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Abstract

Western Kansas farmers depend on water from the Ogallala Aquifer to irrigate their crops; however,
this water is a limited resource and will become depleted without intervention. State legislators proposed
a policy solution called wind-for-water trade: farmers would be able to generate wind energy on their land
to offset the costs of reduced irrigation. Recognizing that the efficacy of this wind-for-water trade would
be limited in part by the quantity of wind energy produced, our team investigated the feasibility of such a
program through analysis of National Weather Service data and the latest theory of wind energy estimation.
We concluded that Southwest Kansas and geographical locations like it are ideal places for the institution of
wind-for-water trade. We further concluded that larger wind turbines (WTs) were more cost-effective long
term, despite their greater upfront cost, so we make recommendations for which types of turbines to use in
wind-for-water trade. We also discuss obstacles to the implementation of wind-for-water trade from scien-

tific and legislative perspectives.

Keywords: distributed wind, applications of wind energy, wind-water nexus, policy initiatives, broader

perspectives, resource assessment

Problem Statement

We required a quantitative evaluation of the feasi-
bility of a wind-for-water incentive program, using such
metrics as Annual Energy Production, payback times,
and the value of one year’s energy. We prioritized acces-
sibility in our units (USD/year, for example) since we
knew that farmers and legislators would be the “end us-
ers” of our study. We also knew that long-term programs
such as wind-for-water trade would necessitate study of
annual and regional variation in wind speeds.

Procedure and Data
We selected likely sites for WT installation by juxta-

posing a NOAA wind map of Kansas with Google Earth
images, targeting rural farming sites in areas that had

high annual wind averages. We identified three Kansas
cities -- Dodge City, Garden City, and Liberal -- as ide-
al sites for WTs that also demonstrated a wide enough
geographic distribution for the purposes of this research.

We gathered hourly wind speed data for the three
cities from NOAA databases for the years 2011-2015 to
provide a sufficient range of data to represent the actu-
al wind resource of southwest Kansas. The NOAA data
were only available at 10 m, whereas most commercial
WTs have a hub height around 80 m, so we used Win-
dographer software to extrapolate 80m wind speed (WS)
from the 10 m raw data. Windographer is an academic
platform for manipulating large amounts of wind-relat-
ed data much more easily than another program such as
MS Excel. The wind profile power law given in Equa-
tion 1 provided the mathematical basis for this extrapo-
lation (Emeis, 2012).
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In Equation 1, the wind shear exponent o was as-
sumed to be a constant 0.20 based on the flat geography
of our sites, which matched the number Emeis (2012)
gave for surfaces covered in low shrubbery. Our other
variables, however, were known: z, was the reference
height (10m), u, was the reference wind speed at each
time step given from NOAA data, z was the desired hub
height of extrapolation (80m), and u was the resultant
wind speed at the reference height. Because a is usual-
ly determined for each location by taking two data sets
at the same point and solving for it, we were unable to
perform that analysis ourselves; therefore, we needed to
prove that our assumptions for the value of a were valid.

Analysis

To validate the accuracy of our extrapolation using
Windographer, we used an additional data set from Ke-
arny County, Kansas (a county as little as 30 miles from
our nearest site, which makes the geographies similar),
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for the year 2004, from an analogous study based on
tall-tower wind measurements (Chapman et al.; King,
2005). This data set, which was obtained at 80 meters in
ten-minute increments, has no inaccuracies introduced
by extrapolation and could, therefore, serve as a bench-
mark for estimating the accuracy of our assumptions. As
2004 was the only year for which tall-tower data were
available, we collected this wind history data for the
three southwestern Kansas cities (King 2005). We com-
pared the 2004 data between the Kearny tower and the
three cities by plotting probability distribution functions
for all four sites and by plotting monthly averages for
2004 across all four sites. These graphs were evaluated
to provide a means of establishing the validity of using
Equation 1 as the basis of 80 m wind speeds for Dodge
City, Garden City, and Liberal. The validation was nec-
essary because of our assumptions concerning our alpha
value -- if we were wrong about the geography of our
sites, our extrapolated data would also be incorrect. Fig-
ures 1 and 2 contain the graphical representations of this
analysis, which led to the conclusion that our assump-
tions were conservative.
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Figure 1: Histogram Compansons
Between Actual and Estimated Data

The histograms between Dodge City and Kearny matched well (for the sake of legibility, only Dodge City data
are shown, but all studied cities exhibited this similarity). If anything, the use of the power law was conservative,
since the extrapolated data were below the data obtained at 80m at higher wind speeds.
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Figure 2: Monthly Wind Speed Averages, Actual versus Estimated

Figure 2 serves as a more generalized corroboration
of our assumptions — though it does not display the same
levels of precision as Figure 1, monthly averages would
necessarily smooth over differences in measurement
sensitivities between towers. Since Figure 2 shows that
monthly averages are consistent regardless of the preci-
sion, we concluded that our assumptions were validated

-- 0.2 was an appropriate value for a in southwest Kansas
-- and analysis of WT performance could proceed.

