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Foreword

The International Energy Agency Implementing Agreement for Co-operation in the Research,
Development and Deployment of Wind Energy Systems (IEA Wind) is a vehicle for member
countries to exchange information on the planning and execution of national, large-scale wind
and to undertake co-operative research and development projects called Tasks or Annexes.

As a final result of research carried out in the IEA Wind Technology Collaboration Programme
(TCP) Tasks, Recommended Practices, Best Practices or Expert Group Reports may be issued.
These documents have been developed and reviewed by experts in the specialized area they
address. They have been reviewed and approved by participants in the research Task, and they
have been reviewed and approved by the IEA Wind Executive Committee as useful guidelines
for the development and deployment of wind energy systems. Use of these documents is
completely voluntary. However, these documents are often adopted in part or in total by other
standards-making bodies.

A Recommended Practices document includes actions and procedures recommended by the
experts involved in the research project. A Best Practices document includes suggested actions
and procedures based on good industry practices collected during the research project. An
Expert Group Report includes the latest background information on the topic as well as a
survey of practices, where possible.

Previously issued IEA Wind Recommended Practices, Best Practices and Expert Group
Reports can be found at www.ieawind.org.

This document strives to collect lessons learned from extensive data collection and modelling
activities and present results of research and analysis efforts in the area of micro-siting small
wind turbines for highly turbulent sites. It is hoped that this body of work may be used as a
“stepping stone” to understanding the turbulent wind resource and its impacts on small wind
turbine production and design loads.
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Preface

This Expert Group Report provides recommendations on how to assess the local wind resource
for optimum small wind turbine siting. It is based on more than six years of work within the
IEA Wind TCP Task 27: Small Wind Turbine Research.

IEA Wind TCP Task 27 work started from the linkage of back-to-back meetings of small wind
turbine experts who developed both the third revision of the International Electrotechnical
Commission (IEC) 61400-2 “Part 2: Small wind turbines” and the Recommended Practice (RP
12) titled “Consumer Labels for Small Wind Turbines.” During the development of the IEC
standard, it became apparent that turbulence design requirements were likely inadequate to
capture actual turbulence impacts on small wind turbine design. (see IEC 61400-2 Informative
Annex M on wind conditions.)

The IEA Wind TCP Task 27 working group shifted its priorities from setting a basis for global
certification through international standards and labels to conducting research to inform the
next standards-making body. (The IEA Recommended Practice became an informative annex
within the third revision of IEC 61400-2.) A new research effort began in 2012 to learn more
about the impacts of turbulence from a practical and mathematical perspective.

This report is issued as an IEA Wind TCP Recommended Practice document to provide
practical guidance to owners, site assessors, installers, regulators, permitting authorities and
policymakers developing incentive policy programs. If incentive programs have multi-year
funding, site assessors can help educate owners on realistic production estimates and siting
optimization. In the United States, certified site assessors complete reports for owners as part of
the owner’s application to receive incentive funds.

This Expert Group Report generally describes typical small wind turbine sites, ways to qualify
the site, ways to quantify the site, general siting guidelines and recommendations for future
work.

The group wishes to thank an informal team of U.S. small wind site assessors who have
tirelessly refined and formalized a verbal method of site assessment that has been used by state
funding agencies, owners and other stakeholders. These methods are used as a basis of
comparison with actual field test results. The most recent conference presentations show site
assessment estimations to be within a 5% difference of the actual performance. They have
shared their knowledge for this document.

Trudy Forsyth, Operating Agent Ignacio Cruz Cruz, Operating Agent
IEA Wind TCP, Task 27 IEA Wind TCP, Task 27
www.ieawind.org www.ieawind.org

October 2018

DISCLAIMER:

IEA Wind TCP functions within a framework created by the IEA. The views, findings and
publication of this report do not necessarily represent the views or policies of the IEA
Secretariat or of all of its individual member countries.
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Executive Summary
Challenges

Small wind turbines operate relatively close to the ground as compared with the larger, modern
multi-megawatt machines now operating in wind farms onshore and offshore, and the methods
to assess the wind resource are different. Small wind turbines can be installed in a wide variety
of locations, ranging from unobstructed flat terrain, to land with varying combinations of
natural and manmade obstructions, forests and complex landforms. In addition, because of their
size, small wind turbine installations are often located within and atop urban buildings (known
as “rooftop wind”).

Rooftop and complex terrain sites are the most challenging because of high turbulence, wind
shear, vertical velocity and the influence of atmospheric stability. While rooftop projects do not
meet energy production estimates, the owners may view the installation as successful because

of the perceived marketing benefits (i.e., the installation boosts the project owner’s “green”
image).

Complex terrain sites are typical small wind turbine sites and pose another challenge in
accurately estimating wind turbine production. Underproduction was originally believed to be
dominantly due to uncertified turbines and inconsistent turbine rating approaches; but as more
turbines have become certified and wind turbine ratings are more globally consistent,
underproduction is believed to be a strong function of the local, micro wind conditions.

Measuring the wind resource is the most definitive method for understanding the local wind
conditions and estimating wind turbine production. But wind measurement is typically cost
prohibitive for most small wind turbine owners, leaving them to educate themselves on wind
turbine micro-siting or hire professional site assessors to perform site assessments.

Another approach to understanding local, wind condition impacts is to apply practical rules of
thumb for decreasing production estimates from terrain features, surface roughness and
obstacles. This document is intended as a practical summary for micro-siting small wind
turbines in highly turbulent sites.

Approach

Three approaches to understanding micro-site variation impacts were based on data from
Sustainable Energy Authority of Ireland (SEAI) field trials, three-dimensional wind resource
measurements from Task 27 experts and input from United States wind site assessors. Results
from SEAI field trials included actual wind turbine production, micro-site details and wind data
for each of sixteen sites.

Task 27 experts made many three-dimensional wind measurements in areas of high turbulence
such as rooftops or urban sites. These measurements helped to validate the site assessors’
practical approach and the wind shear, alpha values used. Sites included:

e Austria: a test building at the Lichtenegg test site

e Australia: the Bunnings warehouse roof in Port Kennedy

e Belgium: nine sites across the country (2-D and 3-D)

e China: Inner Mongolia University of Technology on simple buildings with varying roof

shapes (2-D)
e Denmark: Danish Technical University Fence Experiment
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e Ireland: six SEAI sites across the country (2-D)

e Japan: rooftops of the Nasu-Denki Tekko building and Ashikaga Institute of
Technology

e Poland: in cooperation with Norwegian University of Science and Technology
Trondheim, Norway, on Frgya Island for sites near open sea, over land and complex
terrain

e Republic of Korea: rooftop of the Korean Institute of Energy Research building

e Spain: a building rooftop at the CIEMAT/CEDER test site

e United States: Johnson Space Center on the rooftop of Building 12.

In the Danish Fence experiment, measurement results using 3-dimensional LIDAR
measurements downstream of the fence were used to develop input parameters for WaSP (see
http://www.wasp.dk/). This has refined the WaSP model and has been shown to produce more
accurate estimates of actual turbine production for many small wind turbines installed in
Denmark.

Task 27 experts created computational fluid dynamics (CFD) simulations to understand flow
around simple shapes, different roof shapes and then actual Task 27 measurement sites. Japan
developed a comprehensive CFD simulation of a V52 wind turbine installed at the Dundalk
Institute of Technology campus. The simulation included the low-rise and high-rise buildings
found around the campus and is in part the basis for some rules of thumb.

Much of this work has been documented in journal articles, technical papers and a
“Compendium of Task 27 Country Case Studies.” Technical results that may impact future
version of the IEC 61400-2 standard are documented in a companion document, “IEA Wind
TCP Task 27 Small Wind Turbine Technical Report,” which will provide preliminary
recommendations on characterizing turbulence, changing the normal turbulence model,
developing a new high turbulence design classification, and developing new structural design
requirements around rated power in weakly stable atmospheric wind flow. These two
documents provide the technical detail that is used as a basis for this practical Recommended
Practice document.

Because of its practical approach, the document’s usefulness will span varying levels of market
maturity found in world markets.

Key Recommendations

This document provides rules of thumb and key recommendations on how to practically assess
small wind turbine production for turbulent sites, which include:

e To get good estimates of wind turbine production, the micro-site must be assessed with
a site visit.

e Understand the dominant wind direction(s) and directional blockages from terrain
features, surface roughness and obstacles. Wind and electrical energy roses are critical
tools.

e Support the development of site assessment techniques and education, credentialing and
accreditation of site assessors. Their services can be used to ease consumer education
needs, evaluate their micro-sites, optimize the wind turbine locations and estimate
production and costs.
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e Document certified small wind turbine energy production estimates with a caveat
stating that certification production estimates are for open field test sites, which is not
typical of most small wind turbine owner sites.

e Follow the rules of thumb to improve the accuracy of wind turbine energy production.

The Future

Understanding three-dimensional inflow for smaller wind turbine rotors is difficult. Task 27
efforts have begun to show the sensitivities of turbulent inflow seen by wind turbine rotors and
the impact to the turbine system design and definitive energy production.

