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Research Objective

The purpose of this project is determining the optimal wind turbine for a given location. This will be based on the performance output and efficiency for both a 1.75 MW and a 1.5MW wind turbine with the cost of both considered as well. The group will be given the power curve functions for the turbines and a data sample of the wind speeds at the two locations. It will also be determine which direction is the most optimal direction to place the turbines based on Wind direction readings included the dataset. Through research and prior experience it is determined that the annual power produced (kWh) is calculated as, 
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where 8760 is the hours in a year,  f(X)is the probability density function of wind speed  x,  and P(x) is the power curve function which is given to the group through another class.  The Weibull Distribution of the wind speed will be calculated through SAS and will be confirmed with STATISTICA histograms.  The Probability density function of a Weibull distribution is given below
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with two parameters λ and k
λ > 0 is the scale parameter 
k > 0 is the shape parameter of the distribution
The Shape and Scale Parameters of the Weibull distribution is obtained through SAS code and calculations in STATISTICA. Since it would be tedious to do all the calculations by hand and the numbers would be prone to errors the actual math of the functions was done in Mathematica and the output is shown in the proceeding sections of the report.
Obtaining the Data set and Power Curve Functions


Because this is real industry data and the power curves are based on real power curves of an actual turbine it is necessary to hide the source of the data (i.e. the month and the year that the readings were taken). The data sets were obtained through one of the group member’s classes at the University of Iowa. The data sets came with the condition of keeping the source and times out of the final report.  The two power Curves are shown below along with their power outputs as a function of x.
	Power [kW](y)
	Wind Speed [m/s](x)

	y = 0
	0 < X < 3.5

	y = 75x-220
	3.5 < X < 5

	y = 208.2x-888.7
	5 < X < 10.5

	y = 155x-187.5
	10.5 < X < 12.5

	y = 1750
	X > 12.5
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Shown in the above figures there are two turbines under consideration. The first power curve is that of a turbine with an output that is rated at 1.75 MW (MegaWatts). This is the larger and more expensive turbine of the two that are being considered. The second Power Curve is for a less powerful turbine but the turbine starts to produce power faster at a lower wind speed than the one above it.  This may affect the total power produced, for example if one location has lower wind speed then the 1.75MW turbine may not always be producing power while the 1.5MW turbine may be producing power. 

Determining the Appropriate Method of Analysis

Early in the project the group was not sure which distribution was the best to model the wind speed. It was not determined that a Weibull distribution was the best to use until after both normal and logarithmic distributions were eliminated. Both of these were considered but the standard for the wind industry seems to be a Weibull distribution and the other two considered did not fit the histogram as well. The two wind speed histograms for the two different turbine locations are shown below
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As shown in the histograms the wind speed at site A had a high shape (λ) and scale (k) factor for the distribution. This indicates a higher overall average. It is also important to point out that the histogram for Site B appears to be more Robust with less variance in the average.  The graphs that are shown below are Probability and Cumulative Density functions for the shape and scale factors that where obtained from the histograms above. These graphs show a direct comparison between the two turbine site locations A and B. The blue line is the shape and scale parameter for site A and Site B is the red line.
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A histogram was also computed for the data sets of wind directions. These results were given in metric form which gives a polar coordinate.  The value of zero was given the direction of North (i.e East = 90°, West = 270°). The histogram was fitted as a normal distribution but this was later determined to be meaningless and that the average of this histogram would be meaningless. For example if 50% of the time the wind was blowing East (90°) and the other 50% it blew West (270°) then the average would be a value of 180° and this would indicate that most of the time the wind blew South, which was not right.
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From these Graphs it is determined that most of the time that the wind was blowing SSW at Site A  and also blew NW about half the time as well. Site B had similar direction distribution. A set of modes is also given for both histograms and these are ultimately much more useful in determining the actual average of the wind direction.

