  Figure 8.4 shows the 

relationship between average yaw error and average wind speed at various 

averaging period intervals.  One can see that yaw error should be significantly less 

at higher wind speeds, and also that shortening the average period can reduce yaw 

error. 

 

 

Figure 8.4:  Average Yaw Error vs. Average Wind Speed 

 

Figure 8.5 illustrates both a comparison of averaging times impact on yaw error 

and the bandwidth used to control yawing operations.  As shown, reducing the 

allowable bandwidth from ± 4° (or 8° total bandwidth) to ± 2° (or 4° total 

bandwidth) has some impact on average yaw error, but probably not nearly as 

much as reducing the averaging time. 
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In Section 8.6, the derived values for average yaw error as a function of wind 

speed are used to estimate the potential efficiency improvement offered by real-

time turbine control and its economic value. 

 

 

Figure 8.5:  Average Yaw Error vs. Average Wind Speed Showing Impact of 

Averaging Time and Yaw Error Tolerance 

 

8.6 Evaluating Potential Efficiency Losses Due to Yaw Error at Different Turbine 

Heights 

 

This research also considered the impact of yaw misalignment based on wind 

speed and direction measurements at various heights above ground.  TTU’s 200-

meter tower is instrumented at 10 different levels, but those which seem most 

relevant to wind turbines are 245 feet (75 meters), 382 feet (116 meters), 519 feet 

(158 meters), and 628 feet (200 meters).  As shown in Figure 8.6 from the DOE’s 

2012 Wind Technologies Market Report (Wiser et al. 2013), the average hub 

height of turbines installed in the U.S. has increased from about 55 meters in 

1998/99 to almost 85 meters in 2012, with average rotor diameters increasing 
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from about 49 meters in 1998/99 to about 95 meters in 2012.  Thus the average 

maximum tip height (i.e., tower height plus ½ of rotor diameter) would be about 

130 meters for turbines installed in 2012 compared to about 80 meters in 1998/99.  

 

 

Figure 8.6:  Increasing Average Size of U.S. Turbine Installations; Source: 

DOE’s 2012 Wind Technologies Market Report (Wiser et al. 2013). 

 

Increasing turbine size is expected to continue as manufacturers add turbines 

targeted for the offshore market and for areas with lower average annual wind 

speeds.  Examples of this include (1) Enercon’s 7 MW E-126 turbine has a 135 

meter hub height and a 126 meter rotor diameter, meaning the tip of the blade 

extends to 198 meters above ground, (2) GE Wind Energy’s 2.5 MW turbine with 

a hub height of 139 meters and a maximum tip height of 199 meters, (3) the 3.3 

MW Vestas V-126 that is available with a 137 meter hub height and a 200 meter 

maximum tip height, and (4) a Vestas 8.0 MW prototype turbine with a 164 meter 

rotor diameter.   

 

An initial assumption was that wind direction variations and associated yaw error 

would increase as wind measurements were taken at progressively lower levels, 

but as shown in Tables 8.6 and 8.7, wind measurements at four different levels 

seem to reflect little correlation to height above ground. 
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Table 8.6:  Comparison of Average Yaw Error Estimates at Various Heights with 

Efficiency Reduction based on Cosine² Method 

 

 

Table 8.7:  Comparison of Average Yaw Error Estimates at Various Heights with 

Efficiency Reduction based on Cosine³ Method 
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8.7 Estimating the Potential Efficiency Improvement from Real-Time Control 

 

As previously shown in this chapter, yawing a turbine more frequently will reduce 

yaw error, and this can be done by reducing the time interval over which wind 

speed and direction are averaged, by reducing the yaw tolerance bandwidth, or 

both.  An “ideal” turbine control system would mean that the turbine is always 

facing the optimal direction, but it is unlikely that that this could be achieved even 

using Lidar for anticipatory wind data collection and control since it does take 

some amount of time for the turbine to change directions.  Yawing a turbine too 

quickly can result in excess gyroscopic loads being placed on the turbine. An 

averaging interval of 10 seconds was used and a yaw tolerance bandwidth of ±2° 

as a proxy for a turbine controlled in real-time.  Also shown previously in the 

chapter, yaw error appears to be greatest during periods of low wind speeds, and 

reduces in higher winds.  Based on the derived relationship between yaw error 

and wind speed, Table 8.8 shows estimated efficiency loss versus wind speed for 

(1) a turbine programmed to yaw based on a 10 minute averaging interval and a 

yaw tolerance bandwidth of ± 4°, and (2) a turbine yawing much more frequently, 

based on a 10 second averaging interval and a yaw tolerance bandwidth of ± 2°.  

In addition, this table also compares the efficiency loss based on (1) the cosine² 

theory and (2) the cosine³ theory. 

 

Table 8.8:  Estimated Efficiency Loss Due to Yaw Error versus Wind Speed 
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To estimate the total impact of 

efficiency loss due to yaw 

error, one would also need to 

know the power performance 

of the wind turbine as a 

function of wind speed (i.e., the 

power curve) and the 

distribution of wind speeds at a 

given site.  Table 8.9 reflects a 

power curve calculated for a 

hypothetical 2.5 MW turbine 

with a 100 meter rotor 

diameter.  The “base case” pro 

forma financial model 

discussed in Chapter 5 and 

used for various financial 

analysis scenarios as part of the 

research for this dissertation 

used the same hypothetical 

turbine.   

 

Table 8.10 shows several wind speed distributions developed by applying the 

Rayleigh Distribution Function to several different values of average annual wind 

speeds.  For example, a wind site averaging 8.0 meters per second at hub height 

could be expected to have wind speeds between 11 and 12 mps 487 hours out of 

the total of 8760 hours in a year, or about 5.6% of the time.   Gross annual energy 

production for a 2.5 MW turbine was also estimated for each of the differing 

values of average annual wind speed, based on sea level air density and a 

Rayleigh Distribution of wind speeds. 

Table 8.9:  Power Curve for Hypothetical 

2.5 MW Wind Turbine with a 100 Meter 

Rotor Diameter 
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Most turbines achieve rated power at wind speeds of 15 meters per second or less, 

meaning yaw error probably has almost no effect on energy production at winds 

beyond 15 mps due to the ability of power electronics to rapidly adjust power 

output in response to fluctuations in the wind; however,  the distributions were 

carried out to 20 meters per second to help show how little effect yaw error 

inefficiency would have on energy production in periods of higher wind speed 

even if yaw error did have some impact.   

 

Table 8.10:  Estimated Hours per Year in Wind Speed Bins as a Function of 

Average Annual Wind Speed Based on the Raleigh Distribution Function 

 

 

Next, by multiplying ( 1 – efficiency ) for each wind speed bin (from Table 8.8) 

times the power output associated with each bin (from Table 8.9) times the 

number of hours for each bin (from Table 8.10), one can estimate the energy loss 

due to yaw error over the course of a year.  As shown in Table 8.11, using the cos² 

method would predict a 4.0% efficiency loss due to yaw error at a low wind site 

(6.0 mps average annual wind speed) or a 2.1% loss at an exceptionally high wind 

site (9.5 mps average annual wind speed), while the cos³ would predict higher 

losses of 5.8% and 3.0%, respectively.   
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Table 8.11:  Estimated Annual Efficiency Loss due to Yaw Error vs. Windiness 

of Site Based on cos² and cos³ Methods  

 

 

Tables 8.12 and 8.13 show the energy loss for a turbine yawing based on 10 

minute averaging intervals and a ± 4° yaw tolerance bandwidth, based on the 

cosine² theory and then on the cosine³ theory.  Assuming an electricity price of 

$30.12 per kWh (based on the cost of energy from the hypothetical 250 MW wind 

project described in Chapter 5), the cost of yaw-error induced inefficiency would 

be in the range of $6,000 to $7,000 per year for each 2.5 MW turbine based on the 

cosine² theory, or $9,000 to $10,500 per year based on the cosine³ theory.  Next, 

Tables 8.14 and 8.15 show the energy loss for a turbine yawing much more 

frequently, based on 10 second averaging intervals and a ± 2° yaw tolerance 

bandwidth, based on the cosine² theory and then on the cosine³ theory.  Again 

assuming an electricity price of $30.12 per kWh, the cost of yaw-error induced 

inefficiency declines to $800 to $1,300 per year for each 2.5 MW turbine based 

on the cosine² theory, or $1,200 to $1,900 per year based on the cosine³ theory.  

The estimated value of real-time turbine control can then be determined by 

comparing these two tables to Tables 8.12 and 8.13, showing a benefit of up to 

$5,800 per year per 2.5 MW turbine based on the cosine² method and up to 

$8,700 per year per 2.5 MW turbine based on the cosine³ method. 
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Table 8.12:  Estimated Annual Energy Losses in MWh Due to Yaw Error Based 

on the Cosine² Theory assuming a 2.5 MW Turbine, 10 Minute Averaging 

Interval, and a ± 4° Yaw Tolerance Band 

 

 

Table 8.13:  Estimated Annual Energy Losses in MWh Due to Yaw Error Based 

on the Cosine³ Theory assuming a 2.5 MW Turbine, 10 Minute Averaging 

Interval, and a ± 4° Yaw Tolerance Band 

 



Texas Tech University, Richard P. Walker, May 2014 

162 
  

Table 8.14:  Estimated Annual Energy Losses in MWh Due to Yaw Error Based 

on the Cosine² Theory assuming a 2.5 MW Turbine, 10 Second Averaging 

Interval, and a ± 2° Yaw Tolerance Band 

 

 

Table 8.15:  Estimated Annual Energy Losses in MWh Due to Yaw Error Based 

on the Cosine³ Theory assuming a 2.5 MW Turbine, 10 Second Averaging 

Interval, and a ± 2° Yaw Tolerance Band 
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8.8 Summary and Conclusions 

 

Past studies by Risø DTU and others suggest that the estimated efficiency 

reduction of wind generation can be approximated by squaring the cosine of the 

yaw error angle or by cubing the cosine of the yaw error angle, although there 

seems to be no real consensus on which method is more accurate.  It was 

demonstrated in this chapter how reducing the wind data averaging time and 

reducing the bandwidth of allowable yaw error with the turbine control algorithms 

can reduce yaw error, but the real question to answer is whether or not the 

increase in efficiency and revenue will offset additional project maintenance costs 

associated with more frequent yawing of the turbines. 