Over time, new modelling tools, site assessment technology and study methodologies will
evolve past this Recommended Practice. For example, today there are new, inexpensive wind
measurement systems and better technical understanding of the impact and details of the
inflow. As a result, new qualitative and quantitative methods will evolve.

The timing and the growth of this evolution will be heavily influenced by the speed and growth
of global small wind turbine markets. There will continue to be an interest in international
collaboration on new research topics, and this is an important role that IEA research provides a
basis for future standards development, which will have direct impact on better wind turbine
designs.

The global market for small wind turbines is potentially very large, but in many ways the
technology has not yet had significant market impact. Part of that is the long time it takes to
make purchase decisions because the owners must educate themselves. Without streamlined,
customer-friendly approaches, the small wind turbine market will continue to be a smaller,
niche market. Better site assessment can be a step to easing owner purchase decisions.
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List of Abbreviations

CFD computational fluid dynamics

IEA International Energy Agency

IEC International Electrotechnical Commission
SEAI Sustainable Energy Authority of Ireland
TCP Technology Collaboration Programme

TI turbulence intensity

List of Definitions

d displacement height

D rotor diameter

h met mast measurement height
H obstacle height

Hhub turbine height

H height of measured data

ref

Small wind turbine  turbine with a swept area of 200 m?or less

W obstacle width
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1. Introduction

There were two primary goals for the work performed under IEA Task 27: 1) conduct global,
shared research to better understand technical parameters within IEC 61400-2 that were
troubling, and 2) incorporate the research findings into a useful, practical guide on micro-siting
small wind turbines. The purpose of this recommended practice is to provide information for
small wind turbine stakeholders, including site assessors, installers, owners and end users.

Because small wind turbines are typically used for individual electricity needs, the areas in
which they are sited are near residences and often contain obstacles such as houses, barns, other
buildings and trees. These obstacles block the wind and create turbulent environments, making it
difficult for the turbine to reach good, “clean” unencumbered winds. This turbulence has two
dominant impacts on wind turbines: reduced production and the need for design modifications to
address fatigue stress.

To avoid these undesirable impacts, it is of primary importance that small wind turbines be sited
at the most open sites in the dominant wind direction and that rules of thumb and tools be created
to guide accurate production estimates. At this point in the product maturity of most commercial
small wind turbines, the typical decrease in production is dominantly from poor micro-siting of
the wind turbine versus inaccurate production estimates from independent test sites.

The two main points that will be addressed in this Recommended Practice are how to “qualify
the site” (select the best site for small wind turbines) and how to “quantify the site” (better
estimate the wind turbine production). Measuring the site wind resource will provide the most
accurate production estimates, but developers at most sites will not have the time and financial
ability to accomplish a robust measurement campaign (although new low-cost technologies are
in development). The practices used for micro-siting small wind turbines should encompass
detailed review of the site and understanding of wind blockages, wind and energy rose, and
likeliness of meeting production estimates. General siting guidelines will also be discussed in
this report.

1.1 Scope and Field of Application

One of the tasks of the IEA Wind TCP is to develop Recommended Practices related to different
aspects of wind energy. These documents summarize the best knowledge at the time of writing
and shall be treated as recommendations and not as binding standards. The IEA Wind TCP
endorses this work but will not be held liable for the application of the information in those
documents. These documents have served as important work for the development and refinement
of international standards such as IEC.

IEA Wind TCP RP19: Micro-Siting Small Wind Turbines for Highly Turbulent Sites 1



2. General Small Wind Turbine Sites

A small wind turbine project can satisfy multiple objectives such as a desire to harness the wind
resource and provide economic benefit, demonstrate a visual commitment to renewable energy,
reduce electricity purchase and costs, and many other motivations. The key factor in
understanding project economics is estimating the energy production of a specific turbine at a
specific site. The challenge is understanding wind characteristics at a specific site.

2.1 Small Wind Turbine Sites

Small wind turbines are found in a wide variety of sites across the globe. Some sites clearly offer
an opportunity to harvest the wind resource, but for the majority of sites, it is difficult to
determine whether they will be productive. The energy performance of any wind turbine is
sensitive to a number of atmospheric parameters such as wind speed, wind direction, wind shear,
wind veer, turbulence and air density. These factors are influenced by local and regional features
around the site such as terrain, obstacles, general surface roughness and thermal effects.

If people reside close to the wind turbine site, it is likely that buildings, trees, silos, etc., will also
be present and can be expected to disrupt the wind resource. This presents extra challenges in
siting small wind turbines because many sites may have complex wind flows that are heavily
influenced by local obstacles, resulting in lower average annual wind speeds, unique wind speed
distributions, high turbulence, high wind shear and highly directional wind flows (both
horizontally and vertically).

Understanding the impact of turbulence flow on wind turbine production is a non-trivial effort.
Depending on an individual’s knowledge and tools, various methods can be applied to
qualitatively assess the site, starting with basic wind observation (flagging, local knowledge,
etc.). More accurate production estimates can be achieved using quantitative evaluations (wind
resource modelling and/or conducting wind measurements) conducted by a competent party,
which will increase the cost and time to develop the project.

One can start by observing and understanding the local winds and the direction(s) that are most
dominant for both low and high speed winds. Ideally there will be open, unobstructed winds in
the dominant wind direction or “clean fetch for as great a distance upwind as possible. The
strategy is to maximize the amount of time the wind turbine is spinning, and this typically
happens when the turbine has access to clean, open fetch.

These observational methods are vastly improved by having professional wind site assessors
identify the best site and estimate wind turbine production for that site. Site assessors will
typically use computer tools to help refine wind turbine production estimates. Currently there are
several tools available to estimate small wind turbine production; some are free and others are
commercial.

! Fetch is the open, unobstructed area in the prevailing wind direction.
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2.2 Urban and Rooftop Sites

Urban sites are attractive for using small wind turbines to demonstrate opportunity for
distributed, low-carbon generation combined with highly visible statements on sustainability.

Anyone considering urban or rooftop installations of small wind turbines should understand how
the built environment impinges on the wind flow and creates turbulent flow, which will impact
energy production. The following parameters must be considered more carefully when siting
urban rooftop projects:

e Wind resource

e Building characteristics and geometry

e Building response to vibrations

e Turbine technology

e Installation and maintenance

e Building occupant and pedestrian comfort, sound impact and safety.

Projects in the urban/rooftop areas can be difficult to justify on a cost of energy or energy-offset
basis in part due to the cost to understand the wind resource and estimate wind turbine
production in the built environment, which is a very difficult undertaking. Urban/ rooftop
projects also suffer from decreased wind speed, increased sensitivity to wind direction and the
increase in turbulence Kinetic energy.

The use of on-site wind resource measurements combined with high-fidelity models is likely the
only way to estimate rooftop wind turbine production with precision. Scientific methods of
modelling the wind resource using computational fluid dynamics (CFD) can be further used to
“try out” different turbine locations on a roof. CFD is a model for understanding wind flow in
stable, neutral conditions.

There are many examples of urban rooftop projects using these methods that don’t meet any of
the production estimates. However, these projects take advantage of the visibility of the wind
turbine, which can be used for marketing advantages. A case study for a rooftop/urban wind
turbine installed on a building in Portland, Oregon, United States is included in Appendix A.

2.3 Peri-Urban and Rural Sites

Peri-urban (suburban) or rural sites are often ideal locations for good energy production. Many
rural sites have open terrain and farming operations. There is still a need to assess the site and
understand the site characteristics, topography, location of grid interconnection and obstacles.

The amount of time that a turbine operates above its cut-in wind speed will directly impact its
production; therefore, it is necessary to understand the specific wind site in both a qualifiable
way (accounting for local terrain and obstacles) and quantifiable way (estimating wind turbine
production based on rules-of-thumb for local wind obstacles and other uncertainties).

3. Qualify the Site

When discussing qualification of the site in this document, this is equivalent to the “site
suitability” assessment according to the IEC nomenclature. Before purchasing a wind turbine
system, owners should conduct a site assessment, either by educating themselves or hiring a
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professional site assessor. It is important to understand not only the wind speed at a specific
height but also the prevailing wind direction(s). The best sites are those with few obstructions to
the wind, particularly in the prevailing wind directions. The worst sites are those that have many
blockages and obstacles to the wind, thereby increasing turbulent flow.

Turbulence is a stochastic, random, three-dimensional phenomenon that is shown graphically in
a simple two-dimensional view (Figure 1). This graphic depicts an ideal installation of a turbine
tower at least two times higher than the highest obstacle or 20 times the highest obstacle
horizontally in the dominant wind direction. If the small wind turbine rotor is installed inside the
“recommended turbine exclusion zone,” production and reliability may decrease; the project
developer should consult with a professional site assessor to understand the resultant impact.
This approach is the simplest method to assess obstacles in rural or peri-urban sites and gives the
basis for initial consideration of small wind turbines. A more in-depth discussion of obstacle
assessment methods is presented in Section 3.2.3.