Using SAS to Confirm Results
The group tried using these data sets in SAS and to produce the means of the two wind speed data sets but because of the large size of the files (over 4000 observations each month) the files do not work well on virtual desktop. The code that was attempted to be used is shown below

* SAS code to fit wind speed datafrom converted excel file;

options linesize = 75;

data wspeedA;

infile ’h:\stats\windspeedA.dat’ ;

input time speed ;

proc lifereg;

   model time*speed=/distribution=Weibull;

run;

data wspeedB;

infile ’h:\stats\windspeedB.dat’ ;

input time speed ;

proc lifereg;

   model time*speed=/distribution=Weibull;

 run;
Another way to use SAS with this data would be to do a hypothesis test: 

Ho : µT1 = µT2
Ha : µT1 ≠ µT2
data windsp ;

input turbine $ windspeed ;

datalines ;

(***all 3594 observations for each turbine)

;

run ;

proc sort data = windsp ;

by turbine ;

run ;

proc univariate plot data = windsp ;

var windspeed ;

by turbine ;

run ;

proc means data = windsp ;

var windspeed ;

by turbine ;

run ;

proc anova data = windsp ;

class turbine ;

model windspeed = turbine ;

run ;

*SAS output attached on back
Using Mathematica to Determine Power Output


Shown below is the integration of the equations given in the first part of the report this was done in Mathematica. To interpret the general concept behind the integration it is useful to observe the ranges for each f(x) function and then notice that the function is being multiplied by the PDF of the wind speed at that location (site A or B). 

Power Output Calculation for Site A and the 1.5MW turbine
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Power Output Calculation for Site A and the 1.75MW turbine
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Power Output Calculation for Site B and the 1.5MW turbine
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Power Output Calculation for Site B and the 1.75MW turbine
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Interpreting Results of Computations


Even though the 1.75MW turbine does not produce power below wind speeds of 3.5 m/s, the turbine still outperformed the 1.5MW turbine at both site locations. The real question now becomes how much more money will the 1.75MW turbine cost over the 1.5 MW. This is critical because if the 1.75MW it is twice as expensive and only creates 3% ((764.2-738.8)/738.8) more power than the 1.5MW turbine, it is not a better choice financially. This appears to be the case at both locations in that the increase in rated output is only effective if you have the appropriate wind speed distribution for that turbine. Unfortunately the prices of the turbines are unknown but a price difference of $400,000 would not be a bad guess between the two costs of the turbines and this cannot be justified by a small 3% increase in power output. 

The recommendation of the group would be to use the 1.5MW turbine at both locations and that both turbines should be initially set at the SSW wind direction facing into the wind

Projected income of Turbines (running at 100% capacity)

Site A = (871.05 kWh)(8760 hours/yr)($.0963/kWh)= $734,807
Site B = (738.85 kWh)(8760 hours/yr)($.0963/kWh)= $623,285
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Datasets where obtained from the University of Iowa wind power management course all information that was not essential to the project objective was kept anonymous.

SAS Output
-------------------------------- turbine=1 --------------------------------

                         The UNIVARIATE Procedure

                           Variable:  windspeed

                                  Moments

      N                        3594    Sum Weights               3594

      Mean               7.72289388    Sum Observations    27756.0806

      Std Deviation      2.50593565    Variance             6.2797135

      Skewness            0.0889448    Kurtosis            -0.7423672

      Uncorrected SS     236920.276    Corrected SS        22563.0106

      Coeff Variation     32.448143    Std Error Mean      0.04180044

                        Basic Statistical Measures

              Location                    Variability

          Mean     7.722894     Std Deviation            2.50594

          Median   7.695659     Variance                 6.27971

          Mode     4.687441     Range                   14.44455

                                Interquartile Range      3.85984

  NOTE: The mode displayed is the smallest of 5 modes with a count of 2.

