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There are many different types of renewable energy
sources (RES) available that have their own unique properties
with regards to how they operate. Wind energys intrinsic
characteristics come from the fact that it is a part of the
weather systems and cant be controlled or precisely predicted. DeCesaro and Porter, in a National Renewable Energy
Laboratory (NREL) study (2009), explain that the amount
of power able to be harnessed from wind power plants
depends on the temporal availability of the wind and the
strength of the wind that is blowing. Its from this variability
in wind energy that the integration costs arise. Specifically,
three characteristics of VRE have been identified in previous
literature that contribute to integration costs (Milligan et al.,
2011; Sims et al., 2011; Borenstein, 2012).
First, the supply of VRE is variable since weather conditions cant be controlled thus, integration costs occur when
wind electricity is accommodated into the system to meet
demand. Storage is very costly and isnt seen as a viable way
to mitigate the accommodation costs. Second, the supply of
VRE is thought to be uncertain until realization. This cost
refers to the pricing mechanism known as day-ahead pricing
where energy companies can buy energy to supply the market
the day before they need it at a contracted price. There will be
discrepancies between the forecasted VRE energy production
and the actual energy production demanded that will need
to be smoothed out over a short time span; this process is
high in cost. Third, wind VRE is location specific. This cost
refers to the fact that the primary energy carriers cant be
moved with ease like nuclear and fossil fuels. Electricity
transmission is costly and good VRE generation centers are
often located far away from areas with high populations
where the energy is needed.
The areas where integration costs arise from were clearly
stated in previous literature but an exact definition for the
costs was not defined with the same rigor across literature.
The term profile costs was defined by Hirth, Ueckerdt,
and Edenhofer (2013) robustly as the impact of timing of
generation on the marginal value. This is measured as the
spread between the load-weighted and wind-weighted system
price of bidding periods during one year. The costs reflect
the marginal value of electricity at different moments in time
and the opportunity costs of matching VRE generation and
their load profiles though storage. Profile costs thus are a
measure of the temporal variability inherent in wind energy.
These profile costs have been found to cause VRE generators
to make lower than average income when compared to other
types of generators (Hirth 2013).

Abstract— Recent discussion in literature has focused on
levelized costs of energy (LCOE) and using these costs as
a benchmark in evaluating the effectiveness of one energy
source when compared to another. The desirability of using
these numbers has been called into question by a number of
researchers when it comes to variable renewable energy sources
because there are additional costs that dispatchable energy
sources dont have that arent included in LCOE numbers. The
associated costs that are not calculated in LCOE numbers can
be listed as follows: transmission addition costs, integration
costs, base-load power cycling costs, environmental costs, and
the cost of additional policy that supports wind power. The
focus of this particular study was profile costs as a component
of the integration costs and how they affect the overall cost
of wind and its economic desirability. A mathematical method
was devised to obtain monthly locational marginal prices of
wind energy from 2012 and 2013 which was then compared
to contracted power purchase agreement prices for the same
energy over the same time frame. An ANOVA statistical
analysis was used to analyze the difference between the data
to determine if the price difference was statistically different.
p-values from the ANOVA were 0.0001 for both 2012 and 2013
showing high statistical significance in the difference of means
in the data. Total losses were subsequently calculated for the
utility company to be $14,626,863 in 2012 and $12,735,001 in
2013.