Obstruction of the Wind by a Building or a Tree of Height (H)

—————————————————————————————————— Recommended turbine exclusion zone ”Tv"— S

Region of highly

————— turbulent flow cl

k—— 2 =1 } 20H

Figure 1. Zone of disturbed flow over a small building [1]

3.1 Initial Approach

When beginning to assess a site, the most important thing is to look for vertical separation. The
idea is to maximize the amount of unobstructed vertical separation between the turbine rotor and
ground clutter. Initially look at the specific location, land cover and topography and gather
preliminary wind resource estimates from wind maps. (Be careful to understand the height of the
wind speed estimates, which may be very different from the hub heights for typical small wind
turbines.)

It is also important to understand the owner’s project goals and their current or desired electricity
kilowatt-hour consumption. Typically, owners want an initial cost estimate, the site assessor
wants to identify the best spot for the wind turbine and the installer wants a method to qualify a
potential customer. (Small wind turbine lifetimes are conservatively estimated to be 20 years,
and it is likely that an installer will need to work with that customer throughout the turbine
system lifetime.)

Figure 2 presents the initial approach for the owner, and Figure 3 shows the approach for the site
assessor.
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Owner Education
Are you located at a windy site? (wind map, prevailing wind
direction(s) and seasonal patterns, etc.)

List all obstacles that are a horizontal distance of less than 20 times their
height away from the proposed turbine site

Select the tallest obstacle on the list above
It is preferred that the lowest point on the rotor-sweptarea is 2 times
the height of this obstacle

Site has lower
potential for small
wind turbines
Consult with site
assessor

Does this appear practical for the site?

« Site has higher potential for small wind turbines
* May engage site assessor

Figure 2: Initial Approach for Owner. Graphic courtesy of Raymond Byrne and Trudy Forsyth.
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Site Assessor

Desk Audit

Get customer site location information
Assess preliminary wind speed/wind rose through Google Earth, topographical maps, wind maps

Understand owner’s motivation and energy needs
Conduct preliminary identification of turbine system
Conduct preliminary cost estimate (including potential financial incentives)

No
Does the project still meet customer needs? Stop
project

Conduct Site Visit — Visual Site and Customer Assessment
Carry out obstacle assessment (see 3.2.4)
Assess vertical/horizontal separation for identification of turbine location
Determine site alpha (see 4.2)
Is displacement height correction required? (see 3.2.4.2)
Assess terrain features (see 3.2.3)
Conduct final cost estimate

Does the site show
good potential?

Quantify the site

Figure 3. Initial Approach for Site Assessor. Graphic courtesy of Raymond Byrne and Trudy Forsyth.

3.2 Site Assessment

Site assessment is the examination of a specific site’s orientation to the prevailing wind and an
assessment of the impact of obstacles surrounding it radially. This is a varying number because it
is a function of a turbine’s rotor diameter. Develop a list of obstacles that are a distance less than
20 times their height from the proposed turbine location.

A detailed site assessment will help prospective project owners understand the very local
viability of a small wind turbine on their land. Understanding the wind direction will be key to
identifying a site that allows for the wind turbine to maximize energy production. The wind
direction is one of the most important inputs for micro-siting a small wind turbine, but this
information is not always available.

Part of the challenge in harvesting the wind is that rough topography and ground cover increase
air flow friction, add turbulence to the air and can even displace the effective ground level
upward (called “displacement height”). Figure 4 shows a simplified graphical model of what
happens with the mean wind speed as a function of height; note that it is not linear.
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Figure 4. Horizontal lines represent horizontal wind speed vectors [2]

The site and wind resource are interrelated; therefore, finding the annual average wind speed
from wind maps will be a good starting point. Be sure to check the height at which the wind
speed was measured. Knowing the wind speeds at the turbine hub height is necessary for
accurate production estimates. For a desk audit, a topographical map and other tools (such as
Google Earth) also help inform a site assessor prior to the site visit, and it is helpful if the owner
has a good sense of historic wind patterns.

Each site assessment includes a site visit followed by a site analysis and report that notes the
optimum wind turbine placement. The site visit allows for an accurate evaluation of potential
obstructions to the wind resource, including ground clutter or obstacles (e.g., surrounding
buildings and trees), as well as an overall grasp of location-specific characteristics, overhead
and/or underground utilities, the best location for electrical interconnection and site access. The
strongest factors that influence a good wind site include wind direction and wind speed,
obstacles present in the dominant wind direction, terrain, landform and displacement height. It is
always a good idea to place the wind turbine as high as possible to maximize its wind exposure,
wind speed and energy production.

Hills and many other topographic features may alter wind flow by increasing, decreasing, or
modifying the prevailing direction, or intensifying turbulence (see Section 3.2.3). As a result, if
the surrounding area of the potential site has these features within a 10-km radius, then a
description of the main topographic features is necessary, both nearby (macro-siting) and at the
proposed turbine site (micro-siting).

The topographical description should include shape, height, length, width, distance and direction
away from the proposed turbine site of any landforms. “Nearby” could include influences from
large objects such as groves of trees or high wind breaks up to a 2 km away, and smaller objects
could include single trees and buildings near the proposed turbine location. For detailed
information about relevant height of obstacles, see Table 1.

If wind data used for the site evaluation are from a close location, it is important to have
topographic maps of the area around both sites and between the sites. This information is
essential in evaluating if the reference wind data are likely to be well-correlated with the wind
resource on the site and if the wind data needs to be adjusted up or down.
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3.2.1 Land-Use and Other Considerations

Land use type definitions and requirements are very different around the world, making it
impossible to fully capture all possible landforms. Planning permissions and zoning and
permitting processes seek to address safety, aesthetics and community interests and concerns.
Additionally, the site assessment must cover roads, obstacles and site accessibility for the
delivery of the wind turbine, tower and construction equipment, as well as for the actual
installation. GIS tools may also be of assistance (e.g., in urban areas).

Although the site assessment does not normally include a soils test, it is important to include at
least some information about obvious soil issues that could affect foundation design and
construction, such as intermittent water, sand, unstable slopes, rocks, expansive clay, depth to
bedrock and frost depth. Standards often govern the way to assess soil loads on structures for
specific locations.

3.2.2 Wind Roses

Knowing the prevailing wind direction(s) and speed is essential to determining the impact of
obstacles and landforms when seeking the best available site location and estimating the wind
resource at that location. To help with this process, a wind rose that shows the wind direction
distributions of a given area can be used. The wind rose divides a compass into sectors (usually
eight or 16) and indicates the average wind speed, average percentage of time that the wind
blows from each direction and/or the percentage of electrical or total energy per unit area (energy
rose) in the wind by sector. Wind roses can be generated based on annual average wind speeds or
by season, month or even time of day as needed. An example of a typical wind rose is shown in
Figure 5.
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W —— 55

D Percent of Total Wind Enerqy (Wh/m2)
Percent of Total Time

Center Point = 0%
Each Outer Cirde = +5%

Figure 5. Sample wind rose [3]
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In this wind rose, for any of the 16 sectors, blue conveys the total wind energy available (energy
rose) from that direction, whereas green indicates the total time the wind blows from that
direction. It is important to recognize that sectors where the wind blows frequently may not
provide the most energy if the winds from those sectors are relatively weak. For this reason, it is
important to examine the wind roses for both the wind time and energy production.

Both common types of wind roses (percent of time and average wind speed or percent of time
and percent of energy) help site assessors understand where to site a tower relative to landforms
and ground clutter. The information from a wind rose is especially useful in determining a
location for a tower that is upwind of any obstructions on a site and well exposed to the sectors
that can produce the most energy.

If there is no energy or wind rose for the site, information may exist for a nearby site. It is
difficult to tell how close a site must be for the information to be relevant because much depends
on landform and terrain features at a minimum. But a simpler way to evaluate the site is with its
trees. Imagine a stream with a boulder in it. Water flow slows in front of the boulder and
gradually increases in speed as it moves around the boulder. The same thing happens with the
wind—it either moves sideways or up. Flagging on trees (coniferous trees are preferred but
deciduous trees may help) may indicate a high-wind sites. Trees with flagging have a dominant
growth on one side and/or permanent growth distortion, which indicates a definite wind resource
from a specific direction. Note that not all trees that show flagging indicate that there is a wind
resource, only that the wind is prevailing from that direction.

As mentioned earlier in this document, another influencing factor in selecting the site is “good
fetch” or unobstructed winds in the dominant wind direction (the longer the fetch, the better the
wind resource).

To create a wind rose, time series data in bins less than one hour is required with wind speed and
wind direction information. These data should cover at a minimum one year to represent
seasonal variability. These data could be pulled from local weather stations (e.g., airports),
nearby windfarms or modelled wind resource datasets.

This site explains a step-by-step process for developing the wind direction frequency distribution
and creating a simple wind rose with Excel:

A number of programs can create wind roses; e.g., Excel,? Libre Office, Matlab® and Python.*

3.2.3 Terrain Features

Landforms, or orography, can influence wind speed and as a result, the amount of electricity that
a wind turbine can generate. Elevated areas not only experience increased wind speeds because
of their increased height in the wind profile, but also, given the size and shape of the landform,
may cause local acceleration of the wind speed. Idealized cases have been shown to double the

2 https://www.enviroware.com/plot-a-wind-rose-in-excel/WR_Excel.xls

3 https://de.mathworks.com/matlabcentral/fileexchange/47248-wind-rose

4 https://pypi.org/project/windrose/
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wind speeds over a ridge, but uncertainty is great without high-resolution CFD modelling or on-
site measurements. An example of how wind flow is accelerated over a ridge is illustrated in
Figure 6.