                        Tests for Location: Mu0=0

             Test           -Statistic-    -----p Value------

             Student's t    t  184.7563    Pr > |t|    <.0001

             Sign           M      1797    Pr >= |M|   <.0001

             Signed Rank    S   3230108    Pr >= |S|   <.0001

                          Quantiles (Definition 5)

                          Quantile       Estimate

                          100% Max       15.54060

                          99%            12.99667

                          95%            11.89065

                          90%            11.04687

                          75% Q3          9.62771

                          50% Median      7.69566

                          25% Q1          5.76787

                          10%             4.25381

                          5%              3.71481

                          1%              3.10397

                          0% Min          1.09605

-------------------------------- turbine=1 --------------------------------

                         The UNIVARIATE Procedure

                           Variable:  windspeed

                           Extreme Observations

                ------Lowest-----        -----Highest-----

                   Value      Obs           Value      Obs

                 1.09605      566         14.1576      499

                 1.82594     2440         14.1624     1939

                 2.07960     2435         14.4390     1940

                 2.30603     2444         14.8605      809

                 2.40560     1590         15.5406      808

                         Histogram                        #         Boxplot

   15.5+*                                                 1            0

       .*                                                 6            |

       .***                                              28            |

       .***********                                     121            |

       .******************                              216            |

       .*******************************                 367            |

       .************************************            432         +-----+

    8.5+***************************************         462         |     |

       .*********************************************   538         *--+--*

       .*************************************           438         |     |

       .********************************                381         +-----+

       .****************************                    328            |

       .*********************                           250            |

       .**                                               24            |

    1.5+*                                                 2            |

        ----+----+----+----+----+----+----+----+----+

        * may represent up to 12 counts

-------------------------------- turbine=1 --------------------------------

                         The UNIVARIATE Procedure

                           Variable:  windspeed

                              Normal Probability Plot

           15.5+                                                  *

               |                                                  *

               |                                               +***

               |                                          *******

               |                                      *****

               |                                 ******

               |                              ****+

            8.5+                          *****

               |                      *****

               |                   ****

               |               *****

               |           *****

               | ***********

               |*  ++++

            1.5+*++

                +----+----+----+----+----+----+----+----+----+----+

                    -2        -1         0        +1        +2
-------------------------------- turbine=2 --------------------------------

                         The UNIVARIATE Procedure

                           Variable:  windspeed

                                  Moments

      N                        3594    Sum Weights               3594

      Mean               8.55542456    Sum Observations    30748.1959

      Std Deviation      2.62423646    Variance            6.88661698

      Skewness           -0.0242249    Kurtosis            -0.7403952

      Uncorrected SS     287807.485    Corrected SS        24743.6148

      Coeff Variation    30.6733633    Std Error Mean      0.04377377

                        Basic Statistical Measures

              Location                    Variability

          Mean     8.555425     Std Deviation            2.62424

          Median   8.624450     Variance                 6.88662

          Mode     9.948427     Range                   14.18777

                                Interquartile Range      3.95365

  NOTE: The mode displayed is the smallest of 2 modes with a count of 2.

                        Tests for Location: Mu0=0

             Test           -Statistic-    -----p Value------

             Student's t    t  195.4464    Pr > |t|    <.0001

             Sign           M      1797    Pr >= |M|   <.0001

             Signed Rank    S   3230108    Pr >= |S|   <.0001

                          Quantiles (Definition 5)

                          Quantile       Estimate

                          100% Max       17.19260

                          99%            14.02240

                          95%            12.75080

                          90%            11.87148

                          75% Q3         10.48379

                          50% Median      8.62445

                          25% Q1          6.53014

                          10%             4.80507

                          5%              4.20951

                          1%              3.57010

                          0% Min          3.00483
-------------------------------- turbine=2 --------------------------------