I. I NTRODUCTION
The discussion of wind energy in public policy often
begins with a discussion of finding energy sources that have
low or zero carbon emissions. Wind energys low operating
costs and a comparison between wind powers levelized costs
of energy (LCOE) and other energy sources LCOEs often
become focus points in creating policies that support wind
with the goal in mind of reducing carbon emissions. The sole
reliance on LCOEs as a reliable measure of wind energys
competitiveness can be deceiving however due to LCOEs not
capturing all of the costs involved in wind power (Giberson
2013). The U.S. Energy Information Administration (EIA)
defines LCOE costs as being composed of capital costs,
fuel costs, fixed and variable operations and maintenance
(O&M) costs, financing costs, and an assumed utilization
rate for the individual power plants. The associated costs
that are not calculated in LCOE numbers can be listed as
follows: transmission addition costs, integration costs, baseload power cycling costs, environmental costs, and the cost of
additional policy that supports wind power (Giberson 2013).
In particular, integration costs arise from some of the unique
properties that a variable renewable energy source (VRE)
possesses when compared to traditional dispatchable energy
sources such as natural gas or coal.
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Profile costs have also been called shaping costs because
the variability of revenue from VRE depends on the shape of
the generation profile (Hirth 2013). The generation profile is
in reference to what time the energy is generated by the wind
turbines. In an energy profile where the energy production is
correlated to a strong demand in the marketplace, the price
of VRE produced energy will rise. Often times however, the
time at which energy production occurs is at a windy moment
when excess energy isnt being demanded. This will cause an
endogenously created price drop in the equilibrium energy
price because there was an increase in the supply that wasnt
matched by an increase in demand. A corollary to this idea
is that if wind penetration increases and becomes a larger
component of the electricity mix the greater the equilibrium
electricity price will fall when demand and supply are not
synced. This makes profile costs an important consideration
for public policy because many subsidies currently exist
for wind that make it feasible for wind generation to be
expanded, wind energy is currently not bought and sold
at market prices. The rapid growth rate in wind expansion
is attributed to the federal Production Tax Credit (PTC),
state renewable portfolio standards (RPS), as well as the
already aforementioned low operating costs (Smith et al
2006). In order to study profile costs from wind energy
in Minnesota, the locational marginal price (LMP) of wind
energy being sold by Southern Minnesota Municipal Power
Agency (SMMPA) to a wholesale market operated by the
Midcontinent Independent System Operator, Inc. (MISO)
was compared to the contracted price EDF Energy sold their
wind produced electricity to SMMPA. LMP price points
were an ideal candidate for this research due to what they
represent in the energy market. LMPs are a mechanism
for using market- based prices for managing transmission
congestion where the prices are created by bids and offers
that are submitted by market participants (Treinen 2005). An
LMP is the marginal cost of supplying the next increment of
electricity demand at a specific node in an electricity grid.
This price takes into account generation bids and load offers
and other expenses that occur in the grid such as transmission
and operation constraints (Treinen 2005).
This study addresses the difference seen between wind
farm LMP prices that are sold to the wholesale market and
the contracted price which the wind energy was purchased
at in the first place from the generator and the subsequent
losses or profits seen on each transaction. The flow of money
first begins between a power purchase agreement (PPA) or
contract price between EDF Energy and SMMPA where
SMMPA buys the wind generated electricity from EDF
Energy. The LMP reflects the price that SMMPA is then
able to sell the electricity to the wholesale market, which
is operated by MISO. My hypothesis is that I expect that
the LMP data will have a statistically significant difference
from the contracted price that SMMPA buys the energy from
the wholesale market at. The reasoning for this hypothesis
is that previous studies have shown that profile costs make
a significant contribution to integration costs and will affect
the total price of wind.

II. M ARKET DATA AND M ETHODS
Day-to-day production of wind energy is routinely updated
with time options ranging from minute, hourly, and daily
production of MWh and LMP. The information for this study
was culled from MISO and from the Minnesota Department
of Commerce. Attempting to do this study was difficult due
to the fact that many wind turbines and power plants do
not provide detailed information about their MWh and LMP
data because it is considered a trade secret. In Minnesota,
some energy companies provide market data to the MN
Department of Commerce for legal compliance reasons although some of the data in analysis is omitted because it
is also considered a trade secret. Data for both the LMP
and the MWh were hourly values. In particular, the LMP
data was taken from the Great River Energy node that was
located downstream from the Wapsipinicon Wind Farm. The
Wapsipinicon Wind Farm, which is owned by EDF Energy,
was an ideal candidate for analysis because it is a high
production wind farm with 67 wind turbines and provided
updated detailed MWh data.
Analysis began by designing a method which encapsulates
the price wind electricity was sold to the wholesale market.
We start with formal definitions of the matrices used in the
calculations. Let W be the vector of one wind farms total
output in MWh:
W = [t1 , t2 ...tm ]

T

8t 2 R, 8m 2 N s.t.1 6 m < m + 1

W has dimensionality 1 ⇥ t where t is the MWh produced
at m hours. Let N be the vector of one energy nodes total
LMP in dollars ($) over the same course of time as W :
N = [s1 , s2 ... sn ]

