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Abstract 

 

Feasibility Study of an Integrated Wind and Solar 

Farm by Evaluating the Wind Turbine Shadows 

 

Sahil Shanghavi, MSE 

The University of Texas at Austin, 2012 

 

Supervisor:  W. Mack Grady 

 

This thesis analyzes the feasibility of having an integrated wind and solar farm to 

optimize the use of land resources and capital investment by evaluating the effect that 

wind turbine shadows have on the area surrounding them. Two methods are used to 

predict shadow impact. The first method is based on the traditional textbook “Clear Sky” 

equations, which have maximum sensitivity to shadows because the method considers 

every day to be a perfect day. The second method uses measured global-horizontal and 

diffuse-horizontal solar radiation in units of W/m
2
, which take into account the true 

variations of daily conditions.  The calculations are performed for 1 square meter 

surfaces, over different assumed areas of a wind power plant, for every second of the day. 

For purposes of shadow calculations, the tip-top height (i.e., tower height plus blade 

length) is used. All calculations are performed with the specifications of a GE 1.5 MW 

wind turbine, which is the most commonly used wind turbine in USA. 
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Chapter 1 

Preface 

The global energy requirements have constantly been on the rise, and with 

technological advances the energy consumption per capita is also rapidly increasing. 

While there is this increase in the demand for energy, there has also been a tremendous 

increase in global population. We recently hit a global population of 7 billion people. 

With a scarcity of resources and rising prices of all commodities, we will have to 

optimize our use of technology and land, so as to sustain our growth. 

Currently the trend with setting up solar or wind power plants is to set them up 

exclusively. Even so, the number of such power plants is few. This is mainly due to the 

extremely high initial capital investment. One day while taking one of Dr. Grady’s 

classes on Renewable Energy in my first year, I thought that there might be a simple 

solution to reducing this high initial capital investment and cost of electricity. This could 

be done by optimizing the resources we already have, i.e. finding a way to setup the wind 

and solar power plants on the same land area as they are both extremely land resource 

intensive when setup up exclusively. This thesis outlines the feasibility of this simple idea 

by two different methods of measuring the overall daily solar harvest in kWh. This is 

done by checking the harvest for different areas of a wind power plant, keeping in mind 

the shading effect from the wind turbines. It also gives a brief overview of what its 

advantages are over the current methods of exclusive setups focused only on one type of 

renewable energy, whether it maybe solar or wind. 
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Chapter 2 

Introduction 

Benjamin Franklin discovered electricity in 1752, and Thomas Edison created the 

first ever long lasting artificial light source in 1879. Even then according to the 

International Energy Agency, after 132 years since the discovery and use of electricity, 

1.5 billion people worldwide have no access to it. What is even worse is that in this day 

and age of heightened technological use, 2.5 billion people subsist completely on 

traditional fuel sources like wood and charcoal
5
. 

Even with the existence of this gaping hole between the demand and supply, the 

global energy demand, from those who have access to it, has been growing at quite a 

rapid pace. When the issue of climate change and global warming is added to this mix, it 

poses a serious challenge to the growth of new power generation. As has been known 

since decades, coal-fired power plants are the easiest and cheapest solution to setup and 

run for generating electricity. But with policies coming in to curb emissions and improve 

operating efficiencies of power plants, such as the Cross-State Air Pollution Rule 

implemented by the Environmental Protection Agency in the USA, renewable energy 

technologies are slowly becoming more feasible. More importantly renewable energy 

technologies such as solar and wind have zero emissions which not only help with the 

climate change and global warming issues, but are also very popular with the groups 

advocating for use of these technologies to reduce emissions for the same reasons. 

Additionally, wind and solar energy do not have a fuel cost. 

To manage the scope of this thesis effectively, we will see the situation in the 

United States of America and see how it can be scaled up to the global level. Currently, 

the United States of America has installed capacities of 603 MW of solar energy and 
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33,542 MW of wind energy
12

. Globally, these values are 23,000 MW of solar energy and 

159,000 MW of wind energy
9
. Thus, USA makes up 21% of the world’s total wind 

energy installed capacity, but only 2.6% of the global solar installed capacity. There are 

many reasons behind the deployment gap between the solar and wind energy 

technologies. One of the main reasons is the high cost for solar electricity production, 

which is estimated to be 22¢ per kWh, whereas the cost of wind electricity production is 

only 8¢ per kWh
8
. Thus, an implementation needs to be figured out to better utilize 

available resources to reduce the cost of solar energy production. I believe that utilizing 

wind and solar energy together on the same site might help bring down a big part of the 

initial investment that is required when setting up each of these technologies separately. 