Once we obtained 80 m wind speeds for the years
2011-2015 by extrapolating through Equation 1, we
used Windographer to calculate Annual Energy Produc-
tion (AEP) for six WT options: Endurance E3120 50
kW, Northwind 100-24C 100 kW, Endurance E35 225
kW, GE 1.5-77 xle 1.5 MW, Vestas V90 2.0 MW, and
Siemens SWT-2.3-82VS 2.3 MW. To calculate AEP, we
manually input power versus wind speed curves for each
turbine (provided by their respective manufacturers),
ensured their hub height were 80m, and used Windog-
rapher to multiply that WT power output by the wind
histogram. This function yielded a power probability
distribution function for each WT’s power, which was
integrated to give yearly power output. We selected this

range of turbines to yield results for both commercial
WTs and smaller, cheaper WTs.

In order to establish the efficacy of each turbine
relative to one another, we estimated costs for installa-
tion price in dollars per watt of capacity, which are de-
tailed in Table 1. We also assumed an estimated whole-
sale price for electricity, detailed in Table 2, which we
based on personal correspondence with a Kansas rural
electricity co-op. (Though electricity prices vary with
respect to market demand and time of day, the range
of wholesale prices we obtained with the backing of
industry expertise gives a sufficient estimation for this
feasibility study.) Payback time in years and the dollar
value of the average year’s energy production for each
turbine were calculable using these quantities, enabling
the analysis and comparison of turbines for each site.

We compared the AEP of each turbine between
years and also between sites. Results were designed to
illustrate two primary research questions: the payback
time for each WT and the average annual revenue a tur-
bine owner could expect from a WT. These results are
compiled in a succinct visual format in Figures 3 and
4, respectively, displaying the data about which policy
makers and farmers care the most.
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Further corroboration of our results was conduct-
ed by comparing our estimated AEPs with actual AEPs
gathered by extant wind farms at Spearville, Central
Plains, and Butler County (“Kansas Wind Energy,”
2016). Though measured data were only available for
GE and Vestas turbines, we discovered that our esti-
mates for AEP were actually often 30% smaller than
actual measurements, which is shown in Table 3. We
concluded that our AEP estimates were conservative
and that our assumptions did not compromise the health
of our analysis.

Results

From Figures 1 and 2, we concluded that the 80m
data were sufficiently similar to the measured data to
warrant their use as the basis of further analysis.

Figures 3 and 4 display crucial data concerning the
financial feasibility of creating a wind-for-water project.
The difference between the highest and lowest outputs
for a single turbine was calculated to be 38.2%, which
was taken to be a reasonable upper bound for variation
between turbines. When evaluating payback times and
the revenue of the six turbines in question, it was ob-
served that the WT with the lowest payback time was
generally the Vestas V90 2.0 MW turbine, with a maxi-
mum payback time of 14.9 years. Generally, the service
lifetime of such a turbine is 20 years, so the larger WTs
would be able to pay themselves off during their life-
times. However, the greatest annual revenue from any
turbine was from the Siemens 2.3 MW WT, with a min-
imum revenue of approximately $223,000. In general, it
was seen that turbines with low output will take longer
to pay off (in some cases more than twice as long!), even
though their initial install costs are lower. Larger capac-
ity WTs, by contrast, were more cost-effective to con-
struct, because their greater outputs helped to generate
more annual revenue.

It was also noted that annual wind variation tended
to be more important than geographic variation in the
same region; in other words, our three cities varied more
year-to-year among themselves than they did between
each other. Also, a maximum 40% annual output vari-
ation (the highest annual variation for any single city
that we studied) should be expected and built into cal-
culations, but this variation will smooth out in aggregate
throughout the WT’s lifetime.
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Opportunities for Further Study

There remain several opportunities and obstacles
facing successful implementation of wind-for-water
trade.