T

8s 2 R, 8n 2 N s.t.1 6 n < n + 1

N has dimensionality 1s where s is the LMP at a given
moment in time for a KWh of electricity. In all cases for
each run through of the model n = m so that the matrix
operations are possible. Decomposing the elements of W is
necessary to make the model applicable for any wind farm.
The individual elements, tm , of the wind farm matrix are
hourly sums in MWh for all of the wind turbines located
at the power plant. The series notation for this sum can be
expressed as:
tm =

p
X

fk = f1 + f2 ... + fp

k=1

For any given hour, tm , the sequence of partial sums {tm }
1
P
associated with the series
fk is defined for each k as
k=1

the sum of the sequence {fk } from f1 to fp . The p variable
is the number of wind turbines in the farm and subscript
attached to denotes which hour is being evaluated:
"p
#T
p2
pm
1
X
X
X
)W =
fp1 ,
fp2 ...
fpm
k=1

k=1

k=1

In order to keep the product matrix the original dimensions
as the W and N matrices so that the inner product could be
taken at a later step required an operation other than matrix
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multiplication or scalar product. An element-wise operation
between the two matrices was used to get around this
(Million 2007). The Hadamar Product was taken between
W and N . This can be expressed as:
0 p1
1
X
f
s
p1 1 C
B
C
k=1
0 1 0 1 0
1 B
B
C
t1
s1
t1 s 1
p2
BX
C
B
C
Bt C Bs C Bt s C B
f
s
p2 2 C
B 2 C B 2C B 2 2 C B
C
B
C
B
C
B
C
W N = B. C B. C = B.
C
k=1
C=B
C
@ .. A @ .. A @ ..
A B
B ..
C
B.
C
B
C
tm
sn
tm s n
pm
BX
C
A
@
fpm s n

exclusively members of the set of natural numbers. The
data sets that were provided by EDF Energy were edited
to remove any values that didn’t fall on the hour down to
the second to uphold the constraint. This editing took place
in Microsoft Excel. There were some time values that fell on
the hour that were missing MWh data. For these instances, if
the missing MWh data was less than five then the method of
linear interpolation was used to fill in the gap as estimated
values. This method is described for two known points as:
y y0
y1 y0
x x0
=
) y = y0 + (y1 y0 )
x x0
x1 x0
x1 x0
For data gaps that were larger than five points, the points
were filled with zero place holder values. The overall data
that had to be edited, interpolated, or filled with place holders
was less than 1%. The final scalar quantities that were left
over only had units of dollars. The calculated scalar prices
were then compared to the contracted price that SMMPA
bought from the wholesale market. The total dataset gathered
for the Wapsipinicon Wind Farm LLC and the Great River
Energy Pleasant Valley node was approximately 1.23 million
data points of either LMP or MWh data points. The data sets
can be provided at the request of the author. I used a onefactor test to evaluate my hypothesis about price difference
between contracted wholesale electricity pricing and wind
generated LMP. ANOVA was the main tool used to measure
the significance of the experimental factor and its relationship
in impacting the results of the LMP and contracted price.
ANOVA is an abbreviated form of the words Analysis of
Variance. To begin an ANOVA, the null hypothesis is first
formed about our data that was collected. We begin by
assuming that there is no difference between the means of
the data. We then begin obtaining the sums of squares. By
looking at within-group variability the error variance is found
and this measures who much variability there is in withingroups. All calculations were performed in Microsoft Excel
and JMP Pro.

k=1

Since the matrix W G has price and MWh built into it
from (4) and (5), the average LMP for a given time period
was calculated by taking the inner product and dividing the
T
resultant scalar quantities. Let du = [11 , 12 ... 1u ] and ev =
T
[11 , 12 ... 1v ] be sum vectors. The sum of elements in the
matrix W G is W G0 d and the sum of elements in W
is W 0 e. For all of the matrix calculations u = v = m = n
8m, n, v, u 2 N. For simplicity, the tm components have
been re-substituted back in the W vector. The inner products
for the two matrices of interest can be defined as:
0
1
t1 s 1
Bt s C
B 2 2 C
0
C=
W G d = (1, 1...1u ) B
B ..
C
@.
A
tm s n

