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The purpose of this problem set is to introduce the economics of wind farm planning via the
design of a simple wind farm model that interacts with real-time demand and storage. You will
analyze how different turbine organizations and numbers of turbines affect energy usage and
costs for various systems. The turbines you will be using for this estimation are the same 1.5
MW turbines used in problem set 2, (height 80m, rotor diameter 67.2m) so the functions you
previously developed for power P (W ) (power func) and the power coefficient Cp (p coeff) will
be useful. For your convenience, the given wind data for this problem set has been aggregated
hourly, and corrected for height. There is no need to use the wind speed correction function,
nor is there any need to aggregate the data as you did in exercise set 2. Refer to NY wind
for New York’s wind speed data, 20loc wind for the wind speed recorded at 20 locations, and
nydemand.xls for New York State hourly demand data in Megawatts.

For this exercise set, you will be using pre-written functions that call functions you will be
creating, therefore it is essential that you read the following descriptions of these functions
carefully.

• Fig cost func is a function designed to output the costs and figures associated with
different numbers of wind turbines. Note that it can be used for the single location, 20
location unoptimized, and 20 location optimized systems. The code is well-commented,
so you will be able to see exactly what data each variable is associated with. The line
used to call the function is as follows:

[s_max, total_cost, t_g_per, s_i_per, n_s_per, t_per] =
fig_cost_func(NY_power_MW, 20000,10000,50000);

Note that NY power MW is the power generated by a single turbine experiencing
wind speeds given by the NY wind file. The next 3 numbers in the input represent
a range of turbines in the form of initial:step:end. For this sample input, figures and
costs will be calculated for 20000, 30000, 40000, and 50000 turbines.

• You will be responsible for designing the battery func function that fig cost func calls
on line 13. The call line is shown below:

[storage_array, storage_input, storage_output, not_supplied] =
battery_func(total_power, demand_data);

Storage array returns the hourly storage size, storage input returns the total amount
of wind turbine energy that went into storage during the year, storage output returns
the total amount of wind energy that was output by storage during the year, and
not supplied contains the total amount of energy demand that could not be supplied
by wind turbine/storage energy and therefore had to come from a gas generator.
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Battery func should receive the hourly power created by the system, which is gen-
erated in line 10 of the fig cost func (note this is different from the power input into
fig cost func because it is scaled by the number of turbines). Demand data is an array
containing the hourly electricity demand for NYC. When designing the battery algo-
rithm, there are three situations that you must consider:

(1) Positive deficit (surplus) that can be placed into the battery.
(2) Negative deficit that the battery can supply.
(3) Negative deficit that the battery cannot completely supply, and must be supplied

by a separate generator. (Note that in this situation, the battery is emptied of its
remaining power).

For instance, if the deficit for hour 15 is positive (e.g. there is a surplus of energy),
that extra energy should be placed in the battery. If, however, the deficit for hour 16 is
negative, energy can be drawn from the battery to meet the difference. If the amount in
storage cannot meet the difference between the wind turbine energy and the electricity
demand for a given hour, then it will be not supplied (supplied by a generator).

It is critical that you consider how to maintain proper accounting of what is going
in and out of storage by thinking how each of those 3 situations affect the storage in-
put/output. Note that storage array is simply an array containing the storage size per
hour.

• Convecopt.m is an optimization function that is included in the data package and will be
used in the last part of this problem set. Note: In addition to copying all the necessary
data files (NY wind, 20loc wind, nydemand) and pre-written functions (fig cost func,
convecopt) into the MATLAB directory, you must also copy the cvx folder, open it in
MATLAB, and run the script cvx setup.m before convecopt.m can be used. Once the
installation has finished, be sure to return to your MATLAB directory before beginning.

• The last script you will need to write for this exercise is HW3 main, which handles
basic data input and calls other functions. It should be separated into 3 parts, that
each correspond to problems 2, 3, and 4, respectively. This script will be responsible for
passing data to the fig cost function, so the necessary power calculations will be done
here.