As the need to fulfill the world’s hunger for more energy increases and action is 

taken globally to reduce our footprint on this planet, solar and wind energy will become 

extremely essential in the pool of generation technologies to be used. 

In this thesis, I use the shadows cast from wind turbines to calculate the change in 

overall solar kWh harvest available per meter square of area, for any given plot of land 

within a wind power plant. To analyze the feasibility of setting up wind and solar power 

on the same land area, it is important to see how much land area can truly be used after 

seeing the shading effects of the wind turbines. We use different methods and 

implementations to calculate the overall shading effect from the wind turbines, which can 

be seen in Chapter 4. 
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Chapter 3 

Wind and Solar Power 

3.1  THE POTENTIAL OF WIND AND SOLAR POWER 

In 2010, the USA had a peak energy demand of 747,836 MW or 748 GW
2
. From 

the data presented in Figure 1 below, it is clear that maximizing the use of these two 

technologies can easily fulfill USA’s total energy requirements. But, it would not be a 

feasible choice to only use these technologies, as wind and solar potential are highly 

variable and not very predictable. Even so, it may be used at a much larger scale than is 

being currently employed in the USA. 

 

 

Figure 1 – The figure shows the total theoretical potential of different renewable energy technologies in USA10 

At the moment, five of the largest wind power projects in the US are all based in 

Texas. The largest of these is in Roscoe, with a capacity of 782 MW
1
. In section 3.2, I 
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will explain how the large wind power plants are unable to optimize the potential of the 

land and the electrical equipment that they use. When we compare the two figures, 

Figures A1 and A2 in the Appendix that show the solar and wind potential of USA, we 

see that central USA has excellent solar and wind potential, although the potential of both 

these technologies are pretty good throughout the country. This potential can be very well 

utilized and tapped by setting up integrated wind and solar power plants. Even though 

this seems like a very simple idea, it has not been used much due to the lack of 

investment and research in the area. 

 

 

Figure 2 – A picture showing the joint use of wind and solar technologies at the Wild Horse Wind and Solar Facility in Washington3 

The only instance in the USA where an integrated solar and wind power plant 

currently exists is located on Whiskey Dick Mountain in Washington, shown in Figure 2. 

This facility, known as the Wild Horse Wind and Solar Facility, is owned by Puget 

Sound Energy. It has 149 wind turbines producing 273 MW and 2723 PV’s producing 
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only 0.5 MW
3
. At this rate of use, just looking at Figure 2 and the overall output rating of 

each generation technology, it seems like they are not able to fully utilize the solar and 

land potential available to them. Looking at the figure it seems like a lot of land that 

could be used to setup solar panels has been left barren. To understand this aspect it is 

important to see how the land is utilized in wind power plants. This is explained in the 

following section. 

 

3.2  WIND POWER PLANT FOOTPRINT 

 

Figure 3 – Zoomed out satellite image of a wind power plant South of Sweetwater, TX obtained using Google maps 

The figure shown above has a shaded blue area that was created using the tools 

provided by Google maps to get a sense of the amount of land required for setting up a 

large scale wind power plant. The shaded region contains 85 wind turbines, each of 

which is represented using the blue place-marks. The total area of the shaded region was 

calculated to be 10.29 square miles. If we assume the power plant to be employing using 

GE 1.5 MW which are the most commonly used wind turbines in USA, we would get an 

installed capacity of 127.5 MW from 85 turbines for a 10.29 square mile area. This would 

give us an installed capacity of 12.4 MW per square mile, which seems to be a very small 

number. 
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Figure 4 – Zoomed in satellite image of a wind plant from the shaded region obtained using Google maps for one square mile area, 

where the red lines indicate 1 mile 

The above image is a zoomed in view showing 11 wind turbines within the 1 

square mile area (Note – We assume 12 wind turbines in this area for sake of calculations 

as there seems to be an empty spot. One of the wind turbine’s is assumed to be placed 

between the leftmost bottom turbine and the vertical red line for optimized calculations). 