 

The estimated value of real-time turbine control (presumably facilitated by Lidar 

either mounted on top of the turbine or integrated into either the turbine blades or 

the spinner) was shown to be about $5,800 per year per 2.5 MW turbine assuming 

the cosine² method is an accurate predictor of efficiency loss due to yaw error, or 

up to $8,700 per year if the cosine³ method is a more accurate predictor.  These 

values were derived from data from a met tower near Lubbock, Texas where 

terrain is extremely flat.  Areas with rougher or more complex terrain may 

experience greater turbulence and wind direction changes, which can result in 

greater average amounts of yaw error, and thus more potential benefit from real-

time turbine control. Using the pro forma model for the hypothetical 100 turbine, 

250 MW wind project described in Chapter 5, the increased energy production 

and associated revenue based on the cosine² method would have a net present 

value of about $8.8 million over the life of the project, or alternatively, the 

increased energy production could support an additional $17.8 million in capital 

costs (such as for the purchase and integration of Lidar equipment), or 

approximately $178,000 per turbine.  The cosine³ method would suggest an even 

greater improvement, with the increased revenue having a net present value of 

approximately $12.0 million.  This magnitude of increased energy production 
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could support additional capital costs of about $24.3 million, or approximately 

$243,000 per turbine.   As Lidar technology improves and costs come down, it 

seems highly likely that systems could be purchased and integrated into the 

control systems of wind turbines for less than $178,000 or $243,000.  Lidar 

manufacturers or distributors that were contacted regarding pricing suggested 

prices of anywhere from “less than $50,000” up to $270,000.  In addition, the 

trend of increasing turbine size and rated capacity does not seem to be slowing 

down; thus the incremental cost of the Lidar system relative to the turbine cost 

gets smaller even if the cost of the Lidar system itself did not go down. 

 

Some of the remaining questions that one would need to answer in order to 

evaluate the cost vs. benefit of Lidar systems for turbine control include: 

 

A. Are either the cosine² or cosine³ theories accurate predictors of 

inefficiency associated with yaw error? 

 

B. Can Lidar accurately characterize the wind resource far enough in advance 

to allow the data to be integrated with the turbine control logic without 

significantly increasing gyroscopic loads? 

 

While a couple of the papers or news articles discussed in Chapter 2 tout 

promising results from tests of  Lidars being used for turbine controls, the 

information was presented by companies making and/or marketing Lidar devices, 

so one may choose to view these somewhat skeptically. 

 

The following chapter will discuss the use of actual one-second turbine 

production data and meteorological data from an associated turbine certification 

meteorological tower to try and answer question A from above -- are either the 

cosine² or cosine³ theories actually accurate predictors of inefficiency associated 

with yaw error? 
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CHAPTER 9 

EVALUATING THE IMPACT YAW ERROR ON TURBINE PRODUCTION 

USING ACTUAL TURBINE AND METEOROLOGICAL TOWER DATA 

 

9.1 Analysis of One-Second Wind Data from Test Turbine and Associated 80-Meter 

Meteorological Tower 

 

TTU is involved in the testing and certification of a utility-scale wind turbine at 

its Great Plains Wind Test Facility, and has installed a hub-height met mast 

complete with multiple level 3-cup anemometers and directional wind vanes.  

One-second data was collected from both the test turbine and the met mast, and 

this researcher was given access to data from 7 days within a three-month period 

of time.  Analysis of the data for this project focused upon determining if there 

was a noticeable impact of yaw error or turbine misalignment on energy 

production, particularly in Region II-a of the power curve where the turbine 

blades are oriented at a near-optimum angle of attack and the turbine is producing 

at less than rated power.  This analysis was performed by calculating the turbine’s 

Coefficient of Performance at various wind speeds and degrees of yaw error. 

 

Examination of data from the turbine and met mast indicates that this region of 

the power curve lies between a low of 4 mps wind speed and a high of 11 mps, so 

other wind speeds were excluded from the analysis focused on the effect of yaw 

error on energy production.  Since yaw error also can affect loading on the 

turbine, some of the later analyses did include higher wind speeds. One second 

data from both the test turbine and the associated hub-height meteorological tower 

were obtained for the following dates: 

 

October 27, 2011  November 27, 2011  December 2, 2011  

December 27, 2011  January 3, 2012  January 4, 2012 

January 11, 2012 
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As shown in Figure 9.1, the 

hub-height meteorological 

tower is located about 2.715 

rotor diameters south of the 

wind turbine, meaning that 

wind coming from north to 

south is impacted by the 

turbine rotor before reaching 

the 80 meter met tower.  Wind 

measurements from the met 

tower would be inaccurate 

when winds are coming from a 

generally northerly direction, 

since they are disturbed by the 

turbine’s rotor before reaching 

the meteorological tower, so 

the data from a generally 

northerly direction were 

removed from this analysis.  

The meteorological tower was 

sited south of the wind turbine 

since the prevailing wind 

direction is from south to north, 

and the meteorological tower 

was instrumented as shown in 

Figure 9.2. 

 

 

 

 

Figure 9.1:  Test Turbine and Associated 

Hub-Height Meteorological Tower 
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Figure 9.2:  Meteorological Tower Instrumentation 
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Available wind and energy production data that were analyzed for purposes of 

determining the impact of yaw error on energy production included the following 

items: 

 

 Met tower wind speed at 80 m (hub height) – primary:  (mps) 

 Met tower wind speed at 80 m (hub height) – secondary: (mps) 

 Met tower wind speed at 32 m:    (mps) 

 Turbine nacelle wind speed:    (mps) 

 Met tower wind direction at 76.0 m – primary:  (degrees true north) 

 Met tower wind direction  at 76.2 m – secondary: (degrees true north) 

 Turbine direction at hub position:    (degrees true north) 

 Met tower barometric pressure at 76 m:   (millibars) 

 Met tower air temperature at 76 m:   (degrees C) 

 Turbine generated power:     (kW) 

 Turbine consumed power:    (kW) 

 Turbine electrical power:     (kW) 

 Turbine connection status: 

 Turbine brake status: 

 Turbine availability status: 

 

As will be discussed in the following chapter, a variety of turbine torque, strain, 

and bending moment data was also available. 
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9.2 Complexities of Evaluating Actual Wind and Turbine Performance Data 

 

Due to the highly stochastic nature of wind, identifying impacts of various wind 

conditions on turbine performance can be very challenging.  As discussed in 

Chapter 6, there are many variables that will impact turbine performance 

including wind speed, direction, turbulence, yaw error, temperature, humidity, air 

pressure, air density, and mechanical and electrical losses through the turbine 

drive train and generator.  The difficulty of such research is compounded further 

by issues associated with metrology, which the International Bureau of Weights 

and Measures defines as “the science of measurement, embracing both 

experimental and theoretical determinations at any level uncertainty in any field 

of science and technology.”   

 

While readings from the test turbine and associated meteorological tower were to 

be oriented based on true North, it would be very easy to get off by a few degrees 

during the process of raising an 80-meter tower after the instrument booms are 

aligned while the tower is still horizontal, or during the construction of the wind 

turbine.  Since the met tower was instrumented with redundant sensors at the top 

level, one only has to look at the difference in wind speeds between the two 

anemometers at the top level, or the difference in wind direction between the two 

directional vanes at the top level, to notice this since they rarely report the exact 

same bearing.  Wakes caused by the met tower itself will impact readings from 

certain directions, and when the wind comes from the North, interacting with the 

test turbine before it reaches the met tower, there can be a severe disruption to the 

data.   

 

9.3 Using Coefficient of Performance as an indicator of efficiency 

 

A primary objective of the analysis of one-second data from the test turbine and 

the associated meteorological tower was to determine if yaw error has a 
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noticeable impact on the turbine’s energy production.  For this analysis, a variable 

called “Coefficient of Performance Electrical” (or “CPE” for purposes of this 

paper) was used as the indicator of turbine efficiency at various levels of yaw 

error as an indicator of the impact of yaw error on turbine performance. 

 

As discussed in detail in Chapter 6, the power output of a wind turbine can be 

predicted at various conditions based on the following formula: 

Power =    0.5    ρ    V
3 
 (πd²/4)    Cp      εGen    εGB   

where:  

 Power = instantaneous electrical production as measured in watts 

 Cp  =  Coefficient of Performance (also sometimes referred to as the 

      Coefficient of Power or Power Coefficient) = the percentage  

             of power in the wind that is converted into mechanical 

energy by the rotor 

 ρ =  air density at the location the turbine is installed in kg/m
3
  

 r =  distance from center of rotor to end of blade in meters 

 d =  turbine rotor diameter in meters 

 V =  wind velocity in meters per second 

 εGen  =  the efficiency of the generator (sometimes shown as ηGen) 

 εGB  =  the efficiency of the gearbox (sometimes shown as ηGB) 

So while Cp represents the efficiency with which the turbine rotor converts power 

in the wind into mechanical energy, CPE can be thought of as the efficiency with 

which the turbine converts power in the wind into electrical energy exiting the 

turbine. Given the data available from the test turbine and the associated 
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meteorological tower, an indicator of efficiency, CPE, can be determined in the 

following manner: 

 

CPE = Cp  εGen εGB = Power  / ( 0.5    ρ    V
3 
 (πd²/4) ) 

 

Furthermore, since wind direction and turbine direction data are available, values 

for yaw error at the various time averaging periods can be calculated, and average 

values of CPE can be associated with degrees of yaw error to determine how yaw 

error effects turbine efficiency. 

 

9.4 Process:  Data Quality Control and Data Averaging Times 

 

The available data included columns to indicate whether or not the turbine was 

available and if the turbine brake was off, which were then used to eliminate data 

from periods when the turbine was not producing energy.  As previously 

mentioned, since the turbine is located north of the associated meteorological 

tower, turbine wakes will distort meteorological tower data when winds are from 

the north, necessitating the elimination of data from periods when winds came 

from a northerly direction.  As shown in Figure 9.1, bearings from the 

meteorological tower to the outer edges of the turbine rotor were 348.3° to the 

westernmost edge of the rotor and 9.1° to the easternmost edge.  CPE values were 

computed and it was clear that wakes from the rotor impacted these values when 

winds came from a northerly direction.  By increasing the width of the sector 

excluded due to turbine wakes, CPE averages became more constant. Several 

additional degrees of “buffer” were added based on an examination of this data, 

and a decision was made to eliminate data for wind directions between 330 and 30 

degrees. 
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Data for periods when wind speeds were less than 4 meters per second were also 

eliminated since they are below the turbine’s cut-in speed.  In addition, an 

examination of the data shows that the turbine begins to pitch its blade, 

intentionally reducing Cp when winds exceed 11 meters per second; thus, for 

purposes of evaluating the impact of yaw misalignment on energy production, 

time periods in which wind speeds exceeded 11 mps have also been eliminated. 