(1) Plot a histogram of New York State’s hourly electricity demand data. Label the axes
and title the plot.

(2) Consider NY state’s wind. Using HW3 main, generate an hourly power output based
on your previously written function power func for a single turbine (do not scale the
result). Next, call the fig cost func as described above using a range of turbines from
20000:1000:50000. Plot the maximum battery capacity v. number of turbines. Next,
generate annual figures for the performance of the turbine systems (in MWh) for a
range of turbines from 20000:10000:50000 that include:

• The maximum battery capacity necessary to contain all of the extra energy pro-
duced by the wind turbine system.

• The percent of the total annual wind energy production that went directly from the
turbine to the grid. (Hint: Find the total annual energy production by integrating
the hourly estimations - use the trapz function - then find how much energy went
directly to the grid by taking the difference between the total production and the
battery input.)
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• The percent of the total annual wind energy production that went into the battery.
• The percent of the total annual wind energy production that was left in the battery.
• The percent of the total energy demand that was supplied by a generator.
• The total cost of the system.

(3) Repeat part 2 (except for the battery v. turbine plot) for a turbine system comprised
of 20 locations (file: 20loc wind.xls), including every location in the data set. Again,
put the results for 50,000, 40,000, 30,000, and 20,000 turbines on the same table. (Note
that when using the fig cost func you should divide the number of turbines by 20 to
find how many should be at a given location.)

(4) Repeat part 2 (except for the battery v. turbine plot) using all 20 locations again,
but this time using an optimized distribution of wind turbines. Mathematically, the
optimization problem can be stated as follows. There are n candidates for windmill
sites. Let 0 ≤ xj ≤ 1 be the proportion of budget allocated (or equivalently, total
windmills) at the jth location, and let Aij be the wind power of the jth location at
time i, where i = 1, . . . ,m and m = 8760, the total number of hours in a year. For
simplicity, we set the total budget to be 1, i.e.

∑n
j=1 xj = 1.

Let yi =
∑

j Aijxj denote the sum of wind power at time i. Then the optimization
problem becomes

maximize f(x1, . . . , xn) =
∑
i

yi −
λ

m

∑
i

(
yi −

1

m

∑
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)2

subject to yi > τ, i = 1, . . . ,m

0 ≤ xj ≤ 1, j = 1, . . . , n∑
j

g(xj) = B.

We want to find x1, . . . , xn that maximizes f(x1, . . . , xn) and satisfies all the constraints.
g(xj) is a known cost function for setting up a windmill at location j, and B is the
fiscal budget constraint. The second part of f(x1, . . . , xn) is the penalty term for the
variance of wind power over time, where λ controls the weight of the penalty term in
the objective function. Optimization can be done as follows:

• Make sure that you have installed cvx by running the cvx setup script. Note
that you must be in the cvx folder to run the cvx setup script, but the convecopt
function does not necessarily need to be in that directory to be used. It should, in
fact, be in your MATLAB working directory.

• Run the convecopt function for the wind power generated by a total of 20,000
turbines distributed optimally over the 20 locations. The syntax for the input is
convecopt(powermatrix, λ, y min). The powermatrix term will be an array of size
8760 x 20 that contains the wind power generated at each of the 20 locations (Hint:
you probably found this matrix at some step in part 3). Set y min to 0 and run
a for loop that varies λ between 5 and 9. (Hint: the for loop should be located in
HW3 main).

(a) Compare the maximum battery capacity needed, the percent of the total
annual wind energy production that went to the grid, to the battery, re-
mained in the battery, and was supplied by a generator. Also compare the
standard deviation and total cost of each system, as well as the capacity of
each (note that the number of turbines in use may change with λ). What can
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you infer about how lambda changes the output of the optimized wind farms?

Put the usage and cost calculation for the optimization given by λ = 9 in the table
alongside the figures for a single location and the non-optimized 20 locations for 20,000
turbines. Be sure to include the capacity for each system.
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