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GLOSSARY 

Ambient Turbulence Intensity: The turbulence intensity without influence of neighboring wind turbines. 

Balance of Plant (BOP): All supporting components and auxiliary systems of the wind turbine generator needed 

to deliver the energy. 

Blade Length Setback: A setback used for property lines, railroads, low trafficked roads, and medium voltage 

transmission lines. The setback is 1.05x rotor diameter. 

Capacity Factor: The ratio of the actual power output over a period of time to the theoretical maximum output if 

generation was at rated capacity continuously for the same period of time. 

Characteristic Turbulence Intensity: The ambient Turbulence Intensity plus one standard deviation. This is not 

used in the most recent IEC standards. 

Coefficient of Determination (R2): The percentage of the variance in the dependent variable that is determined 

from the independent variable, with a value between 0 and 1. 

Composite Performance Distribution: The resulting distribution after combining all performance factor 

distributions. This Composite Performance Distribution then allows for energy production value altering. 

Certified Retail Electricity Supplier (CRES): A company that provides a competitive electric service in a 

deregulated electricity market. 

Curtailment: An occasion when wind resource is available for energy production, but the turbine operator does 

not allow for generation. 

Decibels (dB): The unit used to measure sound pressure levels. A-weighted decibels (dBA) may be used due to 

the relative loudness of sound as perceived by the human ear. This A-weighting weights the decibels by 

frequencies that can be heard by the human ear and are standard for use in measurement of environmental noise.  

Effective Turbulence Intensity: A turbulence intensity that considers the wakes of neighboring turbines and 

accounts for the added turbulence intensity. The Wake Induced Turbulence Intensity is a component of the 

Effective Turbulence Intensity. 

Exceedance Table: The Composite Performance Distribution is applied to the Net Energy Production. 

Exceedance Table lists the resulting P-values of the energy production. 

Gross Annual Energy Production (Gross AEP): The total amount of energy generated by the turbine(s) before 

any Wake Loss or Performance Factors are considered. Only the wind resource affects the Gross AEP. 

Gross Capacity Factor: The ratio of the Gross AEP to the theoretical energy production if the turbine were 

running at its rated capacity for the entire year. 

Icing: An event in which ice buildup occurs on a turbine blade. 

Ice Shedding: An event in which the ice buildup on a turbine blade is released and falls from the structure. 
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IEC Classes: Wind turbine IEC classes are determined by the average wind speed, extreme 50-year gust, and the 

turbulence intensity. The current classes have high, medium, and low wind as well as higher or lower turbulence 

values.  

Inflow Angle (α): Angle at which the wind will be approaching the turbine.  

LiDAR: A remote sensing instrument used to collect wind data, short for Light Detection and Ranging. The data 

collected by LiDARs are volume measurements as opposed to point measurements. 

Long-Term: Describes a consecutive period of the most recent 30 years.  

MACRS: The current tax depreciation system in the United States, short for Modified Accelerated Cost Recovery 

System (MACRS). The capitalized cost of tangible property is recovered over a specified time length by 

deductions for depreciation. 

MERRA2: A satellite-derived long-term reanalysis data source from NASA, short for Modern-Era Retrospective 

Analysis for Research and Applications. Contains 30+ years of data, which include wind speed, direction, and 

temperature. 

MET Tower: Meteorological Towers, used to collect wind data, including speed, direction, and temperature at 

typically three different heights. These are point measurements as opposed to volume measurements.  

Micrositing: Any turbine siting change that does not exceed one arcsecond from the original siting location. This 

term is adopted from the FAA. 

Near-site Data: Data that has been collected within 20 miles of the project site.  

Net Capacity Factor: The ratio of the Net AEP to the theoretical energy production if the turbine were running at 

its rated capacity for the entire year. 

Net Energy Production: Gross AEP minus any Wake Loss. No other Performance Factors are included in the Net 

Energy Production calculation. 

On-site Data: Data that has been collected on the project site or customer property.   

Original Equipment Manufacturer (OEM): The manufacturer of the wind turbine(s). 

P-value: Exceedance Probabilities for a given variable. For example, a P90 energy production value denotes the 

production level predicted to be exceeded 90% of the time period. 

Pearson Correlation Coefficient (R): A measurement of linear correlation between two variables, with a value 

between -1 and 1. 

Performance Factors: Individual distributions of various elements that determine the variability of the energy 

production. Examples include electrical, power curve degradation, measurement and modeling, etc. 

Private Residence Setback: A setback used for private residences. This setback is a minimum of 750 feet, although 

1,000 feet is preferred, as siting allows. 
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Project Performance Report (PPR): Includes the summary from the Wind Resource Assessment Report and its 

main outcome values (Gross Annual Energy Production, Net Energy Production), explanation of Performance 

Factors, Composite Performance Distribution, and Exceedance Table.  

Prudent Wind Industry Practices: Those practices, methods, specifications and standards of safety, 

performance, quality, dependability, efficiency and economy generally recognized by industry members in the 

US as good and proper, and such other practices, methods or acts which, in the exercise of reasonable judgment 

by those reasonably experienced in the industry in light of the specific projects and facts known at the time a 

decision is made, would be expected to accomplish the result intended at a reasonable cost and consistent with 

applicable laws, reliability, safety and expedition. Prudent Wind Industry Practices are not intended to be limited 

to the optimum practices, methods or acts to the exclusion of all others, but rather to be a spectrum of good and 

proper practices, methods and acts. 

Representative MCP Dataset: An MCP dataset created with the Target Dataset and the MERRA2 node closest to 

the Target Dataset.  

Representative Turbulence Intensity: The 90th percentile of the ambient Turbulence Intensity distribution. 

Sometimes this is also calculated as the mean value of the ambient Turbulence Intensity plus 1.28x the standard 

deviation of the ambient Turbulence Intensity, assuming a normal distribution. 

Rider: A temporary credit or charge that may appear on utility bills. Typically used to recover additional and 

unpredictable energy costs by the utility.  

Shadow Flicker: The effect caused by the shadows of the spinning rotor and rotating blades. 

Site Dataset: The most representative Target Dataset of the project site. A Site Dataset will always be a Target 

Dataset. 

Site MCP Dataset: An MCP dataset created with a Site Dataset and the closest available MERRA2 node to the 

site. 

Site-Specific Feasibility Studies: Includes results from the shadow, icing, and sound propagation studies.  

TAILS 3.0: One Energy’s proprietary software used to model turbine icing, shadow flicker, and wake loss. 

Target Dataset: Any chosen MET tower or LiDAR dataset that is characteristic of the project site. A Target Dataset 

can be, but will not always be, a Site Dataset.  

Turbine-Clearance Setback: A setback used for high-trafficked roads, high-voltage transmission lines, and 

underground pipelines. The setback is calculated to be 1.1x maximum tip height (hub height plus rotor radius).  

Turbulence Intensity (TI): The ratio of the wind speed standard deviation to the mean wind speed. 

Wake Induced Turbulence Intensity: The additional turbulence intensity caused by the wake of a neighboring 

turbine. It is included as a variable within the Effective Turbulence Intensity equation. 

Wake Loss (W): When obstacles upwind create a wake that reduces the wind available at the downwind wind 

turbines. Wake loss results in a reduction of energy production. 

Waked Sector: The sector in which wake will affect a turbine. 
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Weibull Distribution: Standard distribution used in the wind industry for wind speed distribution.  

Wind Resource Assessment Report (WRA): Includes the wind resource analysis, Gross AEP, and Wake Loss. 

The outcome is the Net Energy Production. 

Wind Shear: The variation in wind speed over a given height range. 

Wohler Exponent (m): A constant used in determining the Effective TI. This exponent is used to characterize the 

fatigue behavior of varying materials. Typically, values used in the wind industry are m=1 (for steel) and m=10 

(for fiber glass). 

Zones of Interest: Regularly inhabited structures, or clustered groups of structures, roughly within a one-mile 

radius of the turbine(s). Zones may include private residences, businesses, and public areas. 
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EXECUTIVE SUMMARY 

One Energy conducts a suite of studies for a proposed project site. These studies include a Wind Resource 

Assessment, a Project Performance Report, and Site-Specific Feasibility Studies. A Wind Resource Assessment 

(WRA) is necessary for turbine siting, turbine selection by the Original Equipment Manufacturer (OEM), and 

energy production estimates for financial modeling. Details and methodologies of the WRA are described in the 

following sections. Included in each section are the deliverables of analysis for guidance in understanding each 

of the reports.  