 

The wind energy industry customarily uses 10-minute averaging periods for 

storing and analyzing wind speed, wind direction, and turbine production data.  

This length of averaging period may make it difficult to fully understand the 

impact of yaw error on energy production.  Therefore, a variety of averaging 

periods were used, with both discrete periods and “rolling averages” that included 

the following: 

 30 seconds 

 1 minute 

 2 minutes 

 5 minutes 

 10 minutes 

 

9.5 Process:  Determining air density and adjusting all site wind speeds to “sea level 

equivalent” wind speeds 

 

Since air density is an integral part of the wind power formula and is constantly 

changing due to changes in air temperature and barometric pressure, the 

researcher needed a method to remove air density as a constantly-varying factor in 

the analysis of yaw error’s impact on turbine efficiency.  This was done by 

converting actual site wind speed measurements to “sea level equivalent” wind 

speeds.  Note that the standard for measuring wind turbine power curves is IEC 
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61400-12 (International Electrotechnical Commission 1998), and the standard air 

density used is 1.225 kg/m³ based on the average air density sea level elevation.  

The test turbine and meteorological tower are located west of Lubbock, Texas at 

hub-height elevation of about 1098 meters above sea level, meaning that average 

air density is approximately 1.094 kg/m³ compared to the sea-level standard of 

1.225 kg/m³.  This means that a given wind speed across the turbine at the test site 

will result in less power production than that same wind speed  would produce 

using an identical turbine at sea level.   The method used to determine equivalent 

sea level wind speeds for all time periods was as follows: 

 

 Determine actual air density based on air temperature and barometric pressure 

measurements from the meteorological tower.  Note that the method for doing 

this is described in Chapter 6 of this dissertation. 

 

 Calculate the sea level equivalent wind speed (WSSL) as follows: 

 

Sea level equivalent wind speed = ((ρSite / ρSL)*V³)
1/3 

 

To illustrate this concept, assume that the site air density is 1.094 kg/m³, wind 

speed is 8 m/s, the turbine rotor diameter is 80 meters (40 m radius), Cp is 0.48,  

εGen is 0.95, and εGB is also 0.95.   

 

Expected power output at the site could then be calculated as: 

 

PowerSite = 0.5 * 1.094 kg/m³ * (8 m/s)³ * π * (40 m)² * 0.48 * 0.95 *.0.95 

 

PowerSite = 609,840 kg-m²/s³ = 609.8 kW 
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The equivalent sea level wind speed could be calculated as: 

 

WSSL = ((ρSite / ρSeaLevel)*V³)
1/3

 = ((1.094 kg/m³ / 1.225 kg/m³) * (8 m/s)³)
 1/3 

 

WSSL = 7.704 m/s 

 

Power at sea level would then be calculated as: 

 

PowerSL = 0.5 * 1.225 kg/m³ * (7.704 m/s)³ * π * (40 m)² * 0.48 * 0.95 *.0.95 

 

PowerSeaLevel = 609,839 kg-m²/s³ = 609.8 kW 

 

Thus, a wind speed of 7.704 m/s at sea level would produce the exact same power 

output that a wind speed of 8.0 m/s would produce at the site with the higher 

elevation, assuming the use of identical wind turbines. 

 

Now that sea level equivalent wind speeds have been calculated for each one-

second measurement, one can calculate average wind speed (sea level equivalent), 

average wind direction, average power generation, and average yaw error for each 

average time increment of interest (i.e., 30 seconds, 1 minute, 2 minutes, 5 

minutes, and 10 minutes).   

 

9.6 Positive Yaw Error or Negative Yaw Error 

 

As shown in Figure 9.3, when one is facing a wind turbine from the front (i.e., the 

rotor is in front of the nacelle), almost all utility-scale wind turbines will be 

rotating clockwise when producing electricity.  The direction of positive yaw is 

discussed in the Wind Energy Handbook by Burton et al (2001), which states: 
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Note that the blade azimuth is measured in the direction of blade rotation, 

from a zero value at top dead center, and the yaw angle is defined as positive 

when the lateral component of air flow with respect to the rotor disc is in the 

same direction as the blade movement at zero azimuth. 

 

Figure 9.4 then shows illustrations of positive yaw error and negative yaw error, 

looking down on the turbine from above.  Since the rotor is turning clockwise, 

positive yaw error would in the same direction that the blade is rotating, whereas 

negative yaw error would be opposing the direction of rotation. 

 

 

Figure 9.3:  Clockwise rotation of wind turbines 

 

 

 

 

 

 

 

 

 

 

Figure 9.4:  Illustration of positive yaw error and negative yaw error 

Clockwise 

rotation of 

wind turbines 

when viewed 

from the front 
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9.7 Frequency of Yaw Error as a Function of Wind Speed and Amount of Yaw Error 

 

The following four figures show the occurrences of yaw error as a function of 

wind speed and degree of yaw error, each based on a one-minute averaging time 

period.  The first one is for wind between 4 mps and 6 mps, the second for winds 

between 6 to 8 mps, the third for winds between 8 and 10 mps, and the fourth for 

winds between 10 and 11 mps.  As discussed earlier, the turbine blades begin to 

pitch around 11 mps as the turbine nears rated power, so yaw error beyond these 

wind speeds would have little impact on overall efficiency. 

 

The first observation is that there are far more occurrences of negative yaw error 

than positive yaw error.  The direction of the wind speed was calculated as the 

average of the two directional vanes at the top level of the 80-meter reference 

meteorological tower, while the turbine alignment, or yaw angle, came directly 

from the one-second information generated by the turbine’s data collection 

system.  Yaw error was then calculated for each one second increment by 

subtracting the average wind direction from the yaw angle of the turbine.  For 

example, if the wind direction is 205°, and the turbine yaw angle is 195°, the yaw 

error is -10°.  Likewise, if the wind direction is 195°, and the turbine yaw angle is 

205°, the yaw error is +10°.  The average yaw error was then calculated for the 

averaging period, or 1 minute in the example below.  Potential causes for this 

“shift” that were considered included some amount of error in the orientation of 

the meteorological tower sensors, error in the calibration of turbine alignment, 

some bias in the turbine control system which tends to introduce more negative 

yaw error than positive, or some anomaly in the daily changes of wind direction 

during the course of the day. 

 

Researchers at Texas Tech’s National Wind Institute have developed a method for 

measuring utility-scale turbine wakes using Ka-band mobile radar vehicles as 
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discussed in Hirth et al (2012).  One researcher, Neha Marathe, has also been 

analyzing data from the same test turbine and reference meteorological tower 

used for research discussed in this dissertation, as well as TTU’s 200-meter tower 

and the two Ka-band radar vehicles.  Her research indicates that there is a 

difference of several degrees between readings coming from both the 200-meter 

tower and the Ka-band radar vehicle as compared to those coming from 80-meter 

reference tower.  Assuming the orientation information for the test turbine is 

correct, then this might explain the approximately -5° to -7° shift in occurrences 

of yaw error. 

 

 

Figure 9.5:  Occurrences of Yaw Error for Wind Speeds from 4 to 6 mps, One 

Minute Average 
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Figure 9.6:  Occurrences of Yaw Error for Wind Speeds from 6 to 8 mps, One 

Minute Average 

 

 

Figure 9.7:  Occurrences of Yaw Error for Wind Speeds from 8 to 10 mps, One 

Minute Average 
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Figure 9.8:  Occurrences of Yaw Error for Wind Speeds from 10 to 11 mps, One 

Minute Average 

 

The next observation based on these graphs is that the frequency of larger amounts 

of yaw error declines as the average wind speeds increase.  This is consistent with 

findings discussed in Chapter 8 based on the analysis of one-second wind data 

from TTU’s 200-meter tower. 

 

9.8 Frequency of Yaw Error as a Function of Averaging Time and Amount of Yaw 

Error 

 

When the distributions of yaw error for different averaging periods are compared 

for a given range of wind speeds, there appears to be little noticeable difference, as 

shown in the following three figures comparing the occurrences of yaw error based 

on 30-second data, 1 minute data, or 10 minute data.  Note, however, that this does 

mean that reducing the data averaging time interval actually used to control the 

wind turbine would not reduce yaw error, since the researcher could make no 

changes to the turbine control algorithms.  As discussed in Chapter 8, reducing the 

data averaging period used to control a wind turbine should result in less yaw 
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error, although one would have to weigh the benefits of any increase in efficiency 

to the additional wear and tear on the turbine components. 

 

 

Figure 9.9:  Occurrences of Yaw Error for Wind Speeds from 8 to 10 mps, 30-

Second Average 

 

 

Figure 9.10:  Occurrences of Yaw Error for Wind Speeds from 8 to 10 mps, 1-

Minute Average 
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Figure 9.11:  Occurrences of Yaw Error for Wind Speeds from 8 to 10 mps, 2-

Minute Average 

 

 

Figure 9.12:  Occurrences of Yaw Error for Wind Speeds from 8 to 10 mps, 5-

Minute Average 
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Figure 9.13:  Occurrences of Yaw Error for Wind Speeds from 8 to 10 mps, 10-

Minute Average 

 

9.9 Impact of Yaw Error on Turbine Efficiency 

 

As discussed at the beginning of this chapter, analysis of one-second wind and 

energy production data for this project focused upon determining if there was a 

noticeable impact of yaw error or turbine misalignment on energy production, 

particularly in Region II-a of the power curve where the turbine blades are oriented 

at the full angle of attack and the turbine is producing at less than rated power.  

This analysis was performed by calculating the turbine’s Coefficient of 

Performance Electrical (CPE) at various wind speeds and degrees of yaw error.   

 

And as discussed in Chapter 2, a review of the literature regarding the impact of 

yaw error on turbine efficiency, the prevailing opinion is that yaw error will reduce 

turbine efficiency, particularly as the amount of yaw error increases.  Figure 9.14 

(or Figure 2.9 from Chapter 2) comes from the Wind Energy Handbook (Burton et 

al. 2011) and shows the estimated reduction of Cp as a function of increasing yaw 

error.  Figure 9.15 (or Figure 2.12 from Chapter 2) comes from a Risø DTU report, 
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Wind Turbine Power Performance Verification in Complex Terrain and Wind 

Farms (Pedersen 2002), and depicts power losses as a function of yaw error. 

 

 

Figure 9.14:  Estimated Reduction of Coefficient of Power as a Function of 

Increasing Yaw Error; Source:  Figure 3.48 from 'Wind Energy Handbook 

(Burton et al. 2011). 