Zone of potential high
turbulance and possible eddies

Figure 6. Acceleration of wind over aridge [4]

Wind prospectors looking for sites for utility wind plant development are keenly aware of this
phenomenon and seek out elongated ridges perpendicular to dominant wind flow. The
orientation of the ridge relative to the prevailing wind direction is critical to optimizing the use
of accelerated wind flow over the ridge. Note from the diagrams in Figure 7 that ridges are better
than hills at accelerating wind flow.

Orientation
A. Perpendicular (best) B. Oblique (good) (. Parallel (fair)
—_— ;‘. —_—
—_— gg A=
Y — %
Shape
D. Concavity (good) E. Convexity (less desirable than D.)
)
R j

Figure 7. The effects of ridge orientation and shape on site suitability for wind generators [4]

Unique to elevated landforms are bluffs and cliffs (Figure 8), which create turbulence (including
back eddies, reverse or secondary flow) as the wind passes up and over them. As a result, siting
the tower to avoid the zones of turbulence created by the landform is critical.
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Figure 8. Vertical profiles of air flowing over a cliff. Graphic courtesy of Piotr Domalgaski, modified from
Mick Sagrillo.

A practical approach to siting a wind turbine around bluffs is to take into account the surface
roughness upwind of the bluff. For a surface with a high o of 0.3 or greater or roughness, the
turbine should be installed at least horizontally (0.25 x cliff height) from the bluff edge. If the
upwind roughness is low or low a, the turbine should be installed horizontally (2.5 x cliff height)
from the edge.

3.2.4 Obstacles

An approach used by small wind test centers developing small wind turbine power curves is to
exclude directional sectors that are influenced by obstacles based on procedures of the Annex A
of IEC 61400-12-1; 2017 “Wind energy generation systems — Part 12-1: Power performance
measurements of electricity producing wind turbines” standard. An adapted conservative
approach to this methodology to assess obstacles is given in Figure 9. The obstacle height is
expressed as a fraction of the rotor plane’s lowest point ( i.e., Hhu — 0.5 D) where Hnyp is the hub
height and D the rotor diameter.
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$(Hnuo — 1D)

Hhup = 3D

Maximum obstacle height

2(Hnuo — D)

1(Hnu —3D)

8D 16D 32D 64D

Distance from turbine

Figure 9. Maximum obstacle height as a function of the obstacle’s distance from the turbine. Graphic
courtesy of Mark Runacres based on IEC 61400-12-1 Annex A.

If there are obstacles that exceed these maximum obstacle heights, then further consideration is
needed to determine the sectoral (angle) width of disturbance as seen by the turbine.
An equivalent rotor diameter De for an obstacle is defined in Equation (1) as follows:

2xH*W
D = H+W @

H = obstacle height
W =obstacle width (as seen from turbine)

The distance from the turbine location to an obstacle is defined as Le. The angle of disturbance
(0) for a given De and L. is defined in Equation (2) as follows:

6 =13+tan"" (252 +0.15) + 10 @)

Calculated example:

Giving the example of a small wind turbine installed 60 m away from a barn on an open field,
the angle of disturbance is calculated. In this example, the barn has a height of 18 m and a width
of 35 m as seen from the turbine. In a first step, we calculate the equivalent diameter De of the
barn:

__ 2%18m#35m

D, = = 23.8m

18m+35m (3)

The angle of disturbance 0 is calculated as follows:

23.8m
60m

6 =13xtan"? (2.5 +0.15) + 10 =73.4° (4)

Obstacles where Le/De are greater than 20 are considered to have no disturbances in the field of
view. Obstacles where Le¢/De is less than 2 are considered to disturb the full field of view. Le/De
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is the ratio of the distance of an obstacle from a wind turbine to the obstacle dimensions
(expressed as an equivalent rotor diameter). When Le/De is known for a given obstacle, the graph
can be used to assess the following:

a) whether the given obstacle has influence on the wind flow as seen by the turbine (i.e., in the
disturbed or undisturbed region on the graph), and

b) if in the disturbed region, the directional (or sectoral) width of influence in degrees as seen by
the wind turbine can be read from the y-axis of the graph.

Obstacles with Le/De ratios that fall into the disturbed region shown in Figure 10 will have an
impact on the power and energy performance of a turbine. Such obstacles in the prevailing wind
direction(s) should be avoided.

Disturbed Sectors
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|
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Le/De

Figure 10. Disturbed flow as a function of Le/De and degrees Graphic courtesy of Raymond Byrne based on
IEC 61400-12-1 Annex A.

A more complex analysis requires information on the height, width, type, distance, direction and
porosity of individual obstacles for all obstacles in different directions.

3.2.4.1 Extended Obstacles (Including a Grouping of Trees or Forest)

Obstacles within a distance of less than 16D (from turbine location) that extend more than 50 m
in any horizontal direction are divided into partial obstacles. Each partial obstacle shall be
smaller than 50 m in width and length. Each partial obstacle is treated separately to determine if
it disturbs a sector.
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3.2.4.2 Displacement Distance

Figure 11 shows how the mean wind profile is displaced upward from the ground level by the
grove of trees. This change in wind speed with height is depicted in a wind profile, shown in
Figure 4. The horizontal arrows represent the horizontal wind speed vectors at their respective
heights in the wind profile. Vectors indicate the direction and the magnitude and help “visualize’
fluid flow in a wind profile.

b

Trees complicate the flow pattern, extracting kinetic energy out of the wind as the tree moves.
This displacement height is called the “level of effective zero wind” since the wind below that
level is nearly zero. Displacement height (d) is defined as a percentage of canopy height
depending on vegetation or forest density and often is approximated at 67% of canopy height for
dense deciduous forests and 75% of canopy height for dense evergreen forests.
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Figure 11. Formation of a wind profile behind a tree line [2]

This new height d above the canopy or above the edge of the roof is then used as the effective
“ground-line” to apply the shear exponent to reach the turbine hub height.

3.2.5 Surface Roughness

The effects of surface roughness from ground cover can extend as much as 500 m vertically
above the ground, and there is strong impact for the first 20 m—which can have a significant
effect on small wind turbines. Examples of the impact on the wind profile for two different
surfaces are shown in Figure 12. Note how rougher surfaces have more of an impact on the
horizontal wind vectors. In the case of low-roughness terrain, the wind profile recovers much
quicker.
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Figure 12. Surface roughness impacts on wind profile [3]
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The vast difference in the shape of the wind profile curve shows a wide range of variance that is
possible just due to surface texture. An ability to visualize flow has helped some site assessors
picture a 3-D flow with vectors.

Locations with rows of coniferous trees (e.g., sites in Scandinavian countries) will require taller
turbines to reach smoother winds. One example from the United States describes a site with 25m
trees and a wind turbine on a 40m tower. This lack of vertical separation caused the turbine to
have excessive yaw motion while it moved back and forth to align itself with the ever-changing
wind direction. But when a taller, 45m tower was installed, the yawing motion was reduced. In
addition to improved performance, the taller tower will extend the wind turbine life due to
reduced wear and tear on the equipment from turbulence and wind shear.

3.2.6 Adjustments for Turbulence

Turbulence is a stochastic variation of wind velocity in all three directions relative to the wind
turbine rotor axis. Longitudinal turbulence is associated with changes of wind speed in the
dominant wind direction. The two remaining components show lateral turbulence in cross flow
directions.

A good sense of understanding the potential impact of turbulent flow on surfaces generating lift
(such as wind turbine rotor blades) is given by an example of an airplane flying through a
turbulence zone. Passengers are asked to remain in their seats with seatbelts fastened while the
entire cabin undergoes shaking and sudden unexpected movements in all three directions. Figure
13 gives a very simplistic overview of how the longitudinal turbulence might manifest itself
around a house. The dashed line indicates the recirculation zone.
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Figure 13. Very simplified view of turbulence around a building [2]

In the example, the wind velocity profile is distorted by the presence of a building. The wind
pattern over and past the building structure is more complicated and may include reverse flow.
Sudden changes in inflow are influenced by stochastic and unexpected wind speed variations.
Siting a wind turbine will likely generate dangerous impacts on the structure, as in the case of the
airplane. The above example is by no means exhaustive as turbulence is present in regular flow,
free from disturbance due to obstacles such as buildings.
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Given the above, qualification of a site and understanding site-specific turbulence is difficult
without CFD modelling or gathering wind measurements. Even if the predominant wind
direction and average annual wind speed is known, one will not know the amount of energy
spent to turbulence nor the frequency with which the fluctuations of wind speed occur. The first
factor may negatively impact the turbine’s annual energy production. The second factor may be
critical to turbine lifetime.

Turbulence significantly increases the loads on wind turbines. Load increases as high as 60%
have been reported. It is certain that this shortens the fatigue life of small wind turbines on
turbulent sites, although it is difficult to predict quantitatively by how much the fatigue life is
reduced.

The effect of turbulence on power production can be both positive and negative, although the
latter case is most prevalent. Modest increases of power with increasing turbulence intensity
have been predicted as well as measured experimentally, but small wind turbines generally
perform worse in turbulent conditions. The changing wind direction in the absence of an active
yawing system is no doubt an exacerbating factor.