This Wind Resource Assessment Methodology is version 2019.1. 

WIND RESOURCE ASSESSMENT METHODOLOGY 

An accurate wind resource analysis is fundamental for estimating the Net Annual Energy Production generated 

by a wind turbine. One Energy’s WRA includes four steps: 

1) Choose a data input selection method and data set(s). 

2) Analyze data for environmental and site conditions including average and extreme values in order to 

determine site suitability. 

3) Determine the Gross Annual Energy Production based on the wind resource and turbine power curve. 

4) Apply wake losses to the Gross Annual Energy Production to obtain the Net Annual Energy Production. 

The objective of this methodology is to allow for explanation of each section of One Energy’s WRA. Each section 

states what variables and key pieces of information are presented in the formal WRA. These deliverables are 

designated in bold text throughout this document. 

1. PROJECT INFORMATION 

A) Site Information 

The following information is presented in WRA Section 2A - Site Layout: 

1) Latitude, longitude, and elevation of the proposed turbine(s) 

2) Satellite image with the proposed turbine location(s)  

B) Turbine Information 

The power curve that is utilized for the WRA is the contractual manufacturer’s power curve supplied to 

One Energy. If the manufacturer provides power curves for varying air densities, the air density power 

curve that is most representative of the site will be used (see Site Conditions for air density calculations). If 

the manufacturer does not provide air density dependent power curves, the IEC standard (IEC 61400-

12:9.1.5) air density normalization will be used in correction to the power curve for the site-specific air 

density.  

 

For example, One Energy has contractual power curves from Goldwind at varying air densities for its 87-

1500 turbine model. Graphed below are three of the power curves at different air densities to show 

differences. 
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Figure 1: GW87-1500 Power Curve at Varying Air Densities 

The proposed turbine specifications are presented, including the following in WRA Section 1B – Turbine 

Information: 

1) Manufacturer and model 

2) Rated power 

3) Hub height, rotor diameter, and the total height 

4) Cut-in wind speed, cut-out wind speed, and rated wind speed 

5) Manufacturer-supplied power curve table at specified air density including the power output and 

thrust coefficient at varying wind speeds 

6) Manufacturer-supplied power curve graph 

2.  REFERENCE WIND PROJECTS 
One Energy references additional wind projects in the near vicinity of the proposed site.  

A table is presented in WRA Section 4 – Reference Wind Projects with the following information: 

1) Name of the wind project 

2) Distance to proposed site 

3) Turbine make and model 

4) Project size 

5) Year of installation 

3. DATA INFORMATION 

A) Data Types 

MET Tower 

MET towers are used to collect wind data at multiple heights to characterize the site’s wind resource. They 

typically use measuring instruments such as cup anemometers, sonic anemometers, wind vanes, and various 

temperature and pressure sensors. They have been historically installed across the globe, usually temporarily, 

and many make their data publicly or privately available. The wind speed, wind direction, and associated 

standard deviations are recorded at multiple levels above the ground, in addition to providing general weather 

data such as temperature and pressure. MET towers are used by One Energy to create target datasets, which may 

be used to determine site conditions and in the creation of long-term datasets.  
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One Energy has obtained a variety of MET Tower datasets throughout the United States, with a focus on the 

Midwest.  Some states implemented anemometer loan programs allowing METs to be installed and data made 

available. One Energy uses all existing MET data made accessible.  

LiDAR 

A LiDAR (short for LIght Detection and Ranging) is a remote sensing instrument used to collect wind data at 

multiple heights and to characterize the site’s wind resourceThey are highly mobile devices which allow for quick 

installation and convenient operation. The wind speed, wind direction, and associated standard deviations are 

recorded at multiple levels above the ground including hub heights of most turbines, in addition to providing 

general weather data such as temperature and pressure when a weather station is installed with it. LiDAR 

datasets are used by One Energy to create target datasets, which may be used to determine site conditions and in 

the creation of long-term datasets. 

One Energy owns a fleet of ZephIR 300 LiDAR that are used to characterize the wind resource when adequate 

existing data is unavailable. This model has been successfully evaluated according to IEC 61400-12-1:2017. In 

addition, according to DNV GL, this model is also accepted as bankable (Stage 3) for wind speed and energy 

assessments in simple terrain. Additional LiDAR models may be assessed in the future if they are accepted as 

bankable. 

MERRA-2 

MERRA-2 data is a satellite derived gridded reanalysis data source from NASA, short for Modern-Era 

Retrospective Analysis for Research and Applications. It is widely used in the industry as a long-term reference. 

It is available at a 0.5° latitude x 0.625° longitude resolution and offers over 30 years of data, which includes wind 

speed, direction, temperature, cloud cover, among other variables. MERRA-2 data is used by One Energy to help 

evaluate environmental and site conditions, in addition to providing long-term reference data. This long-term 

reference data is used in combination with Target Datasets to create long-term datasets using Measure-Correlate-

Predict (MCP) practices (discussed in Section 6).  

The MERRA-2 data used is the time-averaged assimilated model variables at the native resolution on a single 

level.  

Airport 

Weather data collected at select airports is offered through the National Climatic Data Center (NCDC) and 

provides surface level wind speed, direction, temperature, pressure and humidity measurements, along with 

providing weather conditions data. Airport data is used to evaluate environmental conditions. 

Nacelle 

One Energy’s fleet of turbines are outfitted with nacelle anemometers for wind speed measurements at hub 

height. This data is used for operational assessments, such as power curve validation. 

B) Quality Control 

One Energy implements various guidelines to ensure data quality. One Energy’s data filtering practices follow 

Prudent Wind Industry Practices (PWIP). 

MET Tower Filters 

Wind Speed Filtering 

A wind speed standard deviation filter is applied where data is omitted if:  

𝜎 > 0.22𝑣 + 1.1 [Equation 1] 
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Or: 

𝜎 < 0.02𝑣 [Equation 2] 

where σ is the standard deviation and v is the wind speed. Equation 2 is only valid if wind speeds are greater 

than 1 m/s. Data will also be omitted if the range between the maximum and minimum wind speeds is greater 

than 20 m/s (~45mph) or the maximum wind speed is greater than 40 m/s (~90mph).  

To remove invalid ‘zero’ wind speed measurements, a filter is applied based on the linear relationship calibration 

equation that relates the anemometer signal to wind speed. This applies specifically to NRG Max40 cup 

anemometers commonly installed on MET towers. When there is no signal due to instrument issues, the logger 

will record a ‘zero’ reading which is equal to the y-intercept value of the linear relationship. For the NRG Max40 

cup anemometers, the most commonly-used cup anemometers in North America, the y-intercept value is 

approximately 0.35 m/s. By implementing a minimum wind speed filter, the invalid ‘zero’ readings are removed 

from the dataset. This filter can be applied in two ways: 

• For measurement levels that have redundant sensors, data is filtered if one sensor is reading less than 0.4 

m/s while the other is reading greater than 1 m/s. The sensor that is recording less than 0.4 m/s is filtered 

out and for the timestamp, the wind speed is determined to be the sensor reading greater than 1 m/s.  

• For measurement levels that do not have redundant sensors, data is filtered if the wind speed is recording 

less than 0.4 m/s and the wind speed at the closest height level is reading greater than 1 m/s. The sensor 

that is recording less than 0.4 m/s is filtered out of the dataset if these criteria is met. 

An additional filter is included if: 

3𝜎 > 𝑣 [Equation 3] 

where σ is the standard deviation and v is the wind speed. Only the standard deviation is omitted, while the wind 

speed is kept. This is done to exclude standard deviations which allow for the possibility of negative wind speed 

magnitudes. 

Tower Shadow Filtering 

Tower shadow is the effect on wind speed when the MET tower’s structure obstructs wind flow to the 

anemometer. Because the tower disrupts the free-stream wind speed distribution behind the tower, a filter 

is applied to remove bias in the wind speed data when the sensor is upwind of the tower. 

For most of the MET tower datasets used, there are typically two anemometers at a single level on two 

booms, offset by 90°. This data is binned by wind direction with bin width of 2° for each sensor, and the 

average difference between the two anemometers’ wind speeds is calculated in each wind direction sector. 

When identifying tower shadow sectors any difference (or bias) between the two sensors must be removed. 

This is done by calculating the average wind speed difference over all wind direction sectors and adjusting 

the data to eliminate it.  