 

 

Figure 9.15:  Comparing Calculated Power Losses as a Function of Yaw Angle to 

Experimental Results; Source:  Figure 6.1 from Wind Turbine Power 

Performance Verification in Complex Terrain and Wind Farm (Pedersen 2002).
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The following figures depict CPE as a function of yaw error for various wind 

speeds and data averaging times.  Figure 9.16 through 9.19 show CPE vs. Yaw 

Error based on 10-minute averaging times for four different ranges of wind 

speeds.  Version A of each graph shows a range of yaw errors between -20 

degrees and +20 degrees, while in Version B of each graph the Yaw Error Axis 

has been shifted by +5 degrees to adjust for the potential alignment differences 

between the test turbine and the associated meteorological tower, as previously 

discussed, and Version B focuses in on yaw error between -10 degrees and +10 

degrees (or -15 degrees to +5 degrees before the shift), where the vast majority of 

occurrences were.   

 

These results indicate that the efficiency of the turbine does not significantly 

decrease with yaw error when winds are above 6 mps and yaw error is below 10°.   

This may be the most significant finding of this research, and is clearly contrary 

to the widespread assumption that the wind turbine efficiency declines by the 

cube of the cosine of the yaw error angle. 

 

When winds are below 6 mps, the results are more uncertain due to very low 

energy production levels from the turbine, the inertia in the turbine blades helping 

keep production up during short periods of low winds, inertial effects on the 3-cup 

anemometers at low wind speeds, and much fewer observations of winds this low 

during the period for which data was evaluated.  This results in values far 

exceeding the Betz Limit of 0.593 and even values of 1.00, clearly suggesting that 

this analysis is not valid when wind speeds are less than 4 mps.  Even when only 

values between 5 and 6 mps were considered, results were still not reasonable, 

with maximum values of CPE still around 1.00. 
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Figure 9.16A:  Yaw Error vs. CPE for winds from 10 to 11 mps, 10-minute data 

averaging period. 

 

 

Figure 9.16B:  Yaw Error vs. CPE for winds from 10 to 11 mps, 10-minute data 

averaging period (with +5 shift of yaw error axis). 
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Figure 9.17A:  Yaw Error vs. CPE for Winds from 8 to 10 mps, 10-minute data 

averaging period. 

 

 

Figure 9.17B:  Yaw Error vs. CPE for Winds from 8 to 10 mps, 10-minute data 

averaging period (with +5 shift of yaw error axis). 

 



Texas Tech University, Richard P. Walker, May 2014 

187 
  

 

Figure 9.18A:  Yaw Error vs. CPE for Winds from 6 to 8 mps, 10-minute data 

averaging period. 

 

 

Figure 9.18B:  Yaw Error vs. CPE for Winds from 6 to 8 mps, 10-minute data 

averaging period (with +5 shift of yaw error axis). 
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Figure 9.19A:  Yaw Error vs. CPE for Winds from 4 to 6 mps, 10-minute data 

averaging period. 

 

 

Figure 9.19B:  Yaw Error vs. CPE for Winds from 4 to 6 mps, 10-minute data 

averaging period (with +5 shift of yaw error axis). 

 

Different data averaging periods produced similar results.  Figures 9.20 through 

9.23 show CPE vs. Yaw Error based on 1-minute averaging times for wind speed 

ranges above 6 mps and less than 11 mps, with the Yaw Error Axis shifted by +5 

degrees and focusing in on -10 degrees to +10 degrees of yaw error.  Once again, 
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the results indicate that the efficiency of the turbine does not significantly 

decrease with yaw error.    

 

 

Figure 9.20:  Yaw Error vs. CPE for Winds from 10 to 11 mps, 1-minute data 

averaging period (with +5 shift of yaw error axis). 

 

 

Figure 9.21:  Yaw Error vs. CPE for Winds from 8 to 10 mps, 1-minute data 

averaging period (with +5 shift of yaw error axis). 
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Figure 9.22:  Yaw Error vs. CPE for Winds from 6 to 8 mps, 1-minute data 

averaging period (with +5 shift of yaw error axis). 

 

Appendix F contains the results from the analysis of 30-second, 1-minute, 2-

minute, 5-minute, and 10-minute averages of the wind data 

 

9.9 Inferences and/or Conclusions 

 

The results obtained to date from this analysis of one-second wind data and 

turbine production data indicate that yaw error between -10° to +10° may have 

very little impact on the efficiency of wind turbines, particularly when winds are 

above 6 mps.  Therefore, it is unlikely that the cost of anticipatory wind data 

collection via the use of Lidar can be justified solely upon additional energy 

production resulting from a reduction in yaw error.   

 

Simpler methods to achieve a reduction in average yaw error that should first be 

considered include the following: 
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A. Reduce the averaging time and yaw differential tolerance used to control 

turbines. 

B. Implement processes to ensure that rotating turbine-mounted sensors (3-cup 

anemometers and wind vanes) are routinely inspected, calibrated, and 

replaced when necessary since it is likely that instrumentation error or 

inaccuracy contributes to yaw error when the instruments are not well 

maintained and calibrated.   

C. Use sonic anemometers on wind turbines to improve the accuracy of 

information being provided to the turbine controller, provided the sonic 

anemometers are also routinely calibrated. 

 

Additional research by Texas Tech could be very interesting and valuable, 

particularly if a nacelle-mounted Lidar could be obtained and integrated with the 

turbine’s control system.  Not only would it be useful for additional analysis of 

yaw error, it could also be used for better understanding of wake effects and 

turbulence, and for testing new concepts such as “wake steering.”  Use of 

forward-looking and backward-looking Lidars for this purpose would be very 

interesting. 
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CHAPTER 10 

EVALUATING THE IMPACT OF INACCURANCY AND UNCERTAINTY IN 

THE WIND RESOURCE ASSESSMENT PROCESS ON  COST OF CAPITAL 

 

10.1 Overview 

 

Following examination of remote sensing technologies such as Sodar or Lidar for 

improved wind turbine control, the use of these technologies for resource 

assessment during the wind project development phase (i.e., prior to financing and 

construction of a project) was evaluated.  As numerous financial model scenarios 

were run as part of the research for this project, it became very apparent that the 

assumed Weighted Average Cost of Capital (WACC) for a wind project being 

evaluated has a significant impact on the resulting Cost of Energy (COE). 

 

Potential investors in wind projects and potential institutional lenders to wind 

projects both base their expected returns from investments or loans on the 

likelihood of begin repaid, including both a return of their original investment (or 

loan, in the case of debt providers) and a return on the investment.  Items that are 

perceived to increase the risk of not receiving the expected return can increase the 

investors’ minimum expected return on their investment or the interest rate on 

funds to be borrowed from lending institutions.  Given the highly variable nature 

of wind and the ever-increasing size of wind turbines, both investors and lenders 

typically use meteorological consultants to analyze the thoroughness and accuracy 

of the project developer’s wind resource assessment campaign and the accuracy 

of the estimated Annual Energy Production (AEP) and associated revenue from 

sales of electricity.  This may well be where Lidar and Sodar can make their 

greatest contributions to reducing the cost of wind energy. 
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10.2 Energy Production Estimates and their Role in Determining a Project’s Capital 

Structure 

 

Energy production estimates for wind projects are used to show potential 

investors and lenders that a proposed wind project is expected to be successful, 

and thus the accuracy of such forecasts is essential to continued investment in the 

industry.  When performing a pro forma financial analysis for a proposed wind 

energy project, it is customary to evaluate its expected financial performance 

under a variety of energy production scenarios, and cases commonly run include 

P50, P95, and P99, which refer to probability levels or “probabilities of 

exceedance” as further defined and illustrated below. 

 

A. P50 refers to the expected long-term annual average energy production, 

representing a value in which there is 50% chance in any given year that 

actual energy production will be in excess of that amount and a 50% chance 

that it will be less than that amount.  In the example shown in Figure 10.1, that 

value would be about 876 GWh per year. 

 

B. P90 is a lower energy production value than P50 and represents the value in 

which there is 90% chance in any given year that actual energy production 

will exceed and only a 10% chance that it will not. 

 

C. As illustrated in Figure 10.1, P95 would be about 746 GWh, significantly 

lower than P50, representing the value in which there is 95% chance in any 

given year that actual energy production will exceed and only a 5% chance 

that it will not.  

 

D. P99 is an even lower value than P95 and represents the value in which there is 

99% chance in any given year that actual energy production will exceed and 

only a 1% chance that it will not, or about 703 GWh. 
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Figure 10.1:  Example of P50, P95, and P99: Probability of Exceedance 

 

 

These values are determined based on a normal distribution of potential outcomes 

that are based on the amount of uncertainty in the wind resource assessment and 

Annual Energy Production estimate.  The more uncertainty in the wind resource 

assessment and in other factors such as the potential for curtailments of wind 

generation due to transmission congestion, the greater the difference will be 

between the P50 value and the P90, P95, and P99 values.  The various confidence 

intervals for the wind resource are first calculated for each factor contributing to 

uncertainty.  For example, the 95% confidence limit for long-term wind speed at 

the reference anemometer would be calculated as follows:  

 

Standard deviation of annual mean wind speed:    3.00% 

Years of data from long-term reference site:          15 

Equivalent long-term uncertainty         = 3.00 / (15^0.5) =  0.775% 

95% confidence limits             = 1.96 * 0.775   =            1.519% 

 

The value of 1.96 in the above calculation is the number of standard deviations in 

a standard normal distribution needed to reach the 95
th

 percentile.  For the 99
th
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percentile, the number of standard deviations from the mean is 2.58, and for the 

90
th

 percentile, the number of standard deviations from the mean is 1.645. 

 

There are numerous factors that will impact uncertainty of wind resource 

assessment, the AEP estimates, and the associated confidence intervals, and these 

will be discussed in detail later in this chapter.  After the potential uncertainty in 

each factor is estimated, then the aggregate uncertainty associated with these 

factors and the confidence limit being considered is calculated, often by 

calculating the root-sum-square of the individual uncertainties.  Some more 

complex methods such as Monte Carlo simulation have also been advocated. 

 

The base mean annual wind speed at hub height is then reduced by the aggregate 

uncertainty associated with the confidence limit being considered to determine the 

lower wind speed at that confidence limit.  For example, assuming a base mean 

annual wind speed at 100 meters of 8.50 mps and aggregate uncertainty of 10% at 

the 95% confidence limit, then the average annual wind speed at the 95% 

confidence limit is:  8.50 mps x (1 – 0.10) = 7.65 mps. 

 

Since wind power output is a cubic function of wind speed, a 10% decrease in 

average annual wind speed will have a much larger decrease in estimated Annual 

Energy Production.  Uncertainty regarding factors other than the wind resource 

assessment, such as the potential for curtailment due to transmission congestion, 

may also be considered when calculating the P90, P95, and P99 production levels. 