1 · t1 s 1 + 1 · t2 s 2 + · · · + 1 · tm s n =
m,n
X
d i W Gi
i=1

0

t1

Bt
B 2
W e = (1, 1...1v ) B
B ..
@.
0

tm

1

C
C
C=
C
A

III. R ESULTS
The calculated average LMP for a given month and the
contracted price were compared to determine the magnitude
of the profile costs in integration costs with relation to the
other metric of measuring energy costs with sunk fixed costs
and LCOE. The contractual prices or PPA prices for wind
energy being bought by the SMMPA from EDF Energy were
provided by the Lawrence Berkeley National Laboratory
(Berkeley Lab). Performing statistical analysis on the data
sets suggests that the effect of temporal variability on LMP
are extremely significant when compared to the contracted
wholesale price. The data in (Table 2), (Figure 3), (Figure 4),
(Figure 5), (Figure 6), (Figure 7), (Figure 8), (Figure 9), and
(Figure 10) are results of the full-factor ANOVA done on
LMP and contracted price. The category for difference was
contracted price and was allowed to either have the condition
of yes indicating the condition was present or no indicating
the condition was not present. The data from the analysis
indicates that the variance has a p-value less than 0.05 (pvalue = 0.0001) indicating that statistical significance was

1 · t1 + 1 · t2 + · · · + 1 · t m =
m
X
e i Wi
i=1

Partial sums were calculated for individual months and for
yearly entries. The scalar quantities from (6) were then
divided by each other in the following manner:
m,n
P
d i W Gi
0
W Gd
i=1
=
m
P
W 0e
e i Wi
i=1

The two quantities were not in the same scale, the wind
turbines recorded in MWh and the LMP price points were
calculated for KWh. The final scalar quantities were divided
by a factor of 1000 to keep the values in KWh. In the
W and N matrices, the time entries were defined as being
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detected among this data set and the null hypothesis, which
states there is no difference between the means, is rejected.
The analysis of the data thus supports my original hypothesis
concerning there being a significant difference between the
contracted price and the LMP. There was error of 0.012 for
the sum of squares, a probable cause for the small error is
the low amount of degrees of freedom associated with the
error.

IV. D ISCUSSION
The ANOVA suggests that the initial hypothesis, which
states the LMP price will have a statistically significant
difference from the contracted price that SMMPA sells to
MISO, is accepted and null hypothesis is rejected. In both
2012 and 2013 there was a statistically significant difference
found between the contracted prices for wind generated
electricity and the LMP that the wind electricity was being
sold at. In both 2012 and 2013 the p-value was less then
0.0001 which indicates that we would see these results
happen by chance less than 0.01% of the time. Another
way to view this result is that LMP and contracted price
for electricity will differ from their means this much due