Published power curves are rarely representative for the performance of small wind turbines in
turbulent conditions because wind turbine power curves are typically developed based on
measurements taken at sites with relatively low turbulence intensity compared to typical small
wind project sites.

The Normal Turbulence Model of the IEC 61400-2 standard strongly underestimates the
turbulence for the highly turbulent conditions in which many small wind turbines operate. Short
of avoiding turbulent sites altogether, particular care should be taken in assessing the turbulence
on the site, for all relevant wind directions, when considering a small wind project.

The best approach for a site with unknown turbulence levels is to assume high turbulence
(turbulence intensity is greater than 30% at 5 m/s), especially for urban or peri-urban sites.
(Turbulence intensity is the ratio of the wind speed standard deviation to the mean wind speed,
taken over a specified period of time.) For such locations, a certified small wind turbine from an
accredited certification body is likely the safest option (although care should be taken in
assuming the performance estimates based on accredited field test results typically sited in wide,
open terrain).
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4. Quantify the Site

The quantification of the wind resource, the speed and the direction becomes critical in
developing rough production estimates for small wind turbines. There are a variety of methods,
and they range from lower to higher costs. Exploring the details of the wind resource becomes
more important if a project has multiple decision makers or if the project is costly compared to
the alternatives.

The methods of assessing the wind resource come from using a general wind map and using that
wind speed information to form the basis of a production estimate. Another approach is to use a
commercial wind resource model to identify more “precisely” the annual wind speed range.
While these two approaches are very successful for siting windfarms, it does not take into
account the impact of local micro-siting and the dramatic effect that it has on a small wind
turbine.

A second approach is to access wind measurements from nearby projects, wind resource towers,
airports or other weather stations. These data may be relevant if the terrain is similar to the new
project and is located close by, but care must be taken to understand the location (e.g., tower
height, proximity to obstacles) and data quality of these measurement sources.

The only method where the wind resource is truly quantifiable and accounts for obstacle, terrain,
wind direction and blockages is to measure the wind at the exact location and exact hub height of
the proposed small wind installation. Historically the cost of wind measurement equipment and
analysis has been prohibitive for small wind turbines. It is estimated that up to 25% of an installed
small wind turbine costs and up to one year of time is required to get wind measurement results;
many customers may be too impatient to adhere to a schedule like this.

Recently new wind resource measurement approaches have been developed, including lower-
cost wind measurement equipment and towers, and new drone technology. Having equipment
and tools that give wind rose information is invaluable for estimating the wind turbine
production. Wind maps typically provide a basis for the wind speed, the other important factor in
understanding production.

Figure presents the process for quantifying the site. For more detail, refer to Sections 3.2.6, 4
and 5.
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Figure 14. Flow of steps to quantify the site. Graphic courtesy of Luis Arribas and Charlie Dou

4.1 Wind Maps

Owners and installers use an annual average wind speed at a specific height as a starting point
for their energy production estimates. These estimates will need to be modified for the micro-
site, including terrain surface roughness as well as obstacles and their dimensions.

This information is generally provided by wind maps, which help wind developers and users
understand the areas of higher wind speeds, the dominant factor in the equation for the power in
the wind. Using a wind atlas to estimate power production for small wind turbines at lower
heights may have significant uncertainty due to the impact of local terrain and obstacles and
should not be used as the sole source of wind resource information. Some government and
academic institutions can help identify locations of wind maps, which will vary by country. As
mentioned previously, care should be taken to use map data at as close to actual turbine hub
height as possible. Examples of links for wind maps throughout the world include:

e World Bank: Global Wind Atlas, <https://globalwindatlas.info/> (heights of 50 m, 100
m, 200 m)

e Austria: Windatlas Osterreich, <https://www.windatlas.at/disclaimer windkarte.htm|>
(heights of 50 m and 100 m)

e Canada: Environment and Climate Change Canada's Wind Energy Atlas,
<http://www.windatlas.ca/index-en.php> (heights of 30 m, 50 m, 80 m)

e China: National Climate Center 4-D wind resource dataset, <www.gh323.com> (heights
in 10-m increments up to 200 m)

e lIreland: SEAI Wind Atlas, <http://maps.seai.ie/wind/> (heights of 20 m, 30 m, 40 m, 50
m, 75 m, 100 m, 125 m, 150 m)

e Japan: New Energy and Industrial Technology Development Organization wind maps
<http://app8.infoc.nedo.go.jp/nedo/> (heights of 30 m, 50 m, 70 m)
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e Republic of Korea: Korea Institute of Energy Research renewable energy resource maps,
<http://www.kier-solar.org/> (heights of 40 m, 80 m, 120 m)

e Poland: Numerical weather Forecast Service by Interdisciplinary Centre for
Mathematical and Computational Modelling, University of Warsaw, Warsaw, Poland
<http://maps.meteo.pl> (height of 10 m)

e Portugal: National Laboratory of Energy and Geology Atlas Eolico,
<http://geoportal.Ineg.pt/geoportal/mapas/index.html?mapa=AtlasEolico> (heights of 10
m, 60 m, 80 m)

e Spain: Institute for the Diversification and Saving of Energy wind atlas,
<http://atlaseolico.idae.es/> (heights of 30 m, 60 m, 80 m, 100 m) and National
Renewable Energy Center of Spain wind map,
<http://www.globalwindmap.com/> (height of 10 m)

e United States: National Renewable Energy Laboratory WINDExchange wind maps,
<http://apps2.eere.energy.gov/wind/windexchange/windmaps/> (heights of 30 m, 50 m,
80 m)

In the United States, state wind maps are used to conservatively estimate the wind resource at the
turbine hub height by extrapolation using a conservative wind shear. These maps can provide a
general indication of good or poor wind resources but may have very low site-specific accuracy
as they do not provide high enough resolution or include information on complex terrain, ground
cover and other local effects. Despite this, a site assessment methodology can be used to improve
data details and confidence in energy projection accuracy.

One tactic that site assessors have found useful is to use a map with a height that is lower than
the proposed tower height and extrapolate up to the proposed hub height using the appropriate
wind shear exponent to arrive at a hub-height wind speed. This technique is more conservative
than using a wind map with a higher height and extrapolating down to the hub height. When
estimating wind speed for the purpose of forecasting annual performance, a conservative
approach is always more pragmatic.

Typical small wind turbines are installed on towers ranging from 10 m to 50 m, so 30- to 40-m
wind maps are far more useful than 10-, 60-, 80-, or 100-m wind maps. The best way to account
for terrain features, surface roughness and obstacles is to use an appropriate wind shear exponent
(alpha) when calculating the power in the wind.

4.2 Wind Shear

One of the most distinct features of wind comes from the fact that moving air experiences
friction between adjacent elements or layers and the fact that the mean velocity at the ground
surface is zero. As a result, the mean wind velocities grow from zero to some constant velocity in
a vertical layer over the surface ranging typically from a few tens to a few hundred meters.

The friction causes wind shear, which is the difference in wind speeds at different heights above
the ground. This change in wind speed with height is depicted in a wind profile, shown in Figure
4.

Although wind velocities vary with time both in magnitude and the direction, if velocities are
averaged over long enough periods (typically 10 min), the flow vectors are parallel to the
surface. The horizontal arrows represent the mean horizontal wind speed vectors at their
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respective heights in the wind profile. They indicate the wind direction and speed and help
“visualize” fluid flow in a wind profile.

The power in the wind is based on the power law equation:

Hhub

V= Vref * ( )oc )

Href
V = wind speed at height of interest (e.g., hub height)

V_=wind speed measured at height h _

Hhub = hub height

H_=height of measured data

a = wind shear exponent

The wind shear exponent, a, defines how the wind speed changes with height. When wind speed
data are available at multiple heights, the wind shear factor can be calculated using the power
law equation.

The wind shear exponents from several heights with known wind speeds are used to estimate the
wind speed at other heights of interest (e.g., turbine hub height). Depending on the type of terrain
features, surface roughness, and obstacles, wind shear exponents may vary from 0.1 to 0.6. Table
2 shows alpha values that have been used in U.S. site assessment methods. Many of the shear
values have been validated by Task 27 team measurements.

Table 2. Wind shear by terrain features, surface roughness and obstacles

Site Type Wind Shear
Exponent a

Sea 0.10

Coast with onshore winds 0.10

Snow-covered crop stubble 0.12

Open, smooth surface (i.e., concrete) 0.20

Cut grass 0.25

Short-grass prairie 0.25

Open agriculture without hedges/fences 0.30

Crops, tall-grass prairie 0.30

Agriculture with homes, hedges at 1,250 m 0.35

Scattered trees and hedges 0.35

Agriculture with homes, hedges at 250 m 0.40
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Site Type Wind Shear
Exponent a

Trees, hedges, a few buildings 0.45

City suburbs, villages, scattered forests 0.31

Larger cities with tall buildings 0.60

Woodlands 0.50

Very large cities, skyscrapers Measure

The value of wind shear exponent (a) is very site specific and can change depending on many
variables (wind direction, atmospheric conditions, agricultural or forest activities, etc.). It is
important to evaluate how it can vary to not overestimate or underestimate the wind turbine
energy production when choosing the hub height.