With these debiased datasets for both anemometers, the tower shadow sectors are defined. The tower 

shadows sectors are determined to be when the wind speed difference is greater than ±0.2 m/s for all 

direction sectors on either side of the largest difference. Both sensors experience tower shadow during 

different ranges of wind direction. When tower shadow is determined, the sensor within the shadow is 

filtered. The two anemometer datasets are then combined. At every timestamp, if the wind direction falls 

outside both defined tower shadow sectors, the average wind speed between the two sensors are computed 
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and taken as the wind speed. If the wind direction falls inside one of the defined tower shadow sectors, the 

anemometer that is outside the tower shadow sector is taken to be the wind speed for that timestamp. 

If there is only one anemometer at a specific height, the tower shadow sector is defined using the boom 

orientation and assuming a tower shadow width of 36°. The wind speed data within the tower shadow 

sector is filtered out and the remaining dataset is used for analysis. 

Icing Filtering 

Icing events may affect the MET tower data and are omitted from the data sets. Icing events are defined to occur 

when the standard deviation of the wind direction is less than or equal to 1 and the temperature is less than or 

equal to 34. The standard deviation of the wind speed must also be less than or equal to 0.01 to be considered an 

icing event. 

LiDAR Filters 

The ZephIR 300 LiDAR instruments quality control the data internally and do not report data unless the data 

pass internal quality control measures. A filter code is indicated for each data point that is removed, which 

typically is a result of either low wind speeds, partial obstruction of the window, significant interference with the 

laser beam at a specified height, or atmospheric conditions which would adversely affect the wind speed 

measurements. One Energy does not further filter any data output from the ZephIR300 LiDAR instruments.   

Additional data filters may be required if a different LiDAR is used for data acquisition. 

Dataset Availability 

Typically, a LiDAR data set that has 80% data availability and a MET dataset that has 95% data availability are 

considered suitable for a wind analysis.  

WRA Section 5 – Data Information specifies the details of each dataset that was used in the evaluation 

including the following: 

1) Location, GPS NAD 83 

2) Distance to site in miles 

3) Elevation of the data set  

4) Collection period and length 

5) Data availability 

6) Data collection heights 

7) Extrapolated wind data heights 

4. DATA INPUT SELECTION METHOD 

A) Method 1: On- or Near-Site MET Tower  

Method 1 uses a single MET tower and MERRA-2 reanalysis node(s) to project the energy production and site 

conditions of the project. MERRA-2 reanalysis nodes are used as long-term references.  

Criteria for Consideration 

Three main criteria must be considered when determining if Method 1 is sufficient for use within the WRA: 

1. The MET tower is within 20 miles of the site.  

2. Topography or land cover change between the MET tower location and the site has been examined. 

3. The MET tower dataset encompasses a minimum of two transition seasons. 
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Dataset Uses 

With the use of Method 1, the MET tower dataset is determined to be the Site Dataset. This Site Dataset is used 

for the site conditions, specifically the TI, shear, and extreme wind speeds.  

The Representative MCP Dataset is generated using Measure-Correlate-Predict (MCP, see Section 6) with the Site 

Dataset (all Site Datasets are defined to be Target Datasets; see Glossary) and the closest MERRA-2 node to the 

MET tower. If there are significant topography changes between the closest MERRA-2 node and the Site Dataset 

location, another nearby MERRA-2 node may be determined to be most representative of the Site Dataset 

location. Typical R2 values (see Glossary) found between Site Datasets and the chosen MERRA-2 nodes are 0.6 or 

greater. This Representative MCP Dataset is used for energy production estimates. 

The Site MCP Dataset is generated using MCP with the Site Dataset and the closest MERRA-2 node to the site. If 

there are significant topography or land cover changes between the site and the chosen MERRA-2 node, another 

MERRA-2 node near the site may be used. This Site MCP Dataset is used for the site directional flow analysis, 

wind variability, and portions of the extreme wind calculations. 

B)  Method 2: On- or Near-Site LiDAR Deployment 

Method 2 uses a single LiDAR deployment and MERRA-2 reanalysis node(s) to project the energy production 

and site conditions of the project. MERRA-2 reanalysis nodes are used as long-term references. Method 2 is 

typically used when sufficient existing LiDAR data is available; this would be considered a near-site LiDAR 

deployment. Method 2 is also used when a LiDAR deployment is deemed necessary due to insufficient available 

data; this would be considered an on-site LiDAR deployment. 

Criteria for Consideration 

Three main criteria must be considered when determining if Method 2 is sufficient for use within the WRA: 

1. The LiDAR location is within 20 miles of the site. 

2. Topography change between the LiDAR deployment location and the site has been examined. 

3. Sufficient data has been collected to appropriately characterize the site. Items to consider when 

determining if sufficient data has been recovered include: 

a. Length and availability of dataset.  

b. Seasonality of dataset.  

c. Range of wind speed collected. 

d. Range of wind direction collected. 

The LiDAR dataset must also adhere at a minimum to an industry standard, the IEC’s Method of Bins, to 

determine if the data is complete. The amount of data necessary is outlined in IEC 61400-12-1 Power Validation 

Measurement Procedure. It states that a full dataset must cover at least the hub height wind speed range from 1 

m/s below cut-in wind speed to 1.5x 85% rated power wind speed, binned in 0.5 m/s contiguous bins. The 

minimum dataset size is achieved when all wind speed bins within that range are filled with 30 minutes of 

sampled data.  

Dataset Uses 
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With the use of Method 2, the LiDAR dataset is determined to be the Site Dataset. This Site Dataset is used for 

the site conditions, specifically the TI, shear, and extreme wind speeds. 

The Representative MCP Dataset is generated using MCP with the Site Dataset (all Site Datasets are defined to be 

Target Datasets; see Glossary) and the closest MERRA-2 node to the LiDAR. If there are significant topography 

changes between the closest MERRA-2 node and the Site Dataset location, another nearby MERRA-2 node may 

be determined to be most representative of the Site Dataset location. Typical R2 values found between Site 

Datasets and the chosen MERRA-2 nodes are 0.6 or greater. This Representative MCP Dataset is used for energy 

production estimates. 

The Site MCP Dataset is generated using MCP with the Site Dataset and the closest MERRA-2 node to the site. If 

there are significant topography changes between the site and the chosen MERRA-2 node, another MERRA-2 

node near the site may be used. This Site MCP Dataset is used for the site directional flow analysis, wind 

variability, and portions of the extreme wind calculations. 

C) Method 3: Continuum Wind Flow Modeling 

If on- or near-site MET or LiDAR data is unavailable or not considered to be representative of the site, the software 

package Continuum is used to estimate the wind resource at the proposed site. Continuum is a terrain-based 

wind flow model that uses nearby available long-term datasets in all horizontal directions to generate a site-

calibrated model. The model is based on a simplified analysis of the Navier-Stokes conservation of momentum 

equation and follows an intuitive model that estimates the wind speed based on the variations in the upwind and 

downwind terrain and surface roughness across a project area. Any project using Method 3 would be subject 

to a site-specific review by an Independent Engineer.  

Dataset Uses 

Target Datasets are used to create long-term datasets for use within Continuum. A Target Dataset is a MET tower 

or LiDAR dataset which is chosen to be representative of its location within the boundaries of the wind flow 

model. Representative MCP datasets are generated using the Target Datasets MCP’d with the closest available 

MERRA-2 node to its location. If there are significant topography changes between the closest MERRA-2 node 

and the Target Dataset location, another nearby MERRA-2 node may be determined to be most representative of 

the Target Dataset location. Typical R2 values found between Target Datasets and the chosen MERRA-2 nodes 

are 0.6 or greater. Each of these Representative MCP Datasets are incorporated into the model for energy 

production estimates.  

With the use of Method 3, the Target Dataset used within the model that is defined as the most representative of 

the site is determined to be the Site Dataset. This Site Dataset is used for the site conditions, specifically the TI, 

shear, and extreme wind speeds. 

The Site MCP Dataset is generated using MCP, with the Site Dataset and the closest MERRA-2 node to the site. If 

there are significant topography changes between the site and the chosen MERRA-2 node, another MERRA-2 

node near the site may be used. This Site MCP Dataset is used for the site directional flow analysis, wind 

variability, and portions of the extreme wind calculations. 

In WRA Section 3 – Method Selection, the Method chosen for the WRA is described, along with which 

datasets are defined.  

5. ENVIRONMENTAL CONDITIONS 
Turbine manufacturers require specific environmental conditions of the proposed site for turbine selection. 

Temperature, relative humidity, barometric pressure, air density, icing, and hurricane and earthquake records 
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are necessary variables to be analyzed. This data is used to confirm turbine loading and suitability for a given site. 

