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Abstract:
Offshore wind turbines offer a promising alternative to fossil fuel sources for reducing greenhouse
gas and other pollutant emissions while meeting increasing energy demands worldwide.
However, to install such complex structures, developers need to consider wind speeds,
construction costs, policy regulations, and other factors to ensure that the wind turbines
constructed will generate the most amount of electricity at the lowest cost within the governing
regulations. While traditional siting practices mainly consider locations with shallow depth and
close proximity to shore; this project looks instead at quantifying other tradeoffs that are more
difficult to account for in traditional assessments. Viewshed impacts, pollution abatement, and
ecology effects are all analyzed using GIS and modeled in Lake Michigan in the scope of this
project. The emphasis will be on building a comprehensive GIS model that allows future work to
access the methods for other siting locations. This paper examines some preliminary results for
a distance to shore analysis, which is necessary for transmission modeling. This assessment can
also be integrated with existing Lake Michigan siting projects to evaluate the effects of these
typically undetermined factors. The final results from this offshore wind farm siting assessment in
Lake Michigan can be used to aid policy makers and developers in their decision making.
Introduction:
The importance of clean energy technologies in replacing fossil fuel sources is critical for the
future of preserving the planet’s natural resources. Estimates suggest that at current extraction
rates, the United States will deplete its domestic supply of natural gas within the next 92 years
[9]. This resource depletion leads to global climate change effects such as decreased food quality
due to rising CO2 emissions or acid raid effects from nitrogen fixation [13]. Wind energy is
becoming one of the fastest growing renewable energy technologies. While onshore wind energy
deployment in 2012 was high (with 13 GW adding to the total of 60 GW in U.S.), there are no
existing offshore wind farms in the U.S. [10]. Since most of the offshore wind energy potential is
untapped, this paper looks closer at siting for offshore wind farm locations in order to take
advantage of this resource.
This paper focuses on characterizing offshore wind turbine sites in Lake Michigan since this
problem is extremely relevant as development of offshore wind is beginning to progress in the
U.S. The DOE (Department of Energy) has invested $227 million in offshore wind projects and
research (since 2011) and the development projects range from the east coast (where there is
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minimal space for onshore wind), gulf of Mexico (where there are already many ports available to
construct large offshore wind structures, and Oregon (where the technology of floating wind
turbine foundations can make offshore wind a reality for this deep coast area) [10].
Wind turbine development in Lake Michigan is an extremely promising location for the state of
Michigan since this lake is mostly governed by the state Michigan. Even though one of the
greatest factors in sitting offshore wind is the depth, Lake Erie would be the best option since the
deepest point (210 ft) is still shallower than the average depth of Lake Michigan (273 ft), but wind
speeds are lower and only a small portion of this lake is governed by Michigan [2].
Typical siting practices look solely at the amount of power generated, the depth of the location
(which influences cost), and the cost in both the installation and the operations and maintenance
stages of the project, and occasionally the life cycle assessment of the project’s lifespan. Even
with the optimal siting location determined, public opposition can derail any project. One example
was Scandia Wind’s Aegir Project which would have placed a 500 MW wind farm near Muskegon
and Ottawa counties in Lake Michigan [6]. The developers had referenced the Report of the
Michigan Great Lakes Wind Council in helping guide their sitting location, but this project had
many unexpected social complaints, causing the project’s cancellation. The residents believed
the turbines would pollute the view which would be detrimental to their way of life, so they voted
against the installation of the renewable energy source [1]. Even though this project would have
benefited the community by bringing clean energy and hundreds of jobs, the negative public
perception disrupted this project’s completion. The GIS tool uses quantitative viewshed data to
classify this public perception and also looks at other factors like pollution abatement or ecological
effects.