to chance only once out of every ten thousand times. This
gives a very high level of credibility to the idea that there
is a large discrepancy between the contracted price and the
LMP or market value of wind electricity. The marginal value
of wind is very different from the price it is bought at which
causes a great amount of distortion in the market place.
A reasonable assumption for the amount of negative
LMP seen with wind produced at the Wapsipinicon Wind
Farm comes from the lack of correlated production of wind
electricity and market demand for that electricity. In a legal
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compliance filing, SMMPA postulates that MISO has had
to issue negative LMPs to encourage other generators to go
offline due to significant amounts of transmission congestion
on the grid (Johnston 2011). Negative pricing occurs when
the supply of power is greater than the demand and the
generator must pay the power system, in this case MISO,
to accept their electricity (Giberson 2013). SMMPA cites
electricity congestion as coming from wind generation that
occurred during low-load or off-peak periods. In support
of my earlier hypothesis concerning wind production driv-
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a Brookings Institute study on the matter (Frank 2014). In
the just aforementioned study, it was found from previous
literature that balancing costs only add 2 /MWh and that
variability in RES doesnt increase the normal variability
in residual electricity demand (Ellerman and Marcantonini,
2014; Van Bergh et al 2013).
Nevertheless, the study, which also used an alternative
calculation to LCOE to measure costs, concludes that only
a few of the members of the RES family (hydro, nuclear
and natural gas combined cycle plants) create benefits that
significantly outweigh any provided by new wind or solar
plants. Their results found that even if a wind plant operates
at a capacity factor of 30% or more, it will still cost 2X more
per MW to build a gas combined cycle plant. When this
figure was combined with the temporal variability in wind it
was found that an investment of $10 million was needed in
wind power plants to produce the same amount of electricity
with the same reliability of a $1 million investment in a gas
combined cycle plant (Frank 2014).
The results from (Figure 11) and (Figure 12) demonstrate
visually the extreme cost difference between the contracted
price and the market value of the wind that SMMPA was
able to sell the electricity to MISO for. The calculations from
empirical data has shown that there was not one month where
the market value of the wind was higher than the contracted
prices. The total losses were calculated to be $14,626,863
in 2012 and $12,735,001 in 2013. SMMPA reported similar
results in a different study where they calculated that from
2009-2011 they lost $8,819,437 in 2009, $10,542,026 in
2009, and $9,990,828 for wind produced energy (Johnston
2011). Profile costs are a good identifiable candidate for
the difference seen between the PPA, which is the market
value agreed upon by the suppliers, and the LMP that the
electricity is sold too which is the actual market valuation
of the electricity. As mentioned in previous sections, if the
energy production is correlated to a strong demand in the
marketplace, the price of VRE produced energy will rise. In
many cases however, the time at which energy production
occurs is at a windy moment when excess energy isnt being
demanded. When energy isn’t demanded but electricity is
still being excessively supplied, the equilibrium energy price
will drop because there was an increase in the supply that
wasnt matched by an increase in demand. It thus follows
that profile costs are a significant component of integration
costs and significantly affect the desirability of wind as an
alternative low carbon emission energy source.
Current public policy in many states provides PTCs to
wind development projects that allow the wind power plant
to continue to profit even when the price of electricity is
negative. It was found in Gibersons study that a wind farm
with a PTC can bid as negatively as 35 $/MWh and still
profit due to the PTC. The PTC isnt the only government
grant given to wind either, the U.S. Accountability Office
counted nine agencies that provided 82 different tax breaks,
loan guarantees, and other forms of economic assistance to
the wind industry. Wind can be viewed as an alternative
energy source if carbon reductions are a societal goal but the

ing down the market equilibrium price with profile costs,
SMMPA also states that production of wind energy is not
well matched with load and this temporal variability lowers
the marginal value of wind and drives the equilibrium price
of energy down (Johnston 2011).
The very small standard deviation of 0.005 for 2012 and
0.004 for 2013 shows that the data has a close proximity to
the mean which was 0.018 for 2012 and 0.024 for 2013.
In both ANOVAs for 2012 and 2013, the data that was
graphically analyzed in the Residual by Predicted and Least
Squares Means Plots in (Figure 5), (Figure 6), (Figure 9),
and (Figure 10) demonstrated that there is a significant
difference that can be predicted from theoretical data points
and empirical market data. It is not a linear system however
as visually shown from (Figure 1). The trend lines for 2012
and 2013 market data are shown to have low R2 values,
0.3196 and 0.0001 respectively, which demonstrates that the
system doesn’t possess linearity which is to be expected from
an exogenously random energy producer like the weather.
The results demonstrate that my initial hypothesis appears
to be correct concerning the temporal availability of wind
causes it to be worth less in the market place than the
equilibrium energy price, which the market participants set at
the contracted price. The results from the high profile costs
calculated for the wind turbines and the amount of the money
energy utility companies are losing should be discussed in
addition to LCOEs when creating public policy to support
carbon emission reduction. Previous research on integration
costs has shown that the lions share of the integration
costs come from profile costs and the other components of
integration costs have negligible effects combined on costs.
The balancing costs, as an example, have been shown to
have a very small impact on the cost of wind and solar in
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profile costs along with the plethora of other costs not figured
into LCOE calculations must be evaluated before making
public policy supportive of wind. Intertemporal inflexibility
that is inherent in wind makes it difficult to view VRE as
the solution to energy and public policy should allow for the
possibility that VRE will play only a small role in the future
of energy needs (Hirth 2013). The corollary to the idea that
increased wind produced electricity that isnt matched with
demand causes it to be worth less than the marginal value of
grid electricity is that as wind produced energy increases, the
effect wind generated power has on the grid marginal value
of electricity will change from exogenous to endogenous and
the drops in marginal electricity value will be greater. This
concern needs to be addressed because since 2006, wind has
been considered utility scale and can affect the marginal price
of electricity in an endogenous manner presently (Smith et
al 2006). Profile costs have important implications in other
areas of public policy because it is the tax payer that finances
the costs of subsidized wind energy which makes the market
pricing for wind irrelevant. Subsidies should be a short term
tool, not a long term goal for economic feasibility.