Now, since we assumed the turbines to be GE 1.5 MW turbines we know the length of its 

blades to be 40 m (0.0248 miles). Hence, if we now assume the 12 turbines to be packed 

in as close as possible vertically (a little more than twice the blade length), assuming 100 

m (0.0621 miles), but spread out horizontally as shown above, the turbines require only 

0.0621 square miles. Thus, 93.79% of the effective land area is not utilized and empty. 
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3.3  ADVANTAGES OF INTEGRATION OF WIND AND SOLAR TECHNOLOGIES  

 

As mentioned in the earlier section, with a purely wind oriented power plant 

approximately 93.79% of the land area is left unused or wasted, with respect to electricity 

generation. To optimize the use of this land and the electrical equipment already being 

used by the wind facility such as transformers, relays, circuit breakers and transmission 

lines it would make most sense to also setup solar panels in conjunction with the wind 

turbines. In most places in the USA, wind potential is at its maximum during the night 

whereas the solar potential is always at its maximum during the day
6
. Hence, as all the 

electrical equipment is setup for maximum capacity output based on the installed wind 

capacity, the same infrastructure could easily be utilized for the solar panels. The 

equipment would be able to provide the necessary capabilities to the wind turbines when 

they are peaking at night and also to the solar panels peaking during the day. In case there 

is ever a situation where the wind gusts pick up during the day due to cold or warm 

fronts, the blades of the wind turbine can be easily pitched to an angle where the blades 

stop rotating, and thus stop producing electricity to safeguard the electrical equipment 

from overheating or getting damaged. 

To get an estimate of how much energy we can get, by utilizing the space left 

unoccupied by the wind turbines in one square mile of area, we use the assumption that 1 

MW of installed solar panel capacity requires 0.00374 square miles
11

. Thus, for the 

0.9379 square miles of area that was left unused by the wind power plant, using a simple 

calculation we get, 
(0.9379 square miles)

(0.00374 (square miles )/MW)
@ 250 MW , i.e. 250 MW of solar installed 
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capacity that can be added to the 1 square mile. Although, this is a very big number, due 

to the distribution of the wind turbines and their shading effects this number would 

reduce significantly. But even if we consider that we are able to utilize only 5% of that 

land area to install solar panels, we would still be able to get 12.5 MW of solar installed 

capacity per square mile of area. This would effectively increase the installed capacity by 

70% per square mile from 18 MW only for a wind power plant, to 30.5 MW for an 

integrated solar and wind power plant. 

Thus, the overall advantages of having both wind turbines and solar panels 

integrated in one power plant are as follows: - 

1. The usage of land and other infrastructure, such as electrical equipment, is 

optimized, which helps bring down the cost of electricity. 

2. The overall installed capacity and output from the power plant can be increased 

significantly. As shown from the calculations earlier it can quite easily be 

doubled. 

3. By the diversification of the types of energy generation used, the variability in the 

generation is reduced significantly. On cloudy days you may still have lots of 

wind and on calm days with no wind you may have a lot of strong sunshine. 

4. Initial capital investment is significantly reduced by the optimization of the use 

solar and wind in parallel. 

5. The reliability of power coming from such a power plant is also higher than that 

from only a solar or only a wind power plant. This again is related to the 

reduction in variability.  
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Chapter 4 

Methodology 

4.1  ASSUMPTIONS 

In this thesis a typical layout for a West Texas wind farm is assumed. This 

assumption is based on the fact that Texas has the five largest wind power plants in USA. 

Furthermore, West Texas is also known to have a lot of economically viable land 

resource. Also, due to the availability of recent actual solar data measurements, Saragosa, 

TX is chosen to be the study area for this thesis. West Texas wind farms usually have at 

least 100 turbines, in a rectangular grid pattern on flat ground, but sometimes in a more 

complex pattern dictated by the geographical boundaries of a mesa top. The actual plot of 

land for each wind turbine is approximately 1 km in the prevailing wind direction, by 0.3 

km width, yielding an area of 0.3 square km, as can be seen in the appendix in Figure A3. 

These are the usual values used in conjunction with a GE 1.5 MW wind turbine. Since we 

use Saragosa as our location, we assume the local longitude to be 103.66°, longitude time 

zone to be 90.00°, local latitude to be 31.02°. The panel azimuth is taken to be 180° 

(facing south), and panel tilt to be 30°, which is the most optimum value for having a 

fixed-tilt throughout the year based on the latitude. The tower tip-top height, which is the 

maximum height from the base of the turbine to the tip of the blade, is assumed to be 120 

m, and the wind turbine maintenance pad is estimated to have a 100 m diameter. In order 

to account for the annual variation in the weather, when the position of the sun in the sky 

and the total number of daylight hours change, we simulate four sample weeks to cover 

all scenarios. The four weeks simulated are the following four time periods:  spring and 

fall equinoxes, and summer and winter solstices. These together account for all seasonal 

variations during the year. 
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In our simulations we consider differently sized areas depending on the number of 

turbines being simulated. We make sure to account for the 0.3 km
2
 required plot of land 

for each turbine. For our simulated areas, we take readings for each square meter box. 