Estimates of wind energy production can range significantly based on the shear value used;
many site assessors choose the worst conditions to ensure conservatism in the production
estimate. To refine these estimates, modelling or measurements can be used.

As an example of Equation 5, if there are data from two heights, Hyrer1 = 20 m and Hrer = 40 m,
and the value of V = 6 m/s and Vet = 7 m/s, the value of a is

a = log (V/ Vi) I log (Hrert/Hrer2) = log (7/6) / log (40/20) = 0.22 (6)
Table 3 shows annual energy production and the effect of considering two wind shear o values.

As an example with a 4-kW small wind turbine, the next table shows the calculation data from a
site where a met mast with wind speed data at different heights is installed. The values of a are
low because it is at a mountain site with several months of ice and snow. The second column is
the extrapolation up to 50 m, using a Vs at 20 m. The third column is an extrapolation down to
20 m using a Vrer at 100 m. The last column is an educational example with a value of
completely different a to see how the estimation at low height may be significantly different.
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Table 3. Impact of wind shear on annual energy production

Hhub Energy production using | Energy production using | Energy production

extrapolation up method extrapolation down using Constant a =
0.30 (kWh)

site specific a = 0.07 with 20- | site specific a =0.06 with
40m data (kWh) 20-100m data (kWh)

20 15117+ 15381 9742

30 15519 16674 11921

40 15953 16920 13431

50 16138 17115 14562

*Data measured

4.3 Model-Based Approach for Energy Production Estimates

Models have been developed that estimate wind turbine production based on the turbine’s power
curve, estimation of the hub height annual average wind speed and adjustments for terrain,
surface roughness and obstacles. Some of these models are publically available, but most are
commercial products that require payment to use them.

Google Earth and other satellite imaging tools can help identify the locations of obstacles and are
a good initial way to evaluate whether a specific site is suitable for energy production. Typical
site assessments include a site visit to understand the topography of the local sites, the variety of
landforms, property orientation, etc.

One estimate of the cost to have a site modelled in the United States in 2016 was approximately
$500.The model utilizes static wind maps, a gross approximation using annual average site wind
speed and micro-site adjustments. Assumptions that are made include turbine availability,
capacity factor, a Rayleigh distribution, idealized losses, idealized turbine power curve, no inter-
annual variability, no uncertainty and no integrated directional sensitivity.

Another approach would be to measure the wind resource at the proposed turbine location, which
will give greater confidence in understanding potential wind turbine production and therefore
economics. One year of quality data is considered the recommended amount of time necessary to
capture seasonal variations.

4.4 Wind Resource Measurements

While collecting and analyzing wind resource measurements is a usual part of business for the
multi-megawatt turbines used on land and offshore, it is unusual for small wind turbine projects.
Both the cost of wind instruments and the time to collect a year of wind resource data are
deterrents to wind turbine purchases.

While common measurement strategies were used amongst the Task 27 team, the emphasis was
on three-dimensional data, something that would be more costly than data typically required for
customer wind resource assessment. There are many documents that specify the detail of a wind
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measurement campaign; one of them is the National Renewable Energy Laboratory’s Wind
Resource Assessment Handbook, which is a helpful guide for setting up a monitoring tower and
conducting a meteorological tower wind study. These systems include anemometers, wind vanes
and temperature sensors that are mounted as close to hub height as possible. Calculating the
wind shear exponent requires taking data at two heights. Having wind shear or alpha data is
essential for predicting energy production if the measurements are not at hub height.

4.5 Validation of Site Influence

Based on a field trial of small wind turbines in Ireland under the auspices of the SEAI, sixteen
data sets of wind resource and energy production data were collected. Many of these sixteen sites
used similar or identical wind turbines, but there was quite a spread in the energy production,
which is dominantly accounted for due to site variation.

A study has been conducted that analyzes wind rose, energy rose and kilowatt-hour production
for the same commercial wind turbine model. The study includes two Proven 6, two Iskra, two
Evance R9000 and two Skystream 3.7 wind turbines, as shown in Figure 15 and Table 3.

diskra Evance Site A

Proven 6 Site B
4

dProven 6 Site A

Iskra Evance Site B
Skystream Site B

dSkystream Site A

Figure 15. SEAI field test sites in Ireland
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Table 3. SEAI field test site data

Power Hub Uave @ T @ Time under Energy
Rating | height hub 15m/s test in Production
(kW) (m) height normal
operation (kWh)
(m/s) (hours)
(%)
Iskra Evance Site A 4.7 12 5.1 134 8732 8963
Iskra Evance Site B 4.7 15 4.2 15.9 9385 7908
Proven 6 Site A 5.2 15 6.1 11.7 8038 13703
Proven 6 Site B 5.2 15 4.5 18.1 6370 4181
Skystream Site A 2.1 10 4.7 19.1 9015 3927
Skystream Site B 2.1 10 3.3 19.8 9317 2041

Based on the case study work of evaluating the SEAI field test sites, several conclusions can be
drawn. One is that identical wind turbines' output vary greatly when they are installed in
different places. (A detailed comparison of the outputs of a pair of Skystream wind turbines can
be found in Appendix A. Other case studies are found in “Compendium of IEA Task 27 Country
Case Studies.”)

e Small wind turbine production varies widely compared to accredited test results based on
the complexity of the site. Production estimates are very sensitive to the micro-site details
and impacts.

e This variation in production based on site variance dramatically increases uncertainty in
estimating annual energy production. Production is strongly influenced by the:

o Terrain (turbulence)
o Turbine system used, its design, hub height, control (inverters) and size
o Installer, site selection and system setup.

Besides these conclusions, there are general rules of thumb or guidance that may help practical
small wind turbine micro-siting.
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5. Rules of Thumb

These rules of thumb or guidelines have been created based on best practices of site assessors in
the United States, CFD rooftop models, wind resource measurements and commercial field test
data. These results may not be quantifiable, but their trends bear consideration, particularly if the
small wind turbine site is in an area of high turbulence or complex terrain, typical of most small
wind turbine installations.

5.1 General Siting

The turbine should be installed on a high topological point on the property. Often this
location would be the highest within 10 km radially, although this is not always the case.

Sites close to oceans or large bodies of water have greater, more consistent daily winds, a
steady diurnal resource.

An owner’s observation of the wind flow at the site will lead to a more efficient site
assessment. Useful information can be found on regional and local wind and terrain
databases.

Site the tower upwind of obstacles and ground clutter toward the prevailing wind
direction(s) in the area.

For siting, understanding the prevailing wind direction(s) is as important as
understanding the wind speed.

Tall, skinny building and obstacles have a lower impact on the wind resource compared
to low, short buildings that trip the boundary layer across a wider plane.

The challenge of small wind turbines is that they are invariably placed in a complex
environment, but a thorough wind resource assessment would be too costly relative to the
total project cost. At a minimum, a site assessment should be completed.

Turbulence can reduce the annual energy output estimate anywhere from 15% to 30%.

5.2 Displacement Height

Displacement height affects wind profile and necessary tower height.
For forests, use a displacement height of:
o 67% of canopy height for dense deciduous forests

o 75% of canopy height for dense evergreen forests.

For a line of trees, assume 100% displacement height.

5.3 Wind Speed Estimates
A special note for hills:

For every 100 m increase in elevation, get 0.5 m/s increase of wind speed for small hills.
16.7% slope =a 1 mrise fora6 mrun
o 180% increase in wind speed
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o 25%slope=almriseforad mrun
o 200% increase in wind speed

e 50% slope=almrisefora2mrun
o 125% increase in wind speed + turbulence!

e Round down for sites with higher turbulence intensity. (Turbulence affects output only; it
doesn’t affect mean wind speed.)

5.4 Tower Height

The recommended approach for ground-mounted towers is to make sure that the lowest point of
the rotor-swept area is higher than twice the height of the tallest obstacle within the distance
described in Section 3.2. (Note: Round up if the specific tower height is not commercially
available.) When assessing tree obstacles, consider the future height of mature trees (20 to 30
years old). Generally, taller towers access higher wind speeds, though there is a balance between
equipment costs and energy production.

5.5 Rooftop Rules

Rooftop and urban installations require more planning to gather consensus from stakeholders and
to understand the wind resource that is available. Rooftop installations that have been studied
show a significant reduction of energy production compared to peri-urban and rural sites. For a
comprehensive discussion on installations in the built environment, look for NREL’s
Deployment of Wind Turbines in the Built Environment: Risks, Lessons, and Recommended
Practices.

Rules of thumb include:
e Special care and engineering are needed in mounting a turbine on a rooftop.

e Never install a turbine or turbine tower on the wall of a building.

e Corners of the building have higher wind speed and lower turbulence but more safety
risk.

e Avrail or lip around the edge of the building sets a new “zero” for displacement height.

e Areas around buildings are complex, high-turbulence sites that produce less electricity,
and the wind turbine lifetime will be reduced.

e Make sure the insurance carrier knows about the installation.

e Based on CFD simulations, a flat roof is the most conducive to the installation of a
rooftop wind turbine, and locations that are at the upstream edge of the roof are best.
Also, CFD simulations indicate that other roof shapes such as gabled, pyramid, vaulted
and triangular roofs may offer better wind speeds.