 

By reducing uncertainty in energy production estimates, the P90, P95, and P99 

values move closer to P50.   Since lenders will base the amount of debt that a 

project can support on P90, P95 and/or P99, moving their values closer to P50 

will allow greater use of debt on the project.  And by increasing the leverage, or 

percentage of debt, used on the project, greater returns for the project’s investors 

would be expected, although it also comes with greater risk, or in a competitive 
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bidding situation, additional debt can allow the electricity sales price being bid to 

be reduced.  

 

10.3 The Impact of Debt to Equity Ratio and Weighted Average Cost of Capital on a 

Wind Project’s Cost of Energy 

 

 In Chapter 5, the assumptions underlying a pro forma financial model for a 

hypothetical 250 MW wind farm were discussed, and Figure 5.4 showed the 

impact of the site’s wind resource and resulting Net Capacity Factor on the 

project’s COE.  The COE represents the lowest sales price of electricity produced 

by the project that still allows all the project’s bills to be paid (for example, 

salaries, property taxes, warranty payments, O&M service contracts, income 

taxes, etc…), debt payments to be made, and resulting cash flow to investors 

sufficient to meet their minimum expected return on their equity investment.   

 

The cost of capital assumptions in the base case financial model used for this 

project included the following: 

 

Minimum expected return on equity investment:    12.0%  

Interest rate on Senior Debt (18 year term):     5.5% 

Interest rate on Subordinate Debt (10 year term):    6.5% 

 

Percentage of cost funded by equity investment:   45.5% 

Percentage of cost funded by Senior Debt:    26.3% 

Percentage of cost funded by Subordinate Debt:   28.2% 

         

Resulting Weighted Average Cost of Capital:   8.74% 

 

Subordinate Debt is often used when financing wind energy projects to 

“monetize” the anticipated 10-year stream of Production Tax Credits (PTCs).  In 
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other words, the lender would advance a sum of money to the project while it is 

being capitalized in exchange for the rights to the PTC’s over the next 10 years. 

 

The base case financial model assumed a 40.0% Net Capacity Factor and an 

initial energy sales price of $30.12 per MWh (escalating at 2% annually, which is 

common in many Power Purchase Agreements), which resulted in an expected 

Net Present Value over the assumed 25-year life of the project of zero, giving 

investors a projected annual return on their investment of 12.00%, or their 

minimum expected return.   The 40.0% Net Capacity Factor equates to 876,000 

MWh of expected AEP, or the P50 value discussed above.   

 

The typical minimum debt service coverage ratios (DSCRs) required by lenders 

under the P50 scenario are 1.40.  The base case financial model results in 

minimum DSCRs of exactly 1.40 for both Senior Debt and Subordinate Debt, 

which was how the percentages of Senior Debt and Subordinate Debt were 

determined.  However, lenders will also run pro forma model scenarios based on 

less optimistic scenarios, which may include production levels of P90, P95, and 

P99, although for these lower production levels, they would not require that the 

minimum DSCRs be greater than 1.40.  Typical DSCR minimums for these levels 

might instead be 1.20, 1.10 and 1.00 (Bailey 2013). Therefore, it could well be 

one of these scenarios that end up limiting the amount of funds a lender might 

make available for a wind project.  The equity investors also typically consider 

P90, P95, and/or P99 scenarios as part of their due diligence process; however, 

their “base case” upon which they will make their ultimate investing decision will 

use the P50 production level, and it will incorporate the percentages of debt 

resulting from the lenders’ analysis of P50, P90, P95, and P99 scenarios. 

 

Figure 10.2 illustrates the impact of capital structure on COE, as the percentages 

of both Senior Debt and Subordinate Debt were each steadily reduced to show 

that increasing the percentage of debt used to finance a wind energy project will 
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reduce the project’s Cost of Energy since the cost of debt is less than the cost of 

equity.  Of course, increasing the percentage of debt used also increases the risk to 

equity investors since there is a greater chance that there will be no money left for 

the investors due to reasons such as very poor winds, project curtailments due to 

transmission congestion, or a serial gearbox defect.   

 

Given the relationship between risk and return, it is not always as simple as just 

maximizing the debt percentage in order to reduce the project’s cost of energy.  

Project developers also need to consider the additional risk incurred via the use of 

higher percentages of debt, as well as the actual interest rate on the debt and the 

equity return expectations of investors.  Since debt holders are repaid prior to 

equity investors and high levels of debt increase the likelihood of the investors not 

getting paid, the equity return expectations of the investors are likely to increase if 

a project is too highly leveraged. 

 

 

 

Figure 10.2:  Impact of Allowable Debt Percentage on Cost of Energy 
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10.4 The Value of Reducing Uncertainty in the Wind Resource Assessment Process – 

Moving P95 and P99 Closer to P50. 

 

As discussed above, lenders run multiple scenarios to determine how much debt a 

wind project can bear, and the scenario that ultimately limits the debt made 

available to a project could be the P50, P90, P95, or P99 scenarios.  Two 

conference presentations on this subject were referenced in Chapter 2, Literature 

Review, and one of them, the presentation by Bruce Bailey of AWS Truepower, 

can be viewed as a webinar on the internet by going to AWS Truepower’s 

website.  In addition, three meteorological consultants to the wind energy industry 

were contacted that the author has worked with on some of past wind 

development projects about this subject – Rich Simon of V-Bar, Jack Kline of 

Ram Associates, and John Bosche of Chinook Wind.   

 

While later sections of this chapter will discuss potential sources of inaccuracy in 

the wind resource assessment process and ways to improve the accuracy of energy 

production forecasts, the value of reducing uncertainty is illustrated early on in 

this chapter. A pro forma financial model was developed for a hypothetical 250 

MW wind farm and used to evaluate the impact of moving P95 and P99 nearer to 

P50.  The base case model included the assumptions that P95 was 85% of P50, 

and that P99 was 80% of P50, both numbers representative of the ranges 

discussed by the three meteorological consultants that were contacted on this 

subject.  In the base case model, it was the P99 value and an associated minimum 

DSCR of 1.00 that ending up limiting the amount of Senior Debt used in the 

financial model. 

 

An assumption that about 15% of the uncertainty could be removed from the 

resource assessment project was then made, thus moving P99 up to 83% of the 

P50 value and P95 up to 87.25% of P50.  Again, this was in the range of 

improvement suggested by the three meteorological consultants.   Two scenarios 
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were then modeled; in the first one, additional debt was added and the lowest cost 

of energy that would still meet the minimum return expectations of the investors 

was determined by reducing the assumed energy sales price until NPV again 

equaled zero, as it does in the base case.  In the second scenario, more debt was 

again added but this time the assumed energy sales price was kept the same as 

that in the base case to see how NPV and return to investors changed. 

 

 

Figure 10.3:  Effect of Reducing Uncertainty in Energy Production Estimates 

 

 

Figure 10.4:  Project with More Uncertainty:  P95 = 85% of P50 
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Figure 10.5:  Project with Less Uncertainty:  P95 = 87.25% of P50 

 

In the first scenario, the cost of energy declined from $30.12 per MWh to $29.43 

per MWh, about a 2.3% decrease.  In the second scenario, the project’s estimated 

NPV increased by $6.4 million and the investor’s annual return on investment 

increased from 12% to 13.1%.  The $6.4 million increase in NPV would be 

indicative of the maximum amount that could be justified to improve the accuracy 

of resource assessment for a 250 MW project.  Obviously, that is a large amount 

of money and would easily cover the cost of several additional hub height met 

towers or the use of Lidar and/or Sodar to determine wind speed and vertical 

shear characteristics at multiple locations throughout the project site. 
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Table 10.1:  Estimated Value of Moving P99 from 80% of P50 to 83% of P50 by 

Reducing Uncertainty during the Wind Resource Assessment Process 

 

 

10.5 Sources of Inaccuracy in Energy Production Forecasts Introduced During the 

Wind Resource Assessment Process and Methods to Reduce the Inaccuracy 

 

As shown above, since P90, P95, and/or P99 energy production forecasts can 

limit the percentage of debt available to a project, one can increase the allowable 

debt percentage and reducing the Weighted Average Cost of Capital by moving 

P90, P95, and P99 closer to P50, which will either increase the project’s NPV or 

allow the minimum sales price of electricity to be reduced, which may be 

necessary in competitive bid situations.  This can be accomplished by reducing 

uncertainty introduced during the wind resource assessment process, along with 

other techniques such as the use of detailed transmission grid modeling studies to 

determine the risk of project curtailment associated with various transmission 

interconnection locations/options. 
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In earlier portions of this report, including Chapters 2, 3, and 6, potential causes 

of wind project underperformance have been discussed.  In addition, several 

potential reasons that wind project energy production estimates made prior to 

construction have consistently overestimated energy production when compared 

to actual generation of the projects following the onset of commercial operation.   

 

In this section, the discussion will focus on those sources of inaccuracy that are 

introduced during the wind resource assessment process and ways in which a 

wind project developer can reduce uncertainty in energy production estimates, 

with an emphasis on those that could be addressed through the use of Lidar or 

Sodar. 

 

A. Extrapolation of wind data from met towers substantially shorter than the 

planned turbine hub height: 

 

While the majority of meteorological towers currently in use by the wind 

industry are probably 60 meters or less in height, turbine hub heights and rotor 

diameters have steadily increased to the point where hub heights of 100 

meters or more and rotor diameters over 100 meters will be commonplace.  As 

shown in Figure 10.6, the average hub height of utility-scale turbines installed 

in the U.S. during 2012 exceeded 80 meters, and the average rotor diameter 

exceeded 90 meters.  This suggests that the average tip height of turbines 

installed in 2012 was about 130 meters, or over twice as tall as the majority of 

wind energy industry meteorological towers.   
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Figure 10.6:  Average Turbine Size Installed by Year (only turbines larger 

than 100 kW).  Source:  Figure 15 from DOE’s 2012 Wind Technologies 

Market Report (Wiser et al. 2013). 

 

The extrapolation of wind data from met towers much shorter than the hub 

height of turbines being considered adds uncertainty to the wind resource 

assessment since the actual wind shear exponent between the top of the tallest 

data collection point on the meteorological tower and the anticipated turbine 

hub height is not actually known.  Hub height wind measurements at multiple 

locations can take this down to almost no uncertainty, while having to rely on 

extrapolations from 60-meter met towers to 100 or 120 meter hub heights can 

add anywhere from 3 to 6% of uncertainty.  Terrain and regional shear 

variations will also impact the amount of uncertainty. 