For these environmental conditions, NCDC airport and/or MERRA-2 data are used at the recorded height instead 

of extrapolating to hub height. Airport data and MERRA-2 are the primary data sources for  the environmental 

conditions. MERRA-2 data may be used if airport data does not include sufficient data and will be noted within 

the report.  

A) Temperature 

Temperature is typically a measured variable. Because airport data usually does not have consistent temporal 

resolution, the temperature is averaged into hourly data to create an hourly temperature dataset. The average 

long-term temperature is then calculated by averaging the hourly temperature dataset. The minimum and 

maximum are found from the original airport dataset, not the hourly averaged dataset.  

In WRA Section 6A - Temperature, the following is specified: 

1) Average long-term temperature 

2) Minimum/maximum long-term temperature 

3) Days per year the minimum temperature is below -20°C 

4) Days per year the minimum temperature is below -40°C 

B) Relative Humidity 

Relative humidity is typically a measured variable. Because airport data usually does not have consistent 

temporal resolution, the relative humidity is averaged into hourly data to create an hourly relative humidity 

dataset. The average long-term relative humidity is then calculated by averaging the hourly humidity dataset. 

The minimum and maximum are found from the original airport dataset, not the hourly averaged dataset. 

In WRA Section 6B – Relative Humidity, the following is specified: 

1) Average long-term relative humidity 

2) Minimum/maximum long-term relative humidity 

C) Barometric Pressure 

Barometric pressure is typically a measured variable. Because airport data usually does not have consistent 

temporal resolution, the pressure is averaged into hourly data to create an hourly pressure dataset. The average 

long-term pressure is then calculated by averaging the hourly pressure dataset. The minimum and maximum are 

found from the original airport dataset, not the hourly averaged dataset. 

In WRA Section 6C – Barometric Pressure, the following is specified: 

1) Average long-term pressure 

2) Minimum/maximum long-term pressure 

D) Air Density 

Air density is not a measured variable for most data sets. Airport data is used to determine the air density at a 

particular site. If a full year of on-site data is available, notably from a LiDAR deployment, the air density is 

calculated and shown using both the airport and LiDAR data. To determine the air density of humid air, both the 

density of vapor and dry air must be calculated and combined. Nomenclature of variables remain the same for 

the entirety of the section. The ideal gas law is rearranged to form the equation:  

𝜌 =
𝑝

𝑅𝑇
, [Equation 4] 

where ρ is air density in kg/m3, p is total air pressure in Pa, T is temperature in K, and R is the gas constant for the 

air in J/kg*K.  
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Utilizing this equation of state, we can modify it to account for water vapor in the air, resulting in: 

𝜌 = 𝜌𝑑 + 𝜌𝑣 [Equation 5] 

where ρv is the density of the water vapor in kg/m3 and ρd is the density of dry air in kg/m3. Combining Equation 

4 and Equation 5, results in:  

𝜌 =
𝑝𝑑
𝑅𝑑𝑇

+
𝑒

𝑅𝑣𝑇
 [Equation 6] 

where pd is the partial pressure of dry air in Pa, Rd is the gas constant for dry air which is equal to 287 J/kg*K, e is 

the partial pressure of water vapor in Pa, and Rv is the gas constant for water vapor which is equal to 461.5 J/kg*K.  

Using two additional measured variables obtained from the airport data, the relative humidity and the 

temperature, the partial pressure of water vapor can be calculated. The following equations are definitions:  

𝑅𝐻 =
𝑒

𝑒𝑠
 [Equation 7] 

𝑒𝑠 = 6.112exp(
17.67𝑇𝐶

𝑇𝐶 + 243.5
) [Equation 8] 

where es is the saturation vapor pressure in Pa, RH is the relative humidity in decimal form, and TC is the 

temperature in Celsius.  

Combining Equation 7 and Equation 8 results in: 

𝑒 = 𝑅𝐻 ∗ 6.112exp(
17.67𝑇𝐶

𝑇𝐶 + 243.5
) [Equation 9] 

Dalton’s Law of Partial Pressures indicates the sum of the different gases’ partial pressures must total the total 

pressure. Total air pressure is a measured variable available in the airport data and is considered a known.  

𝑝 = 𝑝𝑑 + 𝑒 [Equation 10] 

𝑝𝑑 = 𝑝 −𝑅𝐻 ∗ 6.112exp(
17.67𝑇𝐶
𝑇𝐶 + 243.5

) [Equation 11] 

Combining Equation 6, Equation 9, and Equation 11 the density of humid air is then calculated to be: 

𝜌 =
𝑝 − 𝑅𝐻 ∗ 6.112exp(

17.67𝑇𝐶
𝑇𝐶 + 243.5)

𝑅𝑑𝑇
+
𝑅𝐻 ∗ 6.112exp(

17.67𝑇𝐶
𝑇𝐶 + 243.5)

𝑅𝑣𝑇
 

[Equation 12] 

For each time stamp, i, of the data, the air density is determined, as shown in Equation 13. Because airport data 

typically does not have consistent temporal resolution, the air density is averaged hourly to create an hourly air 

density dataset. The hourly air density dataset is then averaged to realize the long-term average humid air density 

of a site as shown in Equation 14. 

𝜌𝑖 =

𝑝𝑖 − 𝑅𝐻𝑖 ∗ 6.112exp(
17.67𝑇𝐶,𝑖

𝑇𝐶,𝑖 + 243.5)

𝑅𝑑𝑇𝑖
+

𝑅𝐻𝑖 ∗ 6.112exp(
17.67𝑇𝐶 , 𝑖
𝑇𝐶,𝑖 + 243.5)

𝑅𝑣𝑇𝑖
 

[Equation 13] 

𝜌 =
1

𝑛
∑𝜌𝑑

𝑛

𝑑=1

 [Equation 14] 

where d is the day index, and n is the number of data points in the hourly air density dataset. The minimum and 

maximum air density values are obtained from the full dataset with each timestamp, not the hourly dataset.  

In WRA Section 6D – Air Density, the following is specified:  
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1) Data set used to calculate the air density 

2) Average long-term air density 

3) Minimum/maximum long-term air density 

E) Icing 

The annual icing time is determined using the current weather type within the airport data. The number of hours 

of any freezing precipitation event (METAR code including ‘FZ’) is totaled and the percentage of occurrence is 

calculated for each complete year within the dataset. The average of the yearly percentages is then calculated and 

used as the annual icing time. The annual icing thickness information is found in ANSI/TIA-222-G. Figure 2 

shows the icing thickness found in the eastern portion of the United States, from ANSI/TIA-222G. 

 
Figure 2: Icing Thickness 

In WRA Section 6E - Icing, the following is specified: 

1) Annual icing time 

2) Icing thickness 

F) Hurricane 

The hurricane records and building codes are determined by using the state building code. For example, for 

projects in Ohio, the 2015 Ohio Building Code (Chapter 16, Section 1609), which is based on the 2012 International 

Building Code, is used. Figure 3 shows this building code’s wind speed for loading for a 3-second gust. 
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Figure 3: Basic Wind Speed for Loading (3-Second Gust) 

In WRA Section 6F - Hurricane, the following is specified: 

1) Hurricane record 

2) State building code wind speed at 10 meters above ground for 3-second gust 

G) Earthquake 

The earthquake records and building codes are determined by using the state building code. For example, for 

projects in Ohio the 2015 Ohio Building Code (Chapter 16, Section 1613), which is based on the 2012 International 

Building Code is used.  
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Figure 4: Maximum Considered Earthquake Ground Motion 

In WRA Section 6G - Earthquake, the following is specified: 

1) Earthquake record 

6. LONG-TERM DATASET CREATION 

A) Target Data Wind Speeds at Hub Height 

Using MET Tower Target Data 

If Method 1 is used, the Site Data must be extrapolated to hub height before the Representative MCP Dataset and 

Site MCP Dataset can be generated for the WRA.  

MET towers record data at different levels. There are two common methods to extrapolate the wind speed in the 

boundary layer within the industry: the wind profile power law and the log wind profile.  
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The wind profile power law assumes that in the boundary layer winds increase with height on a logarithmic 

scale. The power law model is evaluated using the following equation: 

𝑣2 = 𝑣1 (
𝑧2
𝑧1
)
𝛼

 [Equation 15] 

where, v2 is the wind speed at height z2, v1 is a known wind speed at reference height z1 and α, the wind shear 

exponent, is a derived coefficient: 

𝛼 =
ln(

𝑣2
𝑣1
)

ln(
𝑧2
𝑧1
)
 , [Equation 16] 

where v1 is a known wind speed at reference height z1 and v2 is a second known wind speed at height z2.  