                         The UNIVARIATE Procedure

                           Variable:  windspeed

                           Extreme Observations

                ------Lowest-----        -----Highest-----

                   Value      Obs           Value      Obs

                 3.00483     6173         15.3172     6967

                 3.00622     6571         15.4229     6961

                 3.10772     6172         16.7709     6966

                 3.11205     6150         17.1895     6965

                 3.18656     4254         17.1926     6964

                          Histogram                          #      Boxplot

   17.5+*                                                    2         0

       .*                                                    1         0

       .*                                                    4         |

       .***                                                 29         |

       .**********                                         103         |

       .*****************                                  184         |

       .*********************************                  355         |

   10.5+************************************************   518      +-----+

       .******************************************         457      |     |

       .****************************************           440      *--+--*

       .***************************************            425      |     |

       .*********************************                  353      +-----+

       .****************************                       306         |

       .**************************                         286         |

    3.5+************                                       131         |

        ----+----+----+----+----+----+----+----+----+---

        * may represent up to 11 counts

-------------------------------- turbine=2 --------------------------------

                         The UNIVARIATE Procedure

                           Variable:  windspeed

                              Normal Probability Plot

           17.5+                                                  *

               |                                                  *

               |                                                  *

               |                                              ++***

               |                                          +******

               |                                      ******

               |                                  *****

           10.5+                             ******

               |                          ****+

               |                       ****

               |                    ****

               |                +****

               |            +*****

               |       *******

            3.5+********

                +----+----+----+----+----+----+----+----+----+----+

                    -2        -1         0        +1        +2

                         The UNIVARIATE Procedure

                           Variable:  windspeed

                              Schematic Plots

                       |

                    18 +

                       |

                       |                        0

                       |

                    16 +

                       |            0           |

                       |            |           |

                       |            |           |

                    14 +            |           |

                       |            |           |

                       |            |           |

                       |            |           |

                    12 +            |           |

                       |            |           |

                       |            |           |

                       |            |        +-----+

                    10 +            |        |     |

                       |         +-----+     |     |

                       |         |     |     |     |

                       |         |     |     *--+--*

                     8 +         |     |     |     |

                       |         *--+--*     |     |

                       |         |     |     |     |

                       |         |     |     +-----+

                     6 +         +-----+        |

                       |            |           |

                       |            |           |

                       |            |           |

                     4 +            |           |

                       |            |           |

                       |            |           |

                       |            |

                     2 +            |

                       |            |

                       |            |

                       |

                     0 +

                        ------------+-----------+-----------

               turbine                 1           2
-------------------------------- turbine=1 --------------------------------

                            The MEANS Procedure

                      Analysis Variable : windspeed

      N            Mean         Std Dev         Minimum         Maximum

   ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ

   3594       7.7228939       2.5059357       1.0960530      15.5406000

   ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ

-------------------------------- turbine=2 --------------------------------

                      Analysis Variable : windspeed

      N            Mean         Std Dev         Minimum         Maximum

   ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ

   3594       8.5554246       2.6242365       3.0048339      17.1926000

   ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ
                            The ANOVA Procedure

                         Class Level Information

                      Class         Levels    Values

                      turbine            2    1 2

                  Number of Observations Read        7188

                  Number of Observations Used        7188

                            The ANOVA Procedure

Dependent Variable: windspeed

                                     Sum of

 Source                    DF       Squares   Mean Square  F Value  Pr > F

 Model                      1    1245.51387    1245.51387   189.20  <.0001

 Error                   7186   47306.62540       6.58317

 Corrected Total         7187   48552.13927

          R-Square     Coeff Var      Root MSE    windspeed Mean

          0.025653      31.52375      2.565768          8.139159

 Source                    DF      Anova SS   Mean Square  F Value  Pr > F

 turbine                    1   1245.513874   1245.513874   189.20  <.0001
_1271669392.unknown

_1271669394.unknown

_1271669396.unknown

_1271669398.unknown

_1271669399.unknown

_1271669397.unknown

_1271669395.unknown

_1271669393.unknown

_1271669390.unknown

_1271669391.unknown

_1271669389.unknown