5.6 CFD Simulations

When the site is complex, CFD may have an added value for micrositing. CFD simulations can
help to visualize the flow field over the site. If a CAD model for the site is available, CFD
simulations can be inexpensive to conduct. Several companies offer CFD modelling services.
Two recommended practice documents for CFD simulation in urban environments are COST
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Action 732 (Best Practice Guideline for the CFD Simulation of Flows in the Urban
Environment) and AlJ Guidebook (AlJ Benchmarks for Validation of CFD Simulations Applied
to Pedestrian Wind Environment around Buildings).
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6. Conclusions

Understanding the turbulence in the airflow and its impact for all possible sites across the globe
poses a daunting challenge. Over time, this document will become obsolete as new business
models are developed, which may ease the need for self-education for project developers:
Packaged services might become available that improve understanding of the wind resource,
optimally siting the wind turbine, assessing economic benefits as well as handling the actual
installation and maintenance work. In the meantime, markets that are experiencing growth
should consider training and developing professional site assessors to ensure good small wind
installations.

Understanding the practical impact of turbulence is just beginning, and there are still technical
challenges and opportunities such as:

e Gaining a better understanding of the three-dimensional wind resource, particularly the
vertical velocity and the behaviour of turbines in complex terrain.

e Using smarter/intelligent turbine control systems that are adaptive to site conditions
e Generating accredited power curves for different levels of turbulence

e Developing training programmes in site assessment/selection and system setup for
installers.
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Appendix A Case Study: Twelve West Location: Portland, Oregon,
United States

Turbine type: Skystream 3.7
Number of turbines: Four

Installation date: 2009 Building integrated: Roof mounted (23-story building, mounted on 45-
foot poles, blades at an elevation of 82 meters)

Estimated production: ~9,000 kWh yearly, or ~1% of the building's electricity. Actual production:
~5,500 KWh per year

Cost: $20K per turbine; $240,000 for entire installation (mounting pads, engineering, etc.)
Incentives: 30% federal Investment Tax Credit in cash at project completion
Payback: ~40 years

Maintenance record: Have had issues with Turbine #3 (does not spin on occasion and must be
restarted). This is under control with building management.

What was the primary project objective? Raise awareness about renewable energy. Elevate the
visibility of the building. Underscore the building’s sustainability commitment. Did the installation
meet those goals? Rooftop wind in urban environments is challenging and has not evolved as much
as we had hoped; however, all other objectives were met, and we consider this installation a
success. Given your experience and the lessons you’ve learned, what suggestions would you give
to another organization determined to develop a similar project? Take advantage of and leverage
as many resources as you can. Make sure the turbine project is a good fit for your site; a token
array that never spins will be detrimental when it comes to public opinion. Pay careful attention to
turbine siting. A prominent wind specialist from the Netherlands advised us on turbine placement
based on the wind patterns in the area. Research the products well, and get comfortable with the
fact that the manufacturer may go out of business (many of these companies are start-ups), which
makes replacement/repair and warranty enforcement difficult.

Additional notes: Turbine choice: Due to the limited data regarding built environment wind
installations, project developers didn’t know what to anticipate in terms of turbine selection. None
of the turbines researched had long track records for this type of installation, so the group
conducted a significant investigation to identify what turbines would be best to use. Project
developers conducted in-depth research during their turbine selection process, visiting multiple
vendors and installations prior to selecting Southwest Windpower Inc. as the turbine supplier. One
factor that influenced the selection was the company’s compliance with European certification
standards (Greeson 2010).

Development process: The wind turbines were part of a larger project: the design and construction
of a 23-story LEED Platinum-certified mixed-use apartment and office building. Project
developers decided to utilize solar and wind energy to help reach their LEED goal. The turbines
were integrated into the building design early in the process, allowing the building’s developers
time to consult with experienced wind energy professionals to properly assess the site prior to
installation. During this period, the developers conducted a thorough site assessment that included
flow pattern simulations conducted at the Oregon State University’s Aero Engineering Lab. The
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project developers also had to engage in discussions to address Federal Aviation Administration
concerns related to the combined height of the building and project.

Public interest: Project developers believe the installation’s visibility and the attention it has
created for renewable energy and sustainability have been phenomenal. The installation has helped
the building become a unique and recognizable feature in the city of Portland. Sound impacts:
Since the project is located directly above the building’s penthouse units, special consideration
had to be given to reducing the potential sound impacts of the installation. This increased costs but
was essential to overall project success.
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Appendix B: Examples of Good and Bad Small Wind Turbine Sites

Appendix B focuses on one pair of small wind turbines (i.e., two of the same turbine product) at
two different owner sites and their results based on field measurements carried out over an
eighteen-month period from January 2011 to June 2012. (Studies on two other pairs of small
wind turbines (i.e., four turbines) can be found in the separate case studies companion
document.) For each owner site, location details, including photos and descriptions, are given.
Post quality checked data for each turbine pair are analyzed to obtain the site wind speed
distribution along with raw and binned turbulence intensity curves and power curves. The power
curves are also compared to the published accredited power curves.

The observed impacts on the electrical energy output performance or production of the wind
turbines are discussed below. Key observations and lessons learned from a owner’s point of view
are highlighted. The binned turbulence intensity values and standard deviations are also tabulated
to show the more frequent turbulence intensity values that the turbine experiences in each of the
measured wind speed bins. To gain insights into local obstacle impacts, the power and energy
output of the turbine are binned in eight sectors for directional power and turbulence intensity
curves. Since owners are most interested in the energy (kWh) their turbine will give them, a 72
sector (5° width) directional energy output rose or an electrical energy rose is plotted and
overlaid on a local plan view of the site. A summary of key findings and observations are
collated, and conclusions are listed in the end. All photos and graphs in this case study were
provided courtesy of Dundalk Institute of Technology in Ireland.

Skystream Site B g
JdSkystreamiSite A

Figure B.1. Location of two Skystream wind turbines at different sites

B.1 Site A

This turbine is located in southeast Ireland about 2.5 km from the coast. The turbine is elevated
above its local surroundings on a small hill. Figure B.2 shows a photo of Site A. The location
coordinates are 52°11'35.02"N and 7°15'43.98"W and the site elevation is 70 m a.s.l.
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Figure A.2. Skystream wind turbine at Site A

B.1.1 Wind Turbine System Description

Table B.1 summarizes the wind turbine system. Note that both of the Skystream turbines are
installed on a 10-m tower, a relatively short tower for most commercial sites.

Table B.1. Summary of wind turbine system

Wind turbine Skystream 3.7

Rated power” 21kw @ 11 m/s

Tower height (type) 10 m (monopole)

Inverter Internal to system

Application Utility grid connected to a house

B.1.2 Site A Description

As shown in Figure B.3, the turbine is located on a small hill that is elevated above its
surroundings. There are houses located in directions from east clockwise to northwest. Some
short trees exist to the west of the site. The view to the northeast is relatively open with few
obstacles.
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Figure B.3. On-site views from turbine location

B.1.3 Site A Performance

Table A.2 summarizes the mean wind speed, energy and turbulence indicators that were
measured during the test. Only summary results are given here. Refer to the ‘Compendium of
Case Studies’ for more technical details.

Table B.2. Summary results

Time under test (hrs) 9015
Mean wind speed (m/s) 4.7
Metered energy (kWh) 3927

Tl (%) + 1 std dev (%) [15 m/s bin] 19.1+4.0
TI (%) + 1 std dev (%) [5 m/s bin] 19.7+5.4
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B.1.4 Site A Wind Resource Analysis and Power Curve Performance

Site A has a mean wind speed of 4.7 m/s over the test period and corresponding wind speed
distribution (Figure B.4). The dominant wind direction is from the southwest. The westerly and
southerly sectors show distinct reductions in wind speed.
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Figure B.4. Wind speed distribution and wind rose
Scatter and binned plots of the measured power curve and turbulence intensity are shown in
Figure B.5.

Power Curve Turbulence Intensity
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Figure B.5. Power curve and turbulence intensity curve

A high degree of scatter in the power curve data is observed. The mean turbulence intensity
value of 0.19 at 15 m/s exceeds 0.18 prescribed in the IEC 61400-2 edition 3 small wind
standard but has a high probability of reaching 0.23 (i.e., one standard deviation above the mean
turbulence intensity value).
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B.1.5 Site A Directional Power and Turbulence Curves and Analysis

The turbulence intensity and power curves vary with direction. The power curve exceeds the
accredited power curve up to approximately 9 m/s and rapidly deviates below the accredited
power curve above this wind speed. All directional sectors have high turbulence with the
exception of the northeast (45 deg), which has an unobstructed fetch. The power curve in this
direction reaches the highest values at 10 m/s but is lower than the other directional power
curves below 8 m/s, which indicate that this turbine performs better in higher turbulence at lower
wind speed.