The other practice for extrapolating wind speed in the boundary layer is the log wind profile. The log wind profile 

is generally considered more reliable than the wind profile power law, but it requires more known variables that 

are not always available. Wind speeds are calculated using the following equation: 

𝑣(𝑧) =
𝑢∗

𝑘
[ln (

𝑧−𝑑

𝑧0
) + (𝑧, 𝑧0, 𝐿)], [Equation 17] 

where v(z) is the wind speed at height z, u* is the friction velocity, k is the Karman constant which is approximated 

at 0.4, z0 is the surface roughness, d is the zero-plane displacement, and  is a stability term where L is the Monin-

Obukhov stability parameter. In neutral stability, the equation can be simplified to: 

𝑣2 = 𝑣1
ln(

𝑧2
𝑧0
)

ln(
𝑧1
𝑧0
)
, [Equation 18] 

where v2 is the wind speed at height z2, v1 is a known wind speed at height z1, and z0 is the surface roughness.  The 

surface roughness can be calculated if there are two heights at which the wind speed is known: 

𝑧0 = 𝑒
(
[𝑣2 ln(𝑧1)]−[𝑣1[ln(𝑧2)]]

𝑣2−𝑣1
)
, [Equation 19] 

where v1 is the wind speed at height z1 and v2 is the wind speed at height z2.  The surface roughness value increases 

with increasing roughness. 

Each data point from the MET tower is extrapolated to the hub height of the proposed turbine to create a complete 

data set. Wind speeds derived from the power law model are generally used in analysis due to varying stability 

conditions that would affect the log wind profile. 

The distribution of the Target or Site Dataset is determined by binning the wind speeds in 0.5 m/s increments 

with the value of the bin centered to determine the number of hours each wind speed interval occurs throughout 

a period of time. This is the true distribution of the wind speed at hub height. 

Using LiDAR Target Data 

If Method 2 is used, or Method 3 with LiDAR as one of the Target or Site Datasets used, it is assumed the levels 

were programmed to record at the proposed turbine hub height. No extrapolation to hub height is expected. The 

distribution of the Target or Site Dataset are determined by binning the wind speeds in 0.5 m/s increments with 

the value of the bin centered to determine the number of hours each wind speed interval occurs throughout a 

period of time. This is the true distribution of the wind speed at hub height. 

If the indicated hub height has changed and data is not measured at the specified level, the power law (Equation 

15) is used to determine hub height wind speeds. The shear exponent is calculated using the measured level 

below and the measured level above hub height (Equation 16). The reference level for the power law is the 

measured level below hub height. If hub height is above the highest level measured, the shear exponent is taken 

to be the best fit exponent across the range of measured levels.  
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In WRA Section 6A – Target Data Wind Speeds at Hub Height, the following are specified: 

1) Proposed hub height 

2) Data set(s) used 

3) Annual 10-minute wind speed at hub height 

4) Annual 10-minute maximum wind speed at hub height 

B) Measure-Correlate-Predict  

Measure-Correlate-Predict is a method used to create a long-term wind speed and wind direction dataset at the 

site of the Target Dataset. With this, a long-term reference dataset and a short-term Target Dataset are needed. 

Relationships are formed between the two datasets over the concurrent data collection period. Then, based on 

the established relationships, the wind speed and wind direction data at the target location are predicted for each 

long-term time interval.  

Currently, One Energy employs the commonly-used orthogonal regression MCP approach. The best-fit line 

found when using an orthogonal regression minimizes the distance between the trendline and both the Reference 

and Target Datasets. This approach addresses the fact that there is measurement uncertainty in both datasets. 

Additionally, One Energy bins the data into 16 wind direction bins with a width of 22.5°. Orthogonal regression 

relationships are formed in each wind direction bin and are subsequently used to estimate the MCP’d datasets. 

The Target Dataset that is MCP’d with the MERRA-2 node closest to the target location is used to create the 

Representative MCP Dataset. The Site Data that is MCP’d with the MERRA-2 node closest to the site is used to 

create the Site MCP Dataset. 

In WRA Section 6B – Measure-Correlate-Predict, the following are specified: 

1) Overall R2 value(s) between Target Dataset and MERRA-2 dataset for both Site MCP Dataset and 

Representative MCP Dataset(s) 

2) Average hub-height wind speed for Site MCP Dataset 

3) Average hub-height wind speed for Representative MCP Dataset(s) 

C) Hub Height Wind Speed Distributions 

True Distributions 

The Representative MCP Dataset is used to create the true distribution of hub height wind speeds. The hub height 

wind speeds are binned in 0.5 m/s intervals to identify the most representative characteristics of the site.  

One Energy uses true wind speed distribution of the Representative MCP Dataset for its energy production 

estimates for Method 1 and Method 2. For Method 3, Continuum models the true wind distribution using all 

input Representative MCP Datasets for energy production estimates.   

Weibull Distributions 

The Weibull distribution is widely accepted as the standard distribution of wind speeds within the wind industry. 

Its probability density function has the form of: 

𝑓(𝑥, 𝐴, 𝑘) = {
𝑘

𝐴
(
𝑥

𝐴
)
𝑘−1

𝑒−(𝑥/𝐴)
𝑘
≥ 0,

0𝑥 < 0

 [Equation 20] 

For Method 1 and Method 2, a Weibull distribution is fit graphically to the Representative MCP Dataset, and the 

“A” and “k” parameter for each month as well as the annual parameter values are determined. An example of 

this can be seen in Figure 5. The fit is determined by shape and a speed weighted average of the curves. For 

Method 3, Continuum outputs the annual “A” and “k” parameters. 
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Note that the Weibull distribution is typically determined by One Energy for turbine manufacturer demands and 

is not used for energy production calculations.  

 
Figure 5: Example Annual Wind Speed Distribution 

In WRA Section 6C – Hub Height Wind Speed Distributions, the following are specified: 

1) Annual and monthly Weibull distribution “A” and “k” parameters, if using Method 1 or Method 2 

2) Monthly average wind speed at hub height, if using Method 1 or Method 2 

3) Annual Weibull distribution “A” and “k” parameters, if using Method 3 

4) Annual wind speed at hub height, if using Method 3 

7. SITE CONDITIONS 
Understanding the site conditions is important to the turbine manufacturers for turbine selection. The extreme 

wind speeds, annual wind speed variation, wind shear, turbulence intensity, wind direction distribution, and the 

inflow angle are necessary to determine site conditions. The Site Dataset and Site MCP Dataset are primarily used. 

A) Extreme Winds 

The Gumbel distribution is commonly used within the wind industry to determine the extreme 10-minute wind 

speed and 3-second gust values for different recurrence periods.  

The Gumbel cumulative distribution function (CDF) is defined as 

F(Ue) = e(−e
(
(−Ue−μ)

β
)
) [Equation 21] 

μ = Ue − 0.577β [Equation 22] 

β =
σe√6

π
 [Equation 23] 

where Ue is the extreme wind over some recurrence time period, N, in years, 𝑈𝑒  is the mean of a set of extreme 

annual values, and 𝜎𝑒 is the standard deviation of the set of extreme annual values (source: Wind Energy 

Explained, J.F. Manwell et al., 2nd Edition, 2009). 

The maximum wind speed with a recurrence year of N years (when N≠0,1) is the wind speed where  
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1 − F(Ue) =
1

N
 [Equation 24] 

Combining Equation 21 and Equation 24 results in 

1 −
1

N
= e(−e

(
−(Ue−μ)

β
)
) [Equation 25] 

Rearranging Equation 25 to isolate Ue, the resulting equation is 

Ue = μ − β 𝑙𝑛 (− 𝑙𝑛(1 −
1

N
)) [Equation 26] 

Using this equation, the extreme wind speed and extreme gust based on specific recurrence intervals can be 

determined and is explained below.  

Because measured MET tower and LiDAR data are only collected for short periods of time, they have insufficient 

data to create a full Gumbel distribution. The Site MCP Dataset is used to find the maximum wind speed for each 

year. 