 

The use of taller meteorological towers is a potential solution, but this can be 

somewhat expensive, particularly as turbine hub heights go beyond 100 

meters.  The installed cost of a 60-meter tall meteorological towers is in the 

range of $30,000 to $40,000, compared to $75,000 to $100,000 for 80-meter 

towers which are increasingly being used.  And there are now several 100-

meter tall towers that have been installed by wind developers, which can cost 

from $100,000 to $150,000 for guyed towers or $150,000 to $170,000 for 

free-standing towers.   Note that 60-meter towers typically do not require 
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FAA lighting unless they are near an airport, since they are just below the 

FAA’s 200-foot limit.  But 80 and 100 meter towers will require lighting, 

which adds to the cost and complexity of their installation. 

 

Wind speeds at heights above the top level of a meteorological tower are 

typically estimated by using the power law to calculate wind shear exponents 

between two levels when wind is measured, and the applying that shear 

exponent to the wind speed at the highest measure level.  This method is 

shown below, assuming that wind speeds are measured at H1 and H2, and one 

wishes to estimate wind speeds at a higher level, H3. 

 

Power law:  (V2 / V1) = (H2 / H1) 
α
  

 

where:   H1      =    Height of lower wind speed sensors 

H2      =    Height of higher wind speed sensors 

V1     =   Wind velocity at height H1  

V2     =   Wind velocity at height H2  

  α =    Wind shear exponent 

 

Since V1 and V2  are known, α between H1 and H2 can be calculated as: 

 

  α = ln (V2 / V1) /  ln (H2 / H1) 

 

Then V3 can be estimated as:    V3  =  V2  x (H3 / H2) 
α
 

 

The problem with doing this is that α between H3 and H2 will almost 

certainly be different than α between H2 and H1.  If the shear exponent 

between H1 and H2 is less than that between H2 and H3, wind speeds at H3 

could be underestimated as will AEP and revenue.  Conversely, if the shear 

exponent between H1 and H2 is greater than that between H2 and H3, wind 
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speeds at H3 could be overestimated as will AEP and Revenue.  

Overestimating future revenues can result in construction of projects that 

perhaps should not have been built, while underestimating future revenues can 

result in abandoning project sites that might actually have been economically 

viable. 

 

In addition, α varies both diurnally and seasonally.  As shown in Figure 10.7, 

wind shear is usually lower during the day when sunlight heats the air causing 

greater mixing, whereas layers of air tend to stratify after the sun goes down, 

with winds tending to be calmer nearer the ground and substantially higher 

with additional height above ground.   

 

While using average annual shear exponents to extrapolate data might result 

in an estimated AEP that is fairly close to actual AEP, it will tend to 

overestimate energy production during the daylight hours and underestimated 

energy production during the evening hours.  This is important since 

electricity prices vary throughout the day, and tend to be lowest in the 

evenings and highest during the daylight hours, as reflected in Figure 10.8. 

 

 

Figure 10.7:  Examples of diurnal wind shear patterns.  Source:  Figure 2 

from NREL Report NREL/CP-500-32392, Evaluation of Wind Shear Patterns 

at Midwest Wind Energy Facilities (Smith 2002).
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Figure 10.8:  Variation of Electricity Prices throughout the Day.  Data 

Source:  ERCOT Marginal Clearing Price of Energy, 2007. 

 

By comparing Figure 10.7 to Figure 10.8, one may be able to better 

understand one of the issues that wind energy faces – in many regions of the 

country, wind generation is most productive at the times that utilities least 

need the energy and least production when utilities most need the energy, and 

less productive in times when the energy would be most valuable to the utility 

and its customers. 

 

Inaccuracy of shear exponents being used to extrapolate known wind data to 

turbine hub heights can thus be compounded in two ways.  First, as shown in 

the wind power formula detailed in Chapter 6, power generation is a cubic 

function of wind speed.  As shown below, a 2% error in the estimated wind 

speed at hub height can equate to a 6% error in power output, at least for those 

wind speeds lower than the point at which a turbine attains its rated capacity. 

 

Estimated wind speed:  9 mps    (9)³ = 729 

Actual wind speed: 9 mps x 1.02 = 9.18 mps  (9.18)³ = 773.6 

Inaccuracy:     773.6 / 729 = 1.0612 or a 6.12% difference 
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Secondly, inaccuracies in seasonal and diurnal vertical shear characteristics 

can be compounded by the large differential in power prices throughout the 

course of a day. 

 

To get a feel for the implications of inaccuracy that can be introduced by 

using shear exponents between two lower levels to estimate winds at higher 

levels, 10-minute wind data from three different met towers of at least 80 

meters in height was evaluated.  These towers were located at (1) TTU’s Great 

Plains Wind Test facility, (2) near Sweetwater, Texas, and (3) near Washburn, 

Texas. 

 

The tower at TTU’s Great Plains Wind Test Facility is an 80-meter tower with 

wind speed sensors at 37.25 meters, 58.5 meters, and 80 meters.  A 5.5 month 

long set of 10-minute wind data was evaluated by calculating shear exponents 

between 37.25 meters and 58.5 meters for each ten-minute period.  The shear 

exponent between 58.5 meters and 80 meters was also calculated, but only for 

comparison purposes.  Next, the shear exponent between 37.25 meters and 

58.5 meters and the wind speeds at 58.5 meters were then used to extrapolate 

up to wind speeds at 80-meters, which then could be compared to actual 

measured winds at 80 meters.  The air density adjusted power curve for a 3 

MW wind turbine was then applied to each 10-minute period to come up with 

the estimated average power output during each period.  Dividing the 

estimated average power output by the turbine’s rated capacity results in an 

estimated annual Gross Capacity Factor.  This was done both for the actual 

data measured at 80-meters and the estimated/extrapolated 80-meter wind 

speed data.  An example of these calculations is provided in Appendix G. 

 

The Sweetwater and Washburn towers have wind speed sensors at 50, 75, and 

100 meters above ground.  After the data was scrubbed to remove suspect data 

due to sensor icing or failure of sensors or the data logger, shear exponents 
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were calculated for each remaining 10-minute period.  The shear exponent 

between 50 and 75 meters was then used to estimate wind speed at 100-

meters, which then could be compared to actual measured winds at 100 

meters.  Again, the air density adjusted power curve for a 3 MW wind turbine 

was then applied to each 10-minute period to come up with the estimated 

average power output and Gross Capacity Factor, both for the actual data 

measured at 100-meters and the extrapolated 100-meter wind speed obtained 

by applying the 50 to 75 meter shear exponent to the 75 meter wind speed.   

 

The results of this analysis are presented in Table 10.2.  Note that the average 

shear exponents shown below were calculated only for those periods when 

wind speeds at the upper level of the met mast were at least 4.0 mps since 

shear exponents when wind speeds are very low can be deceptive and since 

turbines are producing little or no power at wind speeds below 4.0 mps.  In 

addition, TTU does not access to the towers at Sweetwater and Washburn, and 

thus cannot verify the accuracy of the wind speed sensors. 

 

Table 10.2:  Examples of Potential Error from Extrapolation of Wind Data 

from Lower Levels to Higher Levels 

 

 

As reflected in Table 10.2, extrapolating wind speeds resulted in energy 

production underestimates at two of the sites and an overestimate at the other 
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site.  As you may recall from Chapter 6, an on-going 1% efficiency 

improvement to a 250 MW wind farm would increase the estimated NPV of 

the project by over $2.7 million over the life of the project.  Similarly, as 

shown in Table 10.3, underestimating AEP by 1.65% would mean that the 

estimated NPV had be understated by about $4.5 million, while 

overestimating AEP by 3.56% would overstate the project’s estimated NPV 

by $9.7 million. 

 

Although it probably is much better to find out that AEP from a wind project 

was underestimated than overestimated, it could conceivably be that the 

underestimate caused the developer to walk away from a site that would have 

turned out to be profitable. 

 

Table 10.3:  Financial Impact of Inaccurate AEP Estimates due to 

Extrapolation of Wind Data. 

 

 

Potential errors of this magnitude can justify spending a substantial amount of 

additional funds on wind resource assessment.  Given the high cost of hub-

height anemometers as turbine hub heights reach 100 meters or more, using 
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Sodar or Lidar to collect wind data at heights above the tallest available 

meteorological tower may be a more cost effective solution.  This can be 

particularly useful for determining vertical wind shear coefficients which can 

then be applied to data from meteorological towers far shorter than the 

intended hub height of turbines at the site.  

 

The cost of both Sodar and Lidar devices has come down in recent years, 

while their accuracy and acceptance for project financing purposes has 

improved, making them viable options for wind resource assessment.  In 

October 2012, a press release from ZephIR Lidar stated that their ZephIR 300 

wind lidar had been accepted by DNV-GL for use in “bankable / finance-

grade wind speed and energy assessments with either no or limited on-site met 

mast comparisons under benign conditions.” (ZephIR Lidar 2012). 

In Erik Hale’s (2012) survey of wind consultants found that they leaned 

toward Lidar over Sodar when asked which of the two technologies could best 

reduce uncertainty in wind resource assessment, both if paired with a 60 meter 

met tower or not paired with a met tower. 

 

B. Length and accuracy of on-site data collection:. 

 

Sometimes wind developers may seek to rush a good site to construction for 

reasons such as the need to be in operation before expiration of the Federal 

production tax credit or perhaps because they want to access available 

transmission capacity before other wind developers developing projects in the 

same region do.  Making a decision with too little information often results in 

mistakes or inaccuracy no matter what industry one is involved in, and wind 

energy development is no exception.  Consultants for investors or lenders 

evaluating wind energy projects like to see at least two full years of on-site 

wind data, but prefer even longer periods.   
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While it’s easy to say that wind developers should just allocate more time to 

on-site wind resource assessment, this may not be a realistic solution given the 

types of time constraints and competition for good wind sites and transmission 

capacity that wind developers deal with.  Perhaps having portable Sodar 

and/or Lidar systems readily available could add a few months of additional 

data collection since one might be able to locate such a system on public 

property before they have been able to obtain access to private property 

through lease agreements.  In addition, it often takes two to three months to 

acquire a traditional meteorological tower and to get crews out to the site to 

install it, particularly for a smaller wind developer that only installs a few 

tower per year.  The additional requirement to obtain FAA lighting permits on 

met towers over 60-meters in height can add another couple of months to the 

process. 