This project is unique because it utilizes GIS tools to analyze hard to quantify factors (viewshed,
pollution abatement, and ecological factors). GIS is essential in determining siting locations
because it allows data on wind, bathymetry, and topological features to be assessed with the
weighing, viewshed, and siting GIS tools with results that are difficult to quantify (social and
environmental factors). For example, a full report by the Michigan Great Lakes Wind Council
details these locations and has results shown in Figure 1 below, but this sitting does not take into
account the viewshed, pollution abatement, and ecological factors that we would like to analyze
in our GIS project [3]. The goal of this project is to use GIS tools to quantitatively model these
factors.

2

Figure 1:Lake Michigan offshore wind siting from Report of the Michigan Great Lakes Wind Council.[3]

Methods:
For the scope of the project, we want to determine viewshed, pollution, and ecological effects that
influence offshore wind turbine siting in Lake Michigan. At this stage of the project, we are
analyzing topographic data in Michigan to determine the transmission line length as a least costs
distance between the turbine location and the Michigan shoreline. The data analyzed in this
project was gathered from the Michigan Geographic Data Library (bathymetry, elevation, and
topographical data) [4]. Population data by county from the US Census Bureau was also included
in this assessment to forecast future work on the viewshed analysis [14]. This analysis required
initial points to represent offshore wind turbine locations with defined attributes of interesting
characteristics (viewshed, pollution displacement, etc). A grid of about 500 points was created
with each location about 10 km apart. For future work, other data required for the analysis would
be defined by researching or modeling from standard installed offshore wind turbine projects (this
would include the number of turbines, turbine height, cost, etc).
One small factor to analyze first for eventual cost and ecological analysis was to determine the
foundation type. Foundation type depends on depth, so research was done to define the most
likely foundation based on the Lake Michigan bathymetry. According to the NREL 2010 report,
the offshore wind technology can be classified into three types based on water depth; shallow at
0 – 30m, transitional at 30 – 60m, and deep greater than 60m depth [5]. This water depth will
correspond to the monopile, tripod, and floating foundations since these technologies are most
commonly used in current offshore wind technology [8]. This was illustrated in the foundation map
in Appendix A: Map 1. The definition of these foundation types are highly flexible since various
foundation types overlap at distances; monopile can go up to 40m depth, and floating can be used
at any depth less than 60m.
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This project would require three separate analyses for the three major siting layers (viewshed,
pollution abatement, and ecosystem effects). Various GIS tools would be required to do the
analysis, but for the initial step, we explored the least cost path/distance. The cost distance tool
was then applied to the gridded out set of points defining foundation to determine the shortest
path from each point to the shore (shore being represented as only the coastline of Michigan and
excluding any islands). The simplified cartographic process is represented in below (Figure 2)
with the results shown in Appendix A: Map 2. The shortest cost path represents the assumed
length that the transmission lines would travel to go from the turbine site to the onshore location
based on bathymetry costs. There are many GIS tools and methods that could be used to perform
this task, but we decided to use the path distance tool. This tool is used slightly unconventionally
since it evaluates the cost by factoring the bathymetry data into it (instead of the DEM or elevation
data), but the tool works the same since it is still factoring a change in height (surface) into the
final path. At the end of the analysis, the values from the path distance are extracted and defined
in the gridded points of Lake Michigan.
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Figure 2: Least cost path Appendix A: Map 2 was determined by the following simplified cartographic
model

While the analysis of the viewshed is not done in this stage, we have determined the methodology
behind using the tool (which is also slightly unconventional). Instead of starting at a person’s
location, the viewshed tool would start at the location of the wind turbine and see how much land
that particular point location can “see” from the designated turbine and blade height (above sea
level). With the population data per county and land use/land cover data, the detailed population
data can be determined to show finer population resolution instead of classifying the whole county
(as shown in the current maps). The viewshed tool should take into account the land DEM
(elevation) and if possible also the various heights attributed to land use (like tree height).
