	

	College of Engineering and Computer Science

Mechanical Engineering Department
Mechanical Engineering 483
Alternative Energy Engineering II

	
	Spring 2010  Number: 17724  Instructor: Larry Caretto


Solutions to March 3 In-Class Exercises
1.
Your company is considering the installation of a 2 MW wind turbine with a rotor diameter of 80 m in a location where the long-term wind data follow a Rayleigh distribution with c = 10 m/s.  The turbine has a cut-in velocity of 5 m/s and a cut-out velocity of 25 m/s.  The installed cost of the turbine is $3,500,000.  Operating expenses are $225,000 per year.  The system has a power coefficient (electric power generated divided by wind power) of 0.45.  What price would you have to get for the electricity you produce to obtain a 10% return on the plant investment assuming a project lifetime of 20 years?  Use the tables for the cumulative wind power distribution in the notes on wind probability to answer this question.  Assume an air density of 1.225 kg/m3.
The electricity price must be the sum of the annual operating costs plus the annual cost of capital.  The latter cost can be found from the A/P formula in equation [12] of the notes on engineering economics.  For 10% interest and a 20-year lifetime this factor is.
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Multiplying this by the initial capital cost and adding the operating costs gives the total annual costs, TAC, as follows:  TAC = (0.11746/yr)($3,500,000) + $225,000/yr = $636,109/yr.
The income required to balance this cost will come from the annual energy sales which is the average power generation times the hours per year.  To determine this we have to find the rated wind speed at which the generator reaches its maximum power; this is given by the following equation in slide 36 of the February 24 lecture presentation.
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The fraction of energy between the cut-in speed and the rated speed can be found from the tables in the wind probability notes, using k = 2 for the Rayleigh distribution.  For the cut-in speed of 5 m/s, V/c = (5 m/s) / (10 m/s) = 0.5.  For the rated speed of 11.3 m/s, V/c = (11.3 m/s) / (10 m/s) = 1.13.  The fraction of total power between these two values is found in from the tables (interpolation
 should be used for the value at V/c = 1.13) as 0.231751 – 0.007877 = 0.223874.

This fraction, multiplied by the power coefficient and the total wind power for a Rayleigh distribution (from slide 29 in the February 24 lecture presentation) gives the average operating power between the cut-in speed and the rated wind speed.
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The power for the period that the generator operates at maximum capacity is found from the cumulative distribution for the wind frequency (between the rated speed and the cut-out speed) multiplied by the generator output power of 2 MW.  The cumulative distribution depends on V/c which has been computed as 1.13 for the rated speed and is (25 m/s) / (10 m/s) = 2.5 for the cutout speed.  Using the equation [13] in the probability notes, 
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, for the cumulative Rayleigh distribution gives the power generated above the rated speed as follows.
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Adding this value to the 336,979 W produced for operation below the rated wind speed gives the average power as 860.7 kW.  For an average year in a four year cycle (365.25 days = 8766 hr) the electricity production would be (890.3 kW)( 8766 hr/yr) = 7.804x106 kWh/yr.  In order to recoup the total annual cost of $636,109/yr the price of electricity would have to be ($636,109/yr) / (7.804x106 kWh/yr) = $0.0815/kWh.
2.
What is the capacity factor for the wind turbine in problem 1?

The capacity factor is the actual energy generated, 7.804x106 kWh/yr in this case, divided by the energy that could be generated if the turbine operated at full power (2,000 kW) for the same time period (8766 hr/yr).  This gives a capacity factor of (7.804x106 kWh/yr) / [(2000 kW)(8766 hr /yr)] = 44.5%.
3.
How would your answer to problem one change for each of the following modifications to the data in that problem?  (Consider each change independently, not as a cumulative series of changes.)