 

Traditional 3-cup anemometers and wind vanes are susceptible to damage 

from hail or falling ice dislodged from higher portions of the met tower.  In 

addition, the accuracy of the ones used most often tends to decline after two or 

three years due to wear in the bearings.  Since it can cost several thousand 

dollars to drop a guyed, tilt-up tower, replace the sensors, and re-erect the 

tower, such repairs are sometimes delayed.  Some of the issues that the author 

of this report has encountered in the collection of on-site wind data include 

faulty or inaccurate sensors, incorrect slope and offset settings, poor sensor 

mounting practices such as use of booms that are too short or pole-top 

mountings, and blockage from mounting sensors on communications towers 

that are too wide.    

 

When estimating the contribution to uncertainty related to anemometry issues, 

factors that are considered include historical statistics on the accuracy of the 

particular type of anemometer used, maintenance records of the on-site met 

towers, missing data, site turbulence, wind flow distortion from the met tower 
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and/or booms, evidence of dry friction whip, and accuracy tests of sensors 

after they have been replaced.  The contribution to uncertainty from this 

aspect can be between 1.5% and 5%.  The survey of wind consultants 

discussed by Erik Hale (2012) indicated that one of the consultants adds 1% 

of uncertainty for each year beyond two years in which the met tower has not 

been maintained. 

 

Using a mix of portable and stationary ground-level Lidar and Sodar units 

would eliminate several of these issues, although it is likely that issues 

specific to their use would need attention as well.  This would also help 

address the issues with the need for hub height wind data and shear exponents 

addressed previously. 

 

C. Inter-annual variation of wind resource / correlation of site wind data with 

long-term reference sites: 

 

In addition to having at least two full years of on-site wind data, consultants 

for investors or lenders evaluating wind energy projects also want the on-site 

data to be highly correlated with a source of long-term wind data, such as 

might be collected by the National Weather Service at an airport or by Texas 

Tech University as part of its West Texas Mesonet system.   

 

Just as total annual rainfall can very substantially from year-to-year, so can 

average annual wind speeds.  The inter-annual variability of wind is estimated 

by the deviation of annual mean wind speeds at the long-term reference 

anemometer and the length of time that data is available for the reference site.  

Uncertainty related to this may range between 3 and 6%. 

 

The correlation between the on-site data and the reference site data is based on 

the standard deviation of monthly wind speed ratios and the number of months 
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of on-site wind data that has been collected.  The further that long-term 

reference sites are from the proposed wind site and the less correlation there is 

between the wind data during the period of wind data collection at the wind 

site, the greater this value will be.  While ASOS data collected at airports can 

be used for this purpose, the availability of data from mesonet systems such as 

exists in Oklahoma or Texas Tech University’s West Texas Mesonet System 

can be of substantial value to proposed wind sites located far from any airport 

where wind data is collected. 

 

Even when long-term reference sites are available, potential issues with these 

sources of wind data can include conversions from 3-cup anemometers to 

sonic anemometers, relocation of data collection sites, or changes to the area 

surrounding the data collection site such as additions of buildings or trees.  

Currently, most National Weather Service and Mesonet data collection sites 

use 10-meter towers.  As Lidar and Sodar become more cost effective and 

proven, it is conceivable that some of these sites may eventually begin to 

install these types of technologies.  Several states have implemented state-

funded wind data collection programs to help attract wind development to 

their state, so again it could be that some of them begin to use Lidar or Sodar 

systems. 

 

D. Wind flow modeling / micrositing / met tower wind data not representative of 

the entire site:   

 

Erik Hale’s (2012) survey of wind consultants indicated that wake loss is the 

source of wind resource uncertainty that is least understood, followed by plant 

losses, spatial variation, long-term climate, wind shear, and wind 

measurement.  Bruce Bailey (2013) also listed wind flow modeling as the 

leading contributors to energy production uncertainty, followed by total plant 
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losses, long-term wind speed averaging, wind shear, and measurement errors 

or issues. 

 

While two or three meteorological towers might be sufficient for a Texas 

panhandle wind site located some distance from the edge of the Caprock, a 

wind site in the mountains of West Virginia or the Texas Hill Country could 

require several more meteorological towers.  In addition to installing multiple 

met towers at large sites, some towers may be installed for only a few months 

and moved to other locations to aid in turbine micrositing.  At least two of the 

wind sites that the author of this dissertation has been involved in collected 

wind data from over 15 different on-site locations. 

 

Erecting and taking down guyed, tilt-up 60-meter met towers are not trivial 

nor inexpensive tasks, so this process seems like an excellent opportunity to 

use portable Lidar or Sodar units.  In addition, having such portable units 

could facilitate the use of shorter met towers (such as 60-meters) by placing 

the Lidar or Sodar next to the met tower for some period of time and 

correlating the results so that vertical wind shear characteristics at the tower’s 

location are better understood. 

 

Uncertainty related to micrositing or wind flow modeling is affected by 

terrain, the number and height of met towers, and the distance from proposed 

turbine locations to met towers.  Much of the amount of uncertainty assigned 

to this factor is based on the judgment of meteorologists, which can be aided 

by software programs such as WAsP, WindPro, or GH Windfarmer.  The 

contribution to uncertainty from this aspect can be between 2% and 8%. 

 

New technologies such as Lidar or Texas Tech’s Ka-Band radar vehicles and 

improvements in wake flow modeling are needed to help reduce the level of 

uncertainty in this area. 
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10.6 Project Sensitivity to Wind Resource Assessment Inaccuracy 

 

The impact of wind resource assessment inaccuracy will vary from project to 

project. Some of the factors which will influence the sensitivity of energy 

production estimates to inaccuracy, or how much uncertainty can be removed 

from these estimates, include: 

 

A. the average wind speed of the site – sites with higher wind speeds have a 

lower energy sensitivity to inaccuracy 

 

B. the overall size of a wind project and terrain differences across the site 

 

C. the complexity of the terrain -- projects in fairly flat areas such as around 

Lubbock would be less sensitive to inaccuracies than sites on very steep 

mesas, ridgelines, or mountainous areas 

 

D. the ratio of the turbine’s swept area to its rated capacity --  turbines which 

have a higher ratio are less sensitive to wind variations or inaccuracy in the 

resource assessment 

 

E. regional variations in typical shear factors -- shear tends to be more constant 

with height in the Midwest compared to mountainous areas or coastal areas. 

 

10.7 Reducing Uncertainty in Wind Resource Assessment 

 

As discussed earlier in the chapter, the sources of wind resource and energy 

production uncertainty were discussed with three meteorological consultants.  

They were asked to estimate the benefit of adding one additional year of on-site 

wind data (assume three years of data vs. two years), the value of adding one 

additional 60-meter meter tower (assume three towers instead of two), and the 
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value gained by having hub-height wind data.  Following is a summary of their 

responses: 

 

A. One additional year of on-site wind data collection (three years of on-site data 

instead of two years):  If the first two-years of on-site wind data has a high 

degree of correlation to a long-term reference site, an additional year of on-

site data may not have a large impact on reducing overall uncertainty.  But if 

the correlation between the site data and the reference site is not good, then 

another year of site data adds more value.  The responses of the consultants 

ranged from 0.20% to 0.70%.  In other words, if P95 were 85% of P50 with 

only two years of site data, a third year of data could move this to between 

85.2% and 85.7%. 

 

B. One additional on-site met tower (three 60-m towers instead of two):  Factors 

that influence the value of this in terms of reducing uncertainty include the 

overall size of the site and the complexity of terrain across the site.  The 

greater the distance between a proposed turbine location and the met tower or 

towers being used to estimate the wind speed at the turbine location, the more 

uncertainty there is.  Thus adding a third met tower should reduce the average 

distance between proposed turbine locations and met towers.  A third met 

tower will also have more value when the site has significant terrain 

differences across the site, as opposed to one like you might find in the Texas 

Panhandle on top of the Caprock, where the terrain is very flat.  The responses 

of the consultants ranged from 0.50% to 2.40%, so additional met towers 

would reduce uncertainty significantly more than longer wind data collection 

periods.   

 

C. Collecting hub height wind data (using a 100-meter tower instead of a 60-

meter tower):   As discussed above, shear tends to be more constant with 

height in the Midwest compared to mountainous areas or coastal areas, so a 
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taller tower would tend to reduce more uncertainty in mountainous or coastal 

regions.  The responses of the consultants ranged from 0.50% to 1.70%.   So it 

seems that collecting hub height data can have a very large impact in reducing 

uncertainty, and since collecting data at more locations is also valuable, a 

portable Lidar or Sodar unit could provide both of these benefits.   

 

10.8 Summary and Conclusions 

 

Accurate wind resource assessments and energy production estimates are highly 

valued by potential lenders to wind energy projects as well as potential investors.  

The amount of debt that a wind energy project can bear is a function of the level 

of uncertainty there is in such estimates.  In addition, the interest cost on debt and 

the minimum expected return on equity provided by investors is also impacted by 

uncertainty.  These factors in turn affect the wind project’s Weighted Average 

Cost of Capital, its Cost of Energy, and its competitive position within the electric 

generation arena. 

 

As turbine hub heights increase and rotor diameters get larger, the most cost 

effective ways to increase the accuracy of wind resource assessment and energy 

production estimates would appear to be: 

 Use of taller meteorological towers 

 Use of Lidar and Sodar for wind resource assessment 

 Use of Lidar and Ka-band radar to improve the understanding of turbine 

wakes 

 Improvements to linear flow and computational fluid dynamic (CFD) 

models used to model turbine wakes, augmented by Lidar and Ka-band 

radar for verification of their accuracy. 
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As demonstrated in this chapter, reducing the Weighted Average Cost of Capital 

for a large wind energy project can as several million dollars to the project’s 

NPV.  This may well be the most valuable contribution that remote sensing 

technologies can add to the wind energy industry. 
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CHAPTER 11 

CONCLUSIONS AND RECOMMENDATIONS 

 

11.1 Conclusions 

 

Wind energy has grown rapidly in the United States over the last several years, 

and in 2012 it was the largest source of new electric generating capacity in the 

U.S.  The Federal Renewable Energy Production Tax Credit (PTC) has been one 

of the primary factors underlying the growth of wind energy, but periodic lapses, 

or near lapses, of the credit have caused significant problems for the wind 

industry.  When the tax credit lapses or is expected to, turbine orders for U.S. 

projects come to a virtual halt, often resulting in layoffs by the turbine 

manufacturers.  At the time of this writing, unless a project was under 

construction at the end of 2013, new projects will not benefit from the PTC unless 

Congress chooses to reauthorize it. 