The maximum hourly wind speeds for each year are combined to create a new dataset. Because this dataset is 

hourly and not in 10-minute or 3-second gust time periods, a conversion factor is created for each to apply to the 

dataset. These conversion factors are defined as 

C10min =

1
M
∑ va,i
M
i=1

1
M
∑ vh,i
M
i=1

 [Equation 27] 

Cgust =

1
M
∑ vg,i
M
i=1

1
M
∑ vh,i
M
i=1

 [Equation 28] 

where 𝐶10𝑚𝑖𝑛 is the conversion factor for the 10-minute equivalent simulated data, 𝐶𝑔𝑢𝑠𝑡 is the conversion factor 

for the 3-second equivalent simulated data, M is the number of years of the Site Dataset, 𝑣𝑎,𝑖 is the actual 

maximum 10-minute Site Dataset wind speed at year i, 𝑣𝑔,𝑖 is the actual maximum Site Dataset wind gust at year 

i, and 𝑣ℎ,𝑖 is the maximum Site MCP Dataset hourly wind speed at year i. 

This newly created dataset will be the 10-minute equivalent maximum wind speed by year as well as the 3-second 

equivalent maximum gust speed by year for the length of the long-term dataset. 

From the yearly 10-minute equivalent maximum wind speed and 3-second equivalent maximum gust speed 

datasets, the mean and standard deviation are determined for each. These means and standard deviations are 

incorporated into the Gumbel distribution (Equation 26, Equation 23) to determine the extreme wind speeds with 

a 50-year and 1-year recurrence period. For the 10-minute 50-year extreme, let 𝑈𝑒  be the maximum 10-minute 

equivalent wind speed of the dataset, 𝜎𝑒 be the standard deviation of the 10-minute equivalent wind speed 

dataset, and N be 50 years. For the 3-second gust 50-year extreme, let 𝑈𝑒  be the maximum 3-second 

equivalent gust of the dataset, 𝜎𝑒 be the standard deviation of 3-second equivalent gust dataset, and N be 

50 years. 

In WRA Section 7A – Extreme Winds, the following are specified: 

1) Data sets and Site Dataset height level used for gust 

2) 50-year recurrence extreme 10-minute sustained wind speed 

3) 50-year recurrence extreme 3-second gust wind speed 

4) 1-year recurrence extreme 10-minute sustained wind speed 

5) 1-year recurrence extreme 3-second gust wind speed 



 
 

 

v2019.1; One Energy Enterprises LLC  23 

B) Annual Wind Speed Variation 

The Site MCP Dataset is used to calculate the annual wind speed variation. The yearly average wind speeds and 

overall long-term average wind speed are found. Each yearly average is compared to the long-term average by 

taking the difference and dividing by the long-term average to determine the percentage variation. 

In WRA Section 7B – Annual Wind Speed Variation, the following are specified: 

1) Data set used 

2) Variation from the long-term average by year   

C) Wind Shear 

Wind shear is calculated using the Site Dataset. The wind shear “α” values that are typically necessary include 

the minimum tip height to hub height and the minimum tip height to maximum tip height. A table of the P1, P10, 

and P50 shear exponents are calculated. The P1 and P10 shear exponents are defined as the extreme wind shear 

for a given wind speed range. The wind shear α value is calculated by using the following equation:  

α =
𝑙𝑛(

v2
v1
)

𝑙𝑛(
h2
h1
)
, [Equation 29] 

where α is the wind shear parameter, v2 is the wind speed at height 2 in m/s, v1 is the wind speed at height 1 in 

m/s, h1 is height 1 in meters, and h2 is height 2 in meters.  

MET Tower Site Dataset 

If using the MET towers, the wind shear parameter is calculated for each of the different height ranges (i.e., if 

there are three heights, between h1 and h2, between h2 and h3, and between h1 and h3) at each time stamp data 

point and then averaged at each time stamp data point. If the absolute value of a wind shear parameter value for 

a height range in the same time stamp is greater than 2.5, it is not included in the average at that time stamp. 

When using MET tower data, the data at the measured levels are used and no extrapolation to hub height is done. 

Therefore, the wind shear parameter values may not encompass the entire rotor sweep and the wind shear 

parameters needed may be adjusted according to measured recording levels of the MET tower. Once the alpha 

values for each time stamp are determined, they are binned in 5 m/s increments. For the wind speed bins of 5-10 

m/s, 10-15 m/s, and 15+ m/s, the P1, P10, and P50 alpha value as well as the bin count for each interval are 

presented. The overall average alpha value is calculated using all the valid data points above cut-in wind speed, 

determining the distribution, and finding the P50 value. The shear value of the extreme winds is taken to be the 

alpha values when wind speeds are higher than 15 m/s. It should be noted that these values may not be 

representative of the full rotor sweep. 

LiDAR Site Dataset 

Rearranging Equation 29 using logarithmic rules shows a different relationship between wind speeds and height 

levels: 

α =
𝑙𝑛(v2) − 𝑙𝑛(v1)

𝑙𝑛(h2) − 𝑙𝑛(h1)
 [Equation 30] 

Equation 30 indicates the linear slope within the logarithmic-space between wind speed and height is the wind 

shear value. This concept of the relationship is used with a LiDAR Site Dataset.  

If a LiDAR was deployed on-site, the unit will likely be programmed to measure at specified levels, including, 

but not limited to, the minimum tip height, hub height, and maximum tip height.  

Due to the LiDAR’s ability to take measurements at multiple heights, all the data between the two levels being 

examined are used. For example, for the shear value reported from minimum tip height to hub height, all the 

wind speeds at height levels including, and between, the two levels are used. The wind speeds at the defined 
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heights are transferred into the logarithmic-space, and the best-fit linear slope between the resulting dataset is 

computed. This slope is representative of the wind shear value. This calculation of the slope is computed at each 

time stamp to create a minimum tip height to hub height shear dataset. 

The same steps are completed for the minimum tip height to maximum tip height levels. The height levels 

including, and between, those two levels are used. Each timestamp will have a shear value to create a minimum 

tip height to maximum tip height shear dataset. 

Once the alpha values for each time stamp are determined for both the minimum tip height to hub height and 

minimum tip height to maximum tip height, they are binned in 5 m/s increments. For the wind speed bins of 5-

10 m/s, 10-15 m/s, and 15+ m/s, the P1, P10, and P50 alpha value as well as the bin count for each interval are 

presented. The overall average alpha value is calculated from using all the valid data points above cut-in wind 

speed, determining the distribution, and finding the P50 value.  

In WRA Section 7C – Wind Shear, the following are specified: 

1) Dataset(s) used 

2) Wind shear parameter at P1, P10, and P50 and bin count for three wind speed intervals and over all 

wind speeds above cut-in, if using MET tower 

3) Wind shear parameter at P1, P10, and P50 and bin count from minimum tip height to hub height for 

three wind speed intervals and overall wind speeds above cut-in, if a LiDAR deployment was 

conducted 

4) Wind shear parameter at P1, P10, and P50 and bin count from minimum tip height to maximum tip 

height for three wind speed intervals and over all wind speeds above cut-in, if a LiDAR deployment 

was conducted 

5) Directional wind shear table with wind shear parameter values binned by highest measured height 

wind speed and wind direction 

D) Turbulence Intensity 

The turbulence intensity (TI) of the wind quantifies the steadiness of wind and is necessary for wind turbine 

structure design. The MET towers typically record the standard deviation of the wind speed at each recording 

level. If the LiDAR is deployed, both the MET tower and the LiDAR data can be used to calculate the turbulence 

intensity for comparison of on-site data. Using the 10-minute standard deviation data and the 10-minute wind 

speed data, the TI of the wind can be calculated at each data point. For MET tower data, the level closest to, but 

not above, hub height is used for the standard deviation in the TI calculations along with the extrapolated hub 

height wind speeds, and then averaged over the dataset. For the LiDAR data, the hub height wind speed and 

standard deviations are used to calculate the TI at each timestamp and then averaged over the dataset. This 

resulting TI is the average TI. The TI at each timestamp is calculated using the formula: 

TI = σ/v, [Equation 31] 

where 𝑣 is the wind speed and σ is the mean standard deviation at a specified height. TI values tend to be higher 

with slower wind speeds at lower heights than faster wind speeds at higher heights. This is directly related to the 

amount of surface friction.  

To see how the TI varies by wind speed and direction, the 10-minute wind speed extrapolated to hub height and 

the wind speed standard deviation measured at the height closest to, but not above, hub height are also binned 

by wind speed and wind direction. The wind speed bin size is 1 m/s and the bins are centered. The wind direction 

bin size is 22.5° and the bins are centered on main direction points. For each wind speed and wind direction bin, 

the average wind speed, average wind speed standard deviation, the standard deviation of the wind speed 
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standard deviation, the 90th percentile wind speed standard deviation, and data count are determined. The 

directional averages are then combined and weighted by data count to find the TI, the standard deviation of the 

TI, and the 90th percentile of the TI as a function of wind speed. 