(a)
The cut-in velocity is lowered to 3.5 m/s.
Here we would modify the calculation of power between the cut-in speed and the rated speed.  The fraction of power would be found from the fraction between V/c = (3.5 m/s) / (10 m/s) = .35 and the previously computed value of V/c = 1.13 for the rated speed.  This gives a fraction of 0.231751 – 0.001448 = 0.230302.  This gives the following result.
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The average power above the rated speed will not change.  Adding the value of P1 just found to the 553,715 W produced for operation above the rated wind speed gives the average power as 900.0 kW.  For an average year in a four year cycle (365.25 days = 8766 hr) the electricity production would be (900.0 kW)( 8766 hr/yr) = 7.889x106 kWh/yr.  In order to recoup the total annual cost of $636,109/yr the price of electricity would have to be ($636,109/yr) / (7.889x106 kWh/yr) = $0.0806/kWh.
(b)
The cut-out velocity is raised to 30 m/s.

Here we would modify the calculation of power between the rated speed and the cut-out speed.  The new amount of power generated in this interval would be found from the following equation.
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Adding this value to the 336,583 W produced for operation below the rated wind speed gives the average power as 893.9 kW.  For an average year in a four year cycle (365.25 days = 8766 hr) the electricity production would be (893.9 kW)( 8766 hr/yr) = 7.836x106 kWh/yr.  In order to recoup the total annual cost of $636,109/yr the price of electricity would have to be ($636,109/yr) / (7.836x106 kWh/yr) = $0.0812/kWh.
(c)
The rotor diameter is increased to 90 m.

Increasing the rotor diameter changes the wind power available and the rated speed.  The new rated speed is found as follows.
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The fraction of energy between the cut-in speed and the rated speed can be found from the tables in the wind probability notes, using k = 2 for the Rayleigh distribution.  For the cut-in speed of 5 m/s, V/c = (5 m/s) / (10 m/s) = 0.5.  For the rated speed of 10.45 m/s, V/c = (10.45 m/s) / (10 m/s) = 1.045.  The fraction of total power between these two values is found in from the tables (interpolation should be used for the value at V/c = 1.045) as 0.176761 – 0.007877 = 0.168884.

This fraction, multiplied by the power coefficient and the total wind power for a Rayleigh distribution gives the average operating power between the cut-in speed and the rated wind speed.
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The power for the period that the generator operates at maximum capacity is again found from the cumulative wind frequency distribution between the rated speed and the cut-out speed.
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Adding this value to the 321353 W produced for operation below the rated wind speed gives the average power as 988.8 kW.  The electricity production would be (988.8 kW)(8766 hr/yr) = 8.668x106 kWh/yr.  In order to recoup the total annual cost of $636,109/yr the price of electricity would have to be ($636,109/yr) / (8.668x106 kWh/yr) = $0.0734/kWh.
4.
If you were able to sell electricity for the amount you found in problem one, how much would you be willing to pay as an initial cost for the larger rotor that you evaluated in problem 2(c)?  Assume all other data in problem one apply.
Increasing the rotor diameter from 80 m to 90 m increased our electricity production from 7.808x106 kWh/yr to 8.668x106 kWh/yr, an increase of 0.8635x106 kWh/yr.  If we could sell this electricity at the price of $0.0815/kWh found in problem one, we would have an extra income of ($0.0815/kWh)( 0.8635x106 kWh/yr = $ 70,382/yr.  The present worth of this extra income for 20 years is the amount we would be willing to pay to get this extra income.  We can find this present worth by dividing the annual income difference by the A/P factor of 0.11746/yr that we found in problem one.  This gives a present worth of ($70382/yr)(0.11746/yr) = $599,200.that we would be willing to pay to get the larger rotor.
5(a).
What fraction of the time is the wind less than the cut-in velocity of 5 m/s?

This is answered by the cumulative distribution function.  The fraction of the time that the velocity is less than the cut-in velocity is
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In this case we want the fraction of the time that the wind speed is between zero and 5 m/s which is directly given by the cumulative distribution, so we do not have to subtract a lower limit.  
5(b).
What fraction of the time is the wind greater than the cut-out velocity of 30 m/s?

To answer this question we have to take the difference between the fraction of time that the wind speed is infinite and the fraction of time that the wind speed is less than the cut-out speed.  Since the cumulative distribution is one as the speed approaches infinity the upper limit is 1; the lower limit is computed from the cumulative distribution formula for the cut-out velocity. The answer that we want is given by the following formula.
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� I actually used a numerical integration of the energy distribution which gives the exact result, which is slightly different from interpolation in the tables.
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