Turbulence Intensity

A Pm Cu_rve

‘fx 2 4 8 B8 0 12 " 16 18 X Z 0 ? 1 8 8 10 1’7 14 16 18 20 22
wind spaad (m's) wird speed (m's)
Figure B.6. Directional power curves and turbulence intensity curves

B.1.6 Directional Energy and Obstacles

An electrical or total energy rose shows the kilowatt-hour output with direction [x]. This is
plotted in Figure B.7. Like the wind rose, it has a distinct shape showing that the majority of
useful electrical energy generated by the turbine is generated from the south-southwest sectors
with some contributions from the north-southwest and northwest sectors.
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Figure B.7. Electrical energy rose

An overlay of the output energy rose on a local plan view is shown in Figure B.8. Local
obstacles are numbered and described in Table B.3.
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Figure B.8. Electrical energy rose overlaid on Site A plan view with numbered obstacles

The energy rose appears to be shaped by a number of obstacles in the west and southwest
directions, with most of the energy coming between Obstacles 5 and 6. The influence of
Obstacles 1 and 5 influence the amount of energy coming between them. Obstacles 2, 3 and 8 to
the southeast have little impact on energy production combined with the fact that this direction is
not a prevailing wind direction. The northeast is not a prevailing wind direction so little or no
energy is produced despite being relatively obstacle free.

Table B.3. Site A local obstacle descriptions

Obstacle | Distance (m) Height (m) | Width (as seen from | Comments
wind turbine)

1 120-345 9 125 houses

2 26-45 9 16 owner’s house

3 80-106 9 28 house

4 142-160 9 20 house

5 100-122 9 30 house

6 90-114 12 50 trees

7 184-302 9 40 (70) houses (trees)

8 126-136 9 15 house

9 250-260 9 (12) 20 (70) houses (trees)
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Obstacle | Distance (m) Height (m) | Width (as seen from | Comments
wind turbine)

10 305-417 9 (12) 30 (66) house/dense trees

11 135-170 bushes/scrub

12 150-270 9 (12) 70 (102) (134) houses (trees)

13 450 86 130 small hill
(elevation?)

Cooglc earth

Figure B.9. Electrical energy rose overlaid on regional plan and labeled topographical features

In the case of the broader regional topography, all hills are greater than 22 km (Oval A) away
with an elevation of 705 m. They don’t appear to have a significant impact on the shape of the
energy rose, implying that local obstacles are the dominating influence. In comparison, the coast
is 2.5 km away from Site A at an elevation of zero.

B.2 Site B

This Skystream wind turbine is located in a rural location in southeast Ireland. The location
coordinates are 52°19'23.69"N and 6°52'41.34"W and the site elevation is 51 m (a.s.l.). Figure
B.10 shows the wind turbine at the owner site.
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Figure B.10. Skystream wind turbine at Site B
B.2.1 Site B System Description

The wind turbine system used is described in Table B.4, and the site plan view is shown in
Figure B.11 (the turbine location is identified with a red dot). Note that a 10-m tower is
considered short for most commercial installations.

Table B.4. System description

Wind turbine Skystream 3.7

Rated power” 2.1kw @ 11 m/s

Tower height (type) 10 m (monopole)

Inverter Internal to system

Application Utility grid connected to a house

Figure B.11. Plan view of site
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The site has a number of obstacles such as houses to the north and northeast with forest to the

south and east. Obstacles to the west are sparse. Figure B.12 shows the view and obstacles from
the turbine location.

‘v' SR

Looking North

Looking South Looking West Southwest

Figure B.12. On-site views from turbine location

The forests as seen from the east will have an impact on displacement height.

B.2.2 Site B Performance Summary

Table B.5 summarizes measurement results for mean wind speed energy and turbulence
indicators during the test.
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Table B.5. Summary results

Time under test (hrs) 9317
Mean wind speed (m/s) 3.3
Metered energy (kWh) 2041

TI (%) + 1 std dev (%) [15 m/s bin] 19.8 +4.3
TI (%) + 1 std dev (%) [5 m/s bin] 224 +5.8

B.2.3 Site B Wind Analysis and Power Curve Performance

The site has a mean hub height wind speed of 3.3 m/s over the 18-month test period with a speed
distribution shown in Figure B.13. The dominant wind directions are from the southwest with
contributions from the west and northwest, as shown by the wind rose.
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Figure B.13. Wind speed distribution and wind rose

Scatter and binned plots of the measured power curve and turbulence intensity are shown in
Figure B.14. The high wind percentage value at 0 m/s is partially due to the lower limit of
anemometer defaulting to 0 m/s in very low winds, which is more common at this low wind site.
There is also a high degree of scatter in the power and turbulence intensity curves compared to
Site A. The integrated controller is programmed differently compared to the previous system that
contributes a different power curve. The mean turbulence intensity value at 15 m/s exceeds 0.18
prescribed in the IEC 61400-2 third edition small wind standard but has a high probability of
reaching 0.24 (i.e., 1 standard deviation above the mean turbulence intensity value of ~ 0.12 at
15 m/s).
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Figure B.14. Power curve and turbulence intensity curve

B.2.4 Site B Directional Power and Turbulence Curves and Analysis

The turbulence intensity and power curves vary with direction, as shown in Figure B.15. The
power curves exceed the accredited power curve up to approximately 8 m/s and rapidly deviate
below the accredited power curve above this wind speed. All directional sectors have high
turbulence. The northwest (315 deg) has the lowest turbulence above 5 m/s and maintains the
highest output power at higher wind speeds. All power curves below 8 m/s have higher values

than the accredited power curve, which indicate that this turbine performs better in higher
turbulence at lower wind speed.
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Figure B.15. Directional power curves and turbulence intensity curves

B.2.5 Site B Directional Energy and Obstacles
An electrical energy rose shows the kilowatt-hour output with a dominant energy producing

direction just shy of 240 degrees (plotted in Figure B.16). This is highly directional with the
majority of the energy from the southwest with some contribution from the northwest.
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Figure B.16. Electrical Energy Rose

An overlay of the energy rose on a site plan (Figure B.17) shows a forest (4, 5 and 6) to the south
and hedge row (7) south of the turbine running east-west, which has a significant energy-
reducing impact. Most of the energy comes between Obstacles 7 and 1, where there is a harrow
opening where utility lines enter the site and create a long wind channel from the southwest.
There is some contribution from the northwest between Obstacles 1 and 9, where there are small
openings (i.e., a gap north of Obstacle 1 and a more porous hedgerow). Trees and houses to the
north and northeast combined with non-prevailing winds reduce energy output from these
directions to almost nothing.

Figure B.17. Electrical energy rose overlaid on plan view with numbered obstacles

Table B.6 shows local obstacles, their distance, their height and their width, as well as some
general classifications of the obstacle. These are all measured from the turbine location.

IEA Wind TCP RP19: Micro-Siting Small Wind Turbines for Highly Turbulent Sites 42



Table B.6. Local obstacle descriptions

Obstacle | Distance (m) | Height (m) | Width (as seen | Comments
from wind turbine)

1 260-330 12 112 farm sheds

2 24-60 24 50 trees

3 64-180 9 30 houses

4 210 312 across forest forest corner east

5 260 130 (4 to 5) forest corner
middle

6 212 200 (5 to 6) forest corner
southeast

7 160-260 10 40 hedge

8 485-680 12 110 farm sheds

9 355-396 9 40 house

The directional electric energy rose shown in Figure B.18 highlights the influence of wind
direction on energy production. When compared with the site plan, it seems to suggest the
impact of blockages to the wind where there is sufficient wind to produce energy.

200 kWh

: C‘ooglc earth

Figure B.18. Electrical energy rose overlaid on regional plan
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From a macroscopic perspective, Site B is influenced by the ocean that is east 30 km away and
south 17 km away. In the case of the broader regional topography, there are no significant hills to
impact the shape of the energy rose, implying that local obstacles are the dominating influence.

Comparisons of the power curves of Sites A and B with the accredited power curve are shown in
Figure B.19. They demonstrate that power curves are very site specific and can vary widely from
their published accredited power curves.
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Figure B.19. Site power curve comparison with accredited power curve

Figure B.20 compares the power curves generated with different turbulence intensity values. Site
A (9,015 hours of operation producing 3,927 kwWh for a 4.7 m/s site) was a far more productive
site and shows the degradation of the power curve with increasing turbulence intensity. In the
earlier analysis, Site A has an I15 of 19.1 +4 % and Site B has an 115 of 19.8 + 4.3%.

The right side of Figure B.20 shows Site B (9,317 hours of operation producing 2,041 kwh for a
3.3 m/s site), the poor-performing site with a lower annual wind speed and increased blockage by
obstacles.

Power Curve Power Curve
==k Tl= 104 —— 0% < Tl < 10%
e 10% < Tl < 15% 3000 H—*— 10% < Tl < 15%
15% < Tl < 20% 15% < Tl < 20%
—t— 20%<TI —— 20%<TI
Accredited 2500 + A
z £ 2000
@ 5]
2 1500 2
o
2 8 1500
1000
500
0 ! . . . . . . . 0 Low ! i L L L . . .
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
wind speed (m/s) wind speed (m/s)

IEA Wind TCP RP19: Micro-Siting Small Wind Turbines for Highly Turbulent Sites 44



Figure B.20. Site power curve comparison with accredited power curve for different turbulence ranges
for Site A (left) and Site B (right)
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