The TI is presented along with IEC classes A, B, and C representative TI from the 2005 IEC-64100-1 standards. For 

each 1 m/s bin, the characteristic TI and the representative TI are also calculated. The characteristic TI is the TI 

plus one standard deviation. The representative TI is the 90th percentile of the TI distribution within that wind 

speed bin. The representative TI is typically calculated by 

TIrep =TI + 1.28σTI [Equation 32] 

where 𝑇𝐼𝑟𝑒𝑝 is the representative TI, 𝑇𝐼 is the average TI, and 𝜎𝑇𝐼 is the standard deviation of the TI.  

One Energy uses the actual distribution to determine the 90th percentile of TI as the representative TI within 

the wind speed bin. This removes the assumption that the distribution is normal within each bin.  

Figure 6 shows the IEC class A, B, and C representative TI from the 2005 IEC standards.  

 
Figure 6: Representative Turbulence Intensity for IEC Classes 

The effective TI takes the wakes of neighboring turbines into consideration to account for the added TI and is a 

combination of the representative ambient TI and the wake-induced TI. The equation to calculate the effective TI 

is defined in the IEC 61400-1 standard as 

TIeff,k = ((1 − Npw,avg)TIamb
m +∑(pwkiTIwake

m )

j

i=1

)

1
m⁄

 [Equation 33] 

where TIamb is the representative ambient TI, pw,avg is the average probability of wake for all turbines, pwki is the 

probability of wake at turbine i in directional sector k, N is number of neighboring turbines, m is the Wohler 

exponent, j is the number of turbines, k is the directional sector, and TIwake is the wake-induced TI.  

The wake-induced TI is defined as  
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TIwake =
√

1

(1.5 +
0.8d

√CT
)

2 + TIamb
2  

[Equation 34] 

where d is the distance to the turbine (in rotor diameters), and CT is the thrust coefficient.  

Using the 10-minute MET tower data, the wind speed and wind speed standard deviation data are binned by 

wind speed and wind direction. The bin sizes are 1 m/s and 22.5°, respectively. Within each bin, the average wind 

speed and the standard deviation that corresponds to the 90th percentile are determined. With these values for 

each bin, the representative ambient TI is calculated by 

TIamb,x,y =
σ90,x,y

vx,y
 [Equation 35] 

where 𝜎90,𝑥,𝑦 is the 90th percentile standard deviation of bin with wind speed x and wind direction y, and 

𝑣𝑥,𝑦 is the average wind speed in the bin with wind speed x and wind direction y. 

For each turbine in each 22.5° wind direction sector, a probability of wake value is calculated. The distance 

from the turbine to each of the neighboring turbines is calculated and the angle in relation to the turbine is 

obtained for each of the neighboring turbines. With that directional angle, the sector in which wake will 

affect the turbine is determined by 

E1 = θ − 𝑡𝑎𝑛−1 (
r

2b
) [Equation 36] 

E2 = θ + 𝑡𝑎𝑛−1 (
r

2b
) [Equation 37] 

where E1 is the minimum angle of the waked sector, E2 is the maximum angle of the waked sector, 𝜃 is the 

directional angle in relation to the turbine and the neighbor turbine, r is the rotor diameter in meters, and b is the 

distance between the turbine and the neighboring turbine in meters.  

For each wind direction sector and each turbine, it is determined if the waked sector falls within the bounds of 

the directional sector. If the waked sector lies within the directional sector, the percentage of the directional sector 

affected by the waked sector is determined by the ratio:  

pw,k =
𝑚𝑖𝑛(s2, E2) −𝑚𝑎𝑥(s1, E1)

φ
 [Equation 38] 

where pw,k is the probability of wake in direction sector k, s2 is the directional sector maximum angle, E2 is 

the maximum angle of the waked sector, s1 is the directional sector minimum angle, E1 is the minimum 

angle of the directional sector, and 𝜑 is the angle size of the directional sector (22.5°). Each turbine has its 

own probability of wake array dependent on wind direction.  

For each wind direction sector and each wind speed bin, the ambient TI (Equation 35) and the wake-induced 

TI (Equation 34) are found and are combined to calculate the effective TI (Equation 33). These variables are 

calculated regardless of the data count within each bin. The overall effective TI, as a function of wind speed, 

is found by weighting the directional effective TI by the directional distribution. This is done by  

TIeff,overall(v) =
∑ TIeff,kωk
c
k=1

∑ ωk
c
k=1

 [Equation 39] 

where k is the directional sector, c is the total number of directional sectors, TIeff,k is the effective TI in 

directional sector k, and 𝜔𝑘 is the wind direction distribution data bin count in directional sector k for wind 

speed v. 
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One Energy assesses the effective TI with both Wohler exponent m=1 and m=10 to be in line with the 

industry standard. 

In WRA Section 7D – Turbulence Intensity, the following are specified: 

1) Data set(s) used 

2) Average TI (using all wind speeds and all directions) 

3) TI at hub height and 15 m/s (all directions) 

4) Table including:  

a. IEC class A, B, C representative TIs by wind speed  

b. Site TI by wind speed  

c. Standard deviation of TI by wind speed 

d. Characteristic TI by wind speed 

e. Representative TI by wind speed 

f. Effective TI by wind speed for both Wohler coefficients of m=1 and m=10 

5) Figure representing: 

a. IEC class A, B, C representative TIs by wind speed  

b. Site TI by wind speed  

c. Characteristic TI by wind speed 

d. Representative TI by wind speed 

6) Figure representing: 

a. Effective TI by wind speed with Wohler coefficient m=1 

b. Effective TI by wind speed with Wohler coefficient m=10 

E) Wind Rose 

The wind distribution is found using the Site MCP Dataset. The wind direction for the Site MCP Dataset is the 

same as the MERRA-2 data. The wind rose is calculated by counting the number of occurrences the wind direction 

fell within a 10° window. These 10° sectors are centered around the tens value of the direction (ie, for the 90° 

sector, the direction range is from 85° to 95°). The direction the wind is coming from for the highest percentage of 

the year is called the prevailing wind direction. It is good practice to avoid siting a wind turbine downwind of an 

obstacle in the prevailing wind direction. Figure 7 shows an example of a wind rose with the circles representing 

the percentage of the wind speed from any given direction (0-360°). Note that 0° is north, 90° is east, 180° is south, 

and 270° is west. 
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Figure 7: Example Wind Rose 

In WRA Section 7E – Wind Rose, the following is specified: 

1) Data set used 

2) Figure representing the wind rose for all wind speeds and for wind above cut-in wind speed 

F) Inflow Angle 

The inflow angle is calculated around the turbine location(s) in 45° sectors, then averaged to determine the 

average flow inclination angle. Inflow angle is calculated by determining the elevation at the proposed turbine 

location (point A) and the elevation 5x hub height from the turbine (point B) in each of the 45° sectors, and then 

calculated using the equation: 

FlowInclinationAngle(θ) =  𝑡𝑎𝑛−1
(hB − hA)

d
 [Equation 40] 

where hB is the elevation at point B, hA is the elevation at point A, d is the distance between point A and point B, 

and Flow Inclination Angle(θ) is the flow inclination angle at direction sector θ.  

In WRA Section 7F – Inflow Angle and Terrain, the following is specified: 

1) Average flow inclination angle of each turbine from 5x hub height away 

2) Maximum flow inclination angle of each turbine from 5x hub height away  

3) Topography map, when necessary 

8. GROSS ENERGY PRODUCTION 
The estimated monthly gross energy production in kilowatt-hours (kWh) is calculated using the number of hour 

values from the true wind speed distribution at hub height (previously discussed) in the equation: 

𝐸𝑛𝑒𝑟𝑔𝑦𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = ∑ 𝑡𝑖𝑝𝑖𝑖 , where cut-in ≤ i ≤cut-out [Equation 41] 

where i is the wind speed in meters per second, ti is the time each wind speed occurs in hours, and pi is the rated 

output at each wind speed in kilowatts. [Equation 41 is used to create both the monthly and annual Gross energy 

production estimates. The rated output of a turbine is provided by the turbine manufacturer in the form of a 

power curve. The Gross AEP estimate is calculated by summing the energy production for the Representative 

MCP dataset or is output by Continuum. Using long-term MCP datasets introduces long-term averaging to our 

Gross AEP estimate and accounts for the uncertainty associated with annual wind variability. Figure 8 shows a 

power curve of a GW 87/1500 turbine and the Gross AEP distribution.  
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Figure 8: Example Site Gross AEP 

From the Gross AEP estimate, the capacity factor of the specific site can be calculated where 

𝐺𝑟𝑜𝑠𝑠𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐺𝑟𝑜𝑠𝑠𝐴𝐸𝑃

𝑇𝑢𝑟𝑏𝑖𝑛𝑒𝑅𝑎𝑡𝑖𝑛𝑔 ∗ 𝐻𝑜𝑢𝑟𝑠𝑖𝑛𝑎𝑌𝑒𝑎𝑟
∗ 100% [Equation 42]  

The Gross capacity factor is the ratio of the Gross AEP to the theoretical energy production of the turbine if it were 

to run at its rated capacity for the entire year. The Gross AEP and capacity factor can be calculated for more than 

one wind turbine model (as long as the turbine power curve is available) as well as for multiple turbines.  