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Finally, to show further detail on the least cost distance, we modelled the near distance to just
each point’s shortest distance to shore. This was done by using the near tool to define the X,Y
location on the shore which is shortest for each point then converting the point location and shore
location into a line for each point. The results are shown in Appendix A: Map 4 with a sample point
in Map 5.
Results/Discussion:
The completed analysis shows the difference between least costs distances that looks at
bathymetry compared to a shortest possible distance. It also shows the population by county and
also the foundation type which represent the additional modelling work to be completed. The first
analysis utilized bathymetry data to determine the appropriate foundation types for each location
in the lake. This follows intuition where the deeper points (closer to the middle of the lake) would
have the floating turbine foundation while the shallower depths (usually along the coast) had the
monopile foundation type.
In the analysis of the least costs path, the results showed a minimal difference between the paths
with bathymetry in consideration compared with the near distance analysis tool. A closer view of
the least costs path is shown in Appendix A: Map 3 and Map 4. It also has intuitive results that
the lake depth and distance gradients outward with respect to the shore, so the more favorable
locations would be locations with shallow depth and closeness to shore. In the sample comparison
(Map 5), there is only 2,000 meters additional distance traveled by taking bathymetry into account
compared to a near distance analysis. This effect is very minimal since the total path distance is
25 and 27 km for the cost and near distance respectively. This means the further out the turbine
location is with respect to the shore, the less of an effect bathymetry will have compared to a
straight line distance. This analysis also demonstrates how unrealistic doing an analysis on the
whole lake is with points spaced at 10 km. It is hard to compare various points since the points
are spaced so far apart. The initial determined points need to be closer together and also closer
to shore. The viewshed analysis only takes into account turbine locations up to 10 miles away
from the shore (16 km) and there would be very little points to compare between this analysis and
the viewshed analysis with most of the points in this analysis exceeding 16 km of the shoreline
[8].
Conclusion:
Most of the work done so far for this project is theoretical, so while this framework is established,
the usage of GIS tools and completion of data analysis still need to be completed. As preliminary
results, it seems as if doing a standard grid with points spaced 10 km over Lake Michigan is not
detailed enough to compare the potential results of least cost distances or viewshed. Locations
that are much further away from the Michigan shoreline can also be neglected since these points
are unlikely to be chosen by developers and compared with viewshed or pollution abatement.
This means to better improve the output of results collected in these point locations will require
narrowing the lake area into a feasible area that will be more likely to be installed in (such as a 16
km distance from the shoreline just to allow for complete viewshed effects). It would also require
simplifying the math to just do linear extrapolation for the results between points in order to model
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those values that can potentially be more interesting in those locations without having to run the
full analysis over hundreds of thousands of points.
This comprehensive mapping of commonly unanalyzed tradeoffs can then be overlaid with the
existing map done by the Great Lakes Wind Council [3] to see whether there are optimal locations
that can balance between the common factors already thoroughly investigated and the factors
that were focused on in this study. This would be particularly interesting to look directly at the 5
locations that were already identified by the (Figure 1) report. Additional analysis on the least cost
paths and near distance analysis would look at whether it is more cost effective to prioritize
installing the transmission lines at a shallow depth (which will be overall longer distance, but avoid
deeper transmission installations) or prioritize installing at a deeper depth to avoid laying down
longer transmission lines. Future work will complete the analysis of viewshed, pollution
abatement, and ecological effects in Lake Michigan by an offshore wind turbine siting model.
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Map 1: Lake Michigan Wind Turbine Siting:
Foundation Types
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Map 2: Lake Michigan Wind Turbine Siting: Least
Cost Path to Michigan Shore (following lake bed)
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Map 3: Lake Michigan Wind Turbine Siting:
Least Cost Path (Zoomed In)
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Map 4: Lake Michigan Wind Turbine Siting:
Least Cost compared with Near Cost
(near cost is shortest distance to shore)
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Map 5: Lake Michigan Wind Turbine Siting:
Sample Point Cost Dist v. Near Dist
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