Since wind-for-water trade is primarily construed
as a policy solution to aquifer depletion, it was neces-
sary to include legal and market considerations in our
analysis. The Kansas net-metering laws for distributed
wind were introduced by the Net Metering and Easy
Connection Act of 2009. DSIRE, a website managed
by the NC Clean Energy Technology Center, summa-
rizes net metering as a system that requires entities
that sell electricity to be recognized as electric utili-
ties (“Net Metering Program Overview 2016,” 2016).
Owners of renewable-energy generators must use ei-
ther of the two following systems under net-metering:

The first system is known as net-metering. In this
Kansas system, the generator owner sells excess electric-
ity at retail rate within a month; excess generation at the
end ofthe month is credited to the owner at wholesale rate.
In Kansas, the maximum generator size for net-metering
is 15kW residential, 100kW non-residential, and 150kW
schools. Any utility can deny net-metering if the total
net-metered capacity exceeds 1% of its peak electricity
demand (“Net Metering Program Overview 2016,”2016).

The second option is called parallel generation. Un-
der parallel generation, the generator owner sells excess
electricity at 150% of the wholesale rate. This electricity
is determined instantaneously, not over a day or month.
The maximum generator size for parallel generation is
25kW residential and 200kW commercial. All utilities
must allow parallel generation from any customer/mem-
ber who requests it, up to 4% of its peak electricity de-
mand (“Net Metering Program Overview 2016,” 2016).

Investor-owned utilities must allow the owners of
generators to have the option between net-metering and
parallel generation. On the other hand, electric cooper-
atives are not required to allow net-metering, though
most do. These legal considerations will not only in-
form the final feasibility of the project, but also inform
the way in which wind-for-water trade is implemented
in Kansas. For distributed wind owners, it appears that
the higher-capacity WTs (the same WTs that are most
feasible for wind-for-water trade) are not allowed under
either system. Therefore, before the pursuit of wind-for-
water policies can proceed, policymakers must evaluate
locally distributed power generation systems, including
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the consideration of whether systems that emphasize op-
tions are optimal for distributed power in the first place.

In addition to policy solutions for net-metering laws,
analysis is needed to eliminate some assumptions and
determine the point of equilibrium between wind profit
and irrigation loss. During our summer 2016 study, we
lacked the expertise to assess the costs of decreased ir-
rigation for individual farmers, so we have yet to prove
that wind revenue will indeed outweigh a meaningful
cut to irrigation water. Further study is warranted to de-
termine if farmers currently over-irrigate, meaning that
wind-for-water trade will be able to incentivize even
deeper irrigation cuts; the decreased annual irrigation
necessary to equal the revenue from wind-for-water
trade; the effects of irrigation on local food production
(if any) and any associated costs; and the effects of de-
creased irrigation on the Ogallala Aquifer in the long
term. There are also significant implications in other re-
newable energy industries -- whether similar programs
will work in solar energy, for instance.

Finally, there is significant study needed to deter-
mine other locations similar to southwest Kansas that
will be ideal locations for wind-for-water trade, espe-
cially if the policy differences in those regions increase
the likelihood of wind-for-water trade becoming reality.
Since our process is easily generalized (even to other
types of renewables like solar), other states interested in
wind-for-water trade should find it simple to investigate
the feasibility of their own programs and initiatives.

These scientific questions and others fuel this study,
so one of its effects may be to increase dialogue between
policymakers and scientists for the mutual benefit of
constituents and the environment they inhabit. It is the
hope of the authors that the potential benefits of wind-
for-water trade pique interest and further scientific and
political inquiry into its potentialities. We have learned
that Kansas is not the only geographic area appropri-
ate for wind-for-water initiatives, and our hope is that
wind-for-water trade and other programs like it spread
throughout the Midwest as its implications are furthered
in southwest Kansas.
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Appendix A: Supplemental Tables & Figures

MATHEMATICAL VALIDATION OF WIND-FOR-WATER TRADE

Table 1: Estimated Installation Costs

Wind Turbine Cost ($/W)
Endurance 50 kW 8

orthwind 100 kW 5.5
Endurance 225 kW 3.5

GE 1.5 MW 1.80

Vestas 2.0 MW 1.80
Siemens 2.3 MW 1.80

Table 2: Estimated Wholesale Electricity Rates

City Wholesale Electricity Price ($/kWh)
Garden City 0.0978

Dodge City 0.1040

Liberal 0.1124

Table 3: AEP Comparison, Estimated AEP Versus Actual AEP
2011 (kWh/yr) 2012 (kWh/yr)

Estimated AEP, GE WT 7,391,324 6,401,312

Actual AEP, GE WT 8,408,433 6,179,045
Estimated AEP, Vestas WT 6,803,755 7,395,435

Actual AEP, Vestas WT 8,939,152 8,919,152