When using Method 3 for energy production modeling, Continuum does not provide the monthly Gross AEP 

values. To generate the monthly Gross production values, the Site MCP Dataset is used to create a monthly energy 

production distribution. This distribution is then converted to percentage ratios and applied to the Gross AEP for 

each month to create the monthly Gross production values.  

In WRA Section 8 – Gross Annual Energy Production, the following is specified: 

1) Gross monthly energy production by turbine and total, rounded to the nearest thousand  

2) Gross AEP by turbine and total, rounded to the nearest thousand 

3) Gross Capacity Factor by turbine and total 

4) 12x24 Gross AEP 

9. NET ENERGY PRODUCTION 
The Net AEP is defined here as the Gross AEP with wake losses applied.  

𝑁𝑒𝑡𝐴𝐸𝑃 = 𝐺𝑟𝑜𝑠𝑠𝐴𝐸𝑃 −𝑊𝑎𝑘𝑒𝐿𝑜𝑠𝑠 [Equation 43] 

One Energy uses its proprietary software, TAILS3.0, to model the wake loss at each turbine. The following section 

details the wake loss model.    

This Net AEP value for each turbine is carried through to the Project Performance Report and used as the baseline 

before any Performance Factors are applied to ultimately end at a P50 AEP value.  

In WRA Section 9 – Wake Modeling and Net Energy Production, the following is specified: 

1) Monthly production loss percentage per turbine and also combined 

2) Net AEP values per turbine and also combined 

3) Monthly Net Energy Production values 

4) Net Capacity Factor per turbine and also combined 
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5) Figure representing the energy production in relation to wind direction which shows the wind 

directions where wake loss is predominant 

A) Wake Loss 

Wind turbines create a wake which can affect the energy production of downstream wind turbines. One Energy’s 

proprietary software, TAILS 3.0, is used for wake modeling in order to maximize the net AEP within the 

constraints of the location. Potential wake loss is based on the Gross AEP. The software uses the generally 

accepted Jensen Model for wake characterization which assumes a linearly expanding wake that is only 

dependent on distance behind the rotor. Figure 9 shows the wake from a turbine with rotor diameter D modeled 

with the Jensen Model.   

For unique projects, One Energy may use the Eddy Viscosity Wake Loss Model, which is widely accepted within 

the industry. If the Eddy Viscosity Model is used, appropriate documentation on the method will be provided. 

 
Figure 9: Jensen Model 

The wake diameter is defined in the Jensen Model as: 

𝐷𝑤 = 𝐷(1 + 2𝑘𝑠) [Equation 44] 

where k is the wake decay constant and s=x/D.  The wind speed, U, in the wake a distance, Dd, downwind of the 

rotor is defined as: 

𝑈 = 𝑈0(1 − (1 −√1 − 𝐶𝑡)((
1

1 + 2𝑘𝐷𝑑

)
2

) [Equation 45] 

where U0 is the average wind speed in front of the rotor, Ct is the turbine thrust coefficient, and Dd is the distance 

downstream of the turbine as a function of the rotor diameter. 

One Energy’s TAILS 3.0 software uses wind speed and direction information from MET tower data files to 

estimate the Net AEP for different turbine layouts at a site. By moving the turbine locations around within siting 

constraints, the optimum energy production for the project can be achieved. Turbine locations must be optimized 

based on distance between the turbines and turbine orientation relative to the prevailing wind direction. 

According to the Jensen Model, at 15D (15 times the rotor diameter) the wind speeds should reach 98% of their 

initial speed. All known turbines and known proposed turbines within 15D are accounted for within the wake 

loss model.  
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The parameters of the TAILS 3.0 software include: number of wind turbines, turbine height, turbine elevation, 

rotor diameter, wake decay constant, turbine thrust coefficient, turbine power curve, and wind direction and 

wind speed distribution (called the wind resource matrix). Each of these parameters can be adjusted by the 

software user based on the specific site details. Common turbine models are saved in the program with 

information such as the rotor diameter, hub height, thrust coefficient, and turbine power curve. Additional 

turbine models can be added to the program as needed and as information becomes available. Wind resource 

matrices are derived from available MET tower or LiDAR MCP’d with MERRA-2 data sets and are saved in the 

program. Additional wind resource matrices can be added to the program when available. In each wind resource 

matrix, the 10-minute wind speed averages are binned from 0-25 m/s in 0.5 m/s intervals, and 0-360° in 1° intervals 

and represented as a percentage of time throughout a long-term standard specified-month.  

The Site MCP Dataset may then be used to create a wind resource matrix for each month of each year and used 

with the TAILS software to calculate the wake loss at the proposed site for each month. Each wind resource matrix 

will be the long-term average of a specified month (ex: a 30-year MCP’d dataset would allow for 30 unique 

months of January, which are then averaged to obtain the long-term average January wind resource matrix), for 

a total of 12 wind resource matrices. Following the calculation of the average monthly wake loss value, the 

standard monthly wake loss percentages are applied to the monthly Gross AEP values to obtain the monthly Net 

AEP production values. The annual average wake loss is then calculated by averaging the monthly wake loss 

values.  

Based on the parameters chosen by the user, the software calculates the distances and angles of the turbines 

relative to one another. These angles and distances are then factored into the chosen wind resource matrix. The 

software determines which wind directions will create wake effects on downstream turbines. The distances 

between the turbines then determines by how much the wind speed will be decreased.  

The software steps through every element of the 2D matrix that represents the wind resource (direction x speed) 

and then calculates the loss each turbine experiences from every other turbine. Finally, the net production from 

each turbine is determined after its wind resource has been fully degraded by all other turbines. The wake effects 

from multiple turbines are calculated independently; wake effects are assumed to be independent, and a more 

complex cumulative interaction is not considered. The total number of computations is equal to 50 speed steps 

multiplied by 360 angular steps, multiplied by the number of turbines plus 1 factorial. A 5-turbine site goes 

through the equivalent of more than 12 million calculations to complete the 18,000 steps through the wind 

resource matrix per month.  The software is speed optimized to solve the directional matrix for turbine 

interactions based on solely on direction first to reduce the number of actual calculations without compromising 

accuracy.  

The resulting data represents post loss production by turbine and is presented as a wind rose that shows the 

energy production of each turbine as a function of wind direction (0-360° in 1° intervals). The wind rose 

graphically presents which wind directions have the greatest impact on energy production so that the turbine 

layout can be adjusted and optimized. The estimated production from the wake loss model does not use a Weibull 

curve. Therefore, the wake loss is presented as a percent loss from the baseline instead of by kWh lost per turbine.  

Model Assumptions and Limitations 

1) Assumes negligible wind direction changes between MET tower data collection heights and turbine hub 

height. 

2) Wind speed distribution is binned from 0 to 25 m/s in 0.5 m/s increments and from 0°-359° in 1° 

increments. 
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3) It is up to the user to decide which MET tower data file will be representing the wind distribution of the 

area. 

4) Cumulative wake losses are independently calculated and combined through multiplication. 

5) The model calculates percent losses based on a reference data file, and those losses are then applied to a 

more highly scrutinized, and historically corrected, P50 calculation of turbine net production.  

6) Typical k value used is: 0.075 

CONCLUSIONS 

One Energy conducts a WRA that is necessary for turbine siting, turbine selection by the OEM, and for financial 

models. In the WRA, the following are included: project and site information, reference wind projects, data 

information, wind resource assessment method, environmental conditions of the proposed site, long-term dataset 

creation, site conditions of the proposed site, Gross AEP, and Net AEP. Next steps include the completion of the 

Project Performance Report as well as the Site-Specific Feasibility Studies.   
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