 

Another significant factor affecting the demand for wind energy is the cost of 

energy from natural-gas fired electric generation, which sets the marginal price of 

electricity in many regions of the country a majority of the time.  When natural 

gas prices go up, the demand for wind energy also goes up, but when gas prices 

are low, the demand for wind energy is low.  Natural-gas generation has also 

benefited from an efficiency improvement of approximately 20% over the past 

decade.  As shown in Figures 5.6, 5.7 and 5.10, a wind project with a Net 

Capacity Factor of 40% or greater and the benefit of the PTC can compete very 

effective with natural-gas fired generation even with natural gas prices as low as 

$3.00 per MMBtu, but without the benefit of the PTC, would need gas prices to 

be about $5.50 per MMBtu or higher to remain as competitive as a wind project 

having the benefit of the PTC.  Over the past 12-months, the price of natural gas 

delivered to power plants has averaged about $5 per MMBtu. 
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As examined in Chapter 6, the energy content of electricity produced from a 

typical wind energy project is only about 35 to 38% of the energy entering the 

cumulative swept area of all the turbines in the wind farm.  Even if one starts with 

power captured by the rotor, assuming a Cp value of 50%, instead of starting with 

power in the wind, this percentage rises to only 70 to 76% -- still leaving quite a 

bit of room for improvement.   

 

The need for such improvements became even more obvious when the owners of 

many wind projects saw that the actual energy production from their projects in 

operation were consistently below the estimated energy production that they 

based their investment decisions upon, and that this problem was pervasive 

throughout the industry.  Since this problem first became well known in the 2007-

2008 timeframe, improvements have been made to the accuracy of such energy 

production estimates, but continued work is needed in this area, particularly in 

regard to understanding of wake effects in turbine arrays.  At numerous places in 

this dissertation, this has been identified by meteorologists and engineers in the 

wind industry as the greatest area of uncertainty when preparing energy 

production estimates. But improving the accuracy of energy production estimates 

is only part of the equation – improving the actual performance of turbines and 

turbine arrays would be much more valuable in terms of improving the economic 

feasibility of wind energy. 

 

Yaw error may account for some loss of efficiency by reducing Cp, so continuing 

to examine the use of Lidar to enable real-time control of wind turbines is worthy 

of continued research.  As demonstrated in Chapter 8, application of the cos² 

theory would suggest an efficiency loss of about 2.5% for a wind project with 

average annual wind speeds of 8 to 8.5 mps at hub height, such as those projects 

in west Texas and the Texas panhandle, while the cos³ theory would indicate even 

higher losses of about 3.6%.  Thus, it is estimated that real-time turbine control of 
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a 2.5 MW turbine would be worth approximately $178,000 over the turbine’s life 

in increased energy production alone, assuming the cos² method of estimating 

energy losses due to yaw error is valid, or $243,000 if the cos³ is in fact a more 

accurate predictor.   

 

However, the work discussed in Chapter 9 indicates that reducing yaw error may 

have little effect on the overall efficiency of wind turbines. Thus, it appears that 

the greatest benefit from real-time control of wind turbines as enabled by Lidar is 

through the reduction of cyclic loading on the turbine or by allowing the use of 

longer turbine blades in a given wind regime. 

 

Simpler methods to reduce yaw error in existing projects that may be more cost 

effective then Lidar which should first be considered include reducing the 

averaging time and yaw differential tolerance used to control turbines, 

implementing processes to ensure that rotating turbine-mounted sensors (3-cup 

anemometers and wind vanes) are providing accurate information to the turbine 

controller, and using sonic anemometers on top of the nacelle or even in front of 

the rotor by mounting them in front of the turbine hub or spinner. 

 

The two most likely areas where remote sensing technologies can provide the 

greatest benefit toward reducing the cost of wind energy are in wind resource 

assessment at heights substantially above that of most meteorological towers and 

through better understanding of wake losses within wind turbine arrays resulting 

in turbine layouts that reduce the impact of wake losses. 

 

Both Lidar and Sodar are increasingly being used in the wind resource assessment 

process, but their acceptance by the investment and lending communities needs to 

be improved, since it is these groups that will determine the overall cost of capital 

for a wind energy project.  To increase their acceptance, the accuracy of Lidar and 
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Sodar need to be verified against more traditional sources of wind data, such as 

Texas Tech’s 200 meter tower. 

 

Technologies such as Lidar and Ka-Band Radar can help the industry better 

understand wake effects in turbine arrays.  This knowledge needs to be integrated 

with wake flow models to not only improve the accuracy of the energy production 

estimates, but improve turbine siting practices and turbine operational practices. 

 

11.2 Recommendations for Additional Work 

 

Texas Tech University and the National Wind Institute are well positioned to 

provide valuable research and information to the wind energy industry due to 

facilities such as the Ka-Band Radar vehicles, the SWIFT project, the Great Plains 

Wind Test Facility, the 200-meter tower, and the West Texas Mesonet system.  

The following items of additional research or work should be considered: 

 

A. TTU should install nacelle-mounted Lidar on one or more of the SWIFT 

project turbines and integrate them with the turbine control systems. 

Alternatively, Lidars could be installed on prototype turbines being tested at 

the Great Plains Wind Test Facility or on turbines at one or more of the many 

existing wind energy projects in proximity to Lubbock. Not only would it be 

useful for additional analysis of yaw error, it could also be used for better 

understanding of wake effects and turbulence, and for testing new concepts 

such as “wake steering.”  Use of forward-looking and backward-looking 

Lidars for this purpose would be very interesting. 

 

B. Since wake loss in turbine arrays is one of the least understood areas of wind 

energy, TTU should continue developing the capabilities of the Ka-Band 

Radar vehicles to measure and map wake effects in turbine arrays, and 

integrate this information with wake flow models being developed or 
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improved.   When these capabilities are fully vetted, the vehicles could be 

used to aid wind project owners in the identification of potential problems in 

existing projects and in the design of future projects. 

 

C. Provide testing and calibration services to manufacturers of Sodar and Lidar 

by locating the instruments next to the TTU 200-meter tower and comparing 

the resulting wind data.  Identify the most accurate of these technologies and 

demonstrate or prove their accuracy to the wind industry and associated 

lenders and investors so that they are readily accepted in the project financing 

process. 

 

D. Locate Sodar and/or Lidar at several of the Mesonet stations in high wind 

areas of west Texas and eastern New Mexico to provide improved 

understanding of wind shear and directional shear at heights of 200 meters or 

more that wind turbines now reach. 

 

E. Much of the improvement in the Net Capacity Factors of wind projects can be 

attributed to the increases ratio of swept area to rated capacity of the turbine.  

This improves the productivity of turbines in lower wind regimes.  The length 

of turbine blades is typically limited by excessive forces that the turbine 

would be subjected to in high wind conditions.  Advancements that could 

allow further increases in blade length that are being discussed include 

retractable blades, the addition of vortex generators on blades, use of more 

flexible blades that will introduce stall in high wind conditions, and the use of 

ailerons or flaps.  The Great Plains Wind Test Center and the SWIFT project 

would be great places to test come of these new designs or concepts. 
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APPENDIX B 

MULTIDISCIPLINARY ASPECTS OF THIS RESEARCH 

 

Texas Tech University’s Ph.D. in Wind Science & Engineering is a multidisciplinary 

program in which aspects of atmospheric science, meteorology, business, economics, 

engineering, and social sciences all have an important role. 

 

Similarly, the research underlying this dissertation is multidisciplinary.  Part of the 

research for this dissertation included evaluating the economic and environmental drivers 

for wind energy and comparing them to those of other sources of electric generation.  The 

financing of a wind energy project and its resulting cost of capital have a significant 

impact on its competitiveness or viability, so this aspect was analyzed in detail as part of 

this work.  The quality and quantity of meteorological studies undertaken during the wind 

resource assessment process also has a large impact on financing a wind project, and 

meteorologists or atmospheric scientists work closely with engineers, lenders, and 

investors to quantify the expected levels of energy production and the associated levels of 

uncertainty.   This can determine the amount of debt which can be obtained for financing 

a project as well as the interest rate that must be paid. 

 

Understanding and identifying the sources of inefficiency or energy loss throughout the 

process of converting wind into electricity and delivering it to the grid involves 

atmospheric science, mechanical engineering, and electrical engineering.  Determining 

which of these inefficiencies or sources of energy loss have the greatest impact on the 

viability of a wind energy project requires detailed financial analysis.  If wind energy is 

to continue to compete effectively in electricity generation markets in the future, 

particularly if the Federal Production Tax Credit is not reauthorized by Congress, 

depends on improving its overall efficiency and cost effectiveness.   

  



Texas Tech University, Richard P. Walker, May 2014 

232 
  

APPENDIX C 

PRO FORMA FINANCIAL MODEL 

 



Texas Tech University, Richard P. Walker, May 2014 

233 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

234 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

235 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

236 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

237 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

238 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

239 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

240 
  

 



Texas Tech University, Richard P. Walker, May 2014 

241 
  

 



Texas Tech University, Richard P. Walker, May 2014 

242 
  

 

 

  



Texas Tech University, Richard P. Walker, May 2014 

243 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

244 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

245 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

246 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

247 
  

 



Texas Tech University, Richard P. Walker, May 2014 

248 
  

 



Texas Tech University, Richard P. Walker, May 2014 

249 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

250 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

251 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

252 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

253 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

254 
  

 



Texas Tech University, Richard P. Walker, May 2014 

255 
  

 



Texas Tech University, Richard P. Walker, May 2014 

256 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

257 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

258 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

259 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

260 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

261 
  

 



Texas Tech University, Richard P. Walker, May 2014 

262 
  

 



Texas Tech University, Richard P. Walker, May 2014 

263 
  

 

 

 

 



Texas Tech University, Richard P. Walker, May 2014 

264 
  

 



Texas Tech University, Richard P. Walker, May 2014 

265 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

266 
  

 

  



Texas Tech University, Richard P. Walker, May 2014 

267 
  

APPENDIX D 

RESULTS FROM SURVEY OF WIND INDUSTRY REPRESENTATIVES 

 

 

  



Texas Tech University, Richard P. Walker, May 2014 

268 
  

 



Texas Tech University, Richard P. Walker, May 2014 

269 
  

 



Texas Tech University, Richard P. Walker, May 2014 

270 
  

 



Texas Tech University, Richard P. Walker, May 2014 

271 
  

APPENDIX E 

200-METER TOWER DATA USED TO ESTIMATE POTENTIAL YAW ERROR 
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APPENDIX F 

USE OF ONE-SECOND TURBINE AND MET TOWER DATA TO 

EVALUATE THE IMPACT OF YAW ERROR ON COEFFICIENT 

OF PERFORMANCE ELECTRICAL (CPE) 
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APPENDIX G 

EXAMPLES OF ERROR INTRODUCED BY VERTICAL EXTRAPOLATION 

OF DATA FROM MET TOWER HEIGHT TO TURBINE HUB HEIGHT 
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