0.0001 which indicates an extremely high level of probability
that these results occur due to a market mechanism and not
by chance alone. Total losses to SMMPA were calculated to
be $14,626,863 in 2012 and $12,735,001 in 2013.
An important observation to note is the large amount of
money that profile costs account for that isnt factored into
LCOEs. The costs have several implications. The first is that
wind energy has inherent variability in time that causes it to
be worth less in the market place when it is supplied at a
time when peak-load is not occurring. Wind energy thus has
difficulty being a feasible energy source for reliability and
base-load power. The second important conclusion is that as
wind energy increases the effect it has on the marginal value
of grid electricity becomes endogenous and will cause drops
in price of electricity on the overall grid. Significant amounts
of planning and grid transmission overhaul would have to
occur to accommodate the increased amounts of variability
in the grid and the inevitable electrical congestion that would
follow. Policy makers should be advised of the additional
costs not seen in LCOE numbers such as transmission
addition costs, integration costs (including profile costs),
base load power cycling costs, environmental costs, wind
power policy cost, and focus on these additional costs to
determine whether or not societal benefit is worth the cost
to the taxpayer and to society.

V. C ONCLUSIONS
Studying profile costs and their role in integration costs
was the goal of this study. After gathering a large amount of
wind energy production data from 67 wind turbines located at
the Wapsipinicon Wind Farm and comparing the contracted
price that SMMPA bought the wind from ERF Energy to
the market LMP price that SMMPA was able to sell to
MISO there was a large difference observed. A mathematical
method based on linear algebra was devised to calculate the
average monthly LMP from market data. ANOVA statistical
analysis demonstrated that the means for both the contracted
prices and the LMP prices would be expected to vary
depending on whether the price was contracted or not. The
p-value calculated for both 2012 and 2013 data was less than
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Microsoft Excel: The linear algebra method for determining
the prices was done using Microsoft Excel. The algebra
detailed in the method describes stepwise which operation
should be performed in Excel. The data was first compiled
as described in the paper from MISO and The MN
Department of Commerce and The Berkeley Lawrence
National Laboratory. The data was manipulated first so that
the all of the data was organized into columns for each hour
of each day of the year. The columns were then multiplied
or added depending on which step was detailed in algorithm.
First each hour for the total wind farm was calculated by
summing all of the values in a row for a given hour to
obtain the total output in kW/h for that particular hour. The
node LMP price was then multiplied by the corresponding
course to create the Hadamar Product vector. The column
was summed for both the Hadamar product and the output
columns for the inner product. Finally the two values were
divided by each other to calculate the final price. The
method can be scaled for any size wind farm and and over
any time frame. The original Excel files are included as
a zip file because there are a total of 1.23 million data points.
JMP PRO 11: The ANOVA (t-test) was performed using
JMP on the two different sets of prices. The procedure for
using the ANOVA capabilities are as follows. First choose a
year to analyze. Next drag the calculated prices and the PPA
prices from Excel/Word/Document Processor into a single
column in a JMP cell document. In the column adjacent to
the column of numbers distinguish the categorical variables
(in this case there was only one, whether the numbers
were PPA numbers or calculated numbers). Next select the
column properties box on the left side of the screen and
check to ensure that the numbers column are recognized as
quantitative variables and the second column is recognized
as a categorical variable. Select the tab called analyze.
Once the analyze box appears select fit model. Under pick
role variables select prices for this area and ensure that
the personality is default to standard least squares. Simply
hit run and the graphs and values presented in tables and
figures in the body of the document will be created. More
information on these methods and the program itself can be
found through www.jmp.com/en us/software/jmp-pro.html.
The product key I used was acquired through the University
of Minnesota.
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