This gives us a grid pattern of X by Y boxes, where X and Y depend on the number of 

turbines under consideration, each of 1 m
2
 area within the region of interest. The reason 

we use a 1 m
2
 box is because we can easily assume each of these boxes to contain a 1 kW 

rated solar panel of area exactly equal to 1 m
2
. One important point to note is that we 

consider only the shadows that are outside the turbine maintenance pad having 100 m 

diameter and within the plot area of interest. 

 Next, two different methods are used to simulate and obtain the readings of total 

solar harvest for each of these 1 m
2
 boxes. The first method is based on traditional 

textbook “Clear Sky” equations
4
, which have maximum sensitivity to shadows because 

every day is considered to be a perfect day. The second method uses measured global-

horizontal and diffuse-horizontal solar radiation in units of W/m
2
, which accounts for the 

actual variations in the daily weather condition
13

. The calculations for both these methods 

are performed for 1 square meter surfaces, over the given area, for every second of the 

day. These are described in the next sections. 

 

4.2  METHOD 1. PREDICTED IMPACT USING CLEAR SKY EQUATIONS 

Turbine shadows have the most impact on a surrounding PV array on clear days 

because the beam of the sun is strongest. This creates a bigger difference in the solar 

harvest for that second, with respect to the square meter boxes that are shaded as 

compared to the ones that are not. A good approach for analyzing turbine shadow impact 

for clear days is to use the clear sky equations
4
, which are also shown in Appendix A 
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(Steps 1 to 11). The equations help to compute the intensity of the beam, diffuse, and 

ground reflection components when there is a bright sun. To determine the position of the 

sun and the beam component on a panel surface, we use equations in Appendix B (Steps 

12 through 20). These equations were programmed in Matlab
7
 where the shadow cast by 

the tower and the blades for each second were projected onto the selected land plot, 

excluding the 100 m diameter maintenance pad. For each second, if the shadow fell on 

the cell, the PV in that cell would receive only the diffuse and ground reflection 

components, shown in steps 9 and 10, on their plane of array as computed by the Clear 

Sky equations. If the shadow did not fall on the cell, then the PV in that cell would 

receive the full incident solar energy, calculated in step 11. Thus we have two calculated 

values for Pincident for each second, one for the shaded regions from the shadow of the 

turbine and the other for the regions that have no shadows, using the clear sky equations. 

At the end of the day, the solar energy for each second of data is added for each cell on 

the grid to obtain the daily solar kWh harvest. 

 

4.3  METHOD 2.  PREDICTED IMPACT USING ACTUAL SOLAR RADIATION 

MEASUREMENTS 

Turbine shadow impact is less on cloudy days because there are already cloud 

shadows on the ground and the beam of the sun is less intense on average. When actual 

global horizontal (GH) and diffuse horizontal (DH) measurements are available, we first 

compute the sun’s position using Steps 12 through 20
13

. Then, we compute the incident 

solar energy on a panel surface – in a cell, using the GH and DH values available to us 

for the specific second, according to the following: 



 13 

 If the turbine shadow (see Figure A4 in the Appendix) does not fall on a one 

square meter study cell, then we use GH and DH with equation (1) to predict the 

incident solar energy on that cell, 

 

Pincident = DH +
GH -DH( )

cos qsun
zenith( )

·cos bincident( )  (1) 

 If the turbine shadow does fall on the study cell, then the incident solar energy on 

the cell is equal to only the DH component. 

As mentioned previously, the four study days are the two equinoxes, and the two 

solstices. So as to not bias the findings with one particular unusual day, we chose a 

seven-day consecutive period for each of the four days, thus achieving some averaging of 

the actual data. An important point to note about the data used is that the data obtained 

was given as 5-minute data. To adjust the data and use it per second basis, the data was 

linearly fit to obtain 1-second data. The results from both methods 1 and 2 are shown in 

section 5. But before that, it is important to understand the different implementations of 

the shading from the wind turbine. 

 

4.4  SHADING IMPLEMENTATIONS 

The shadows projected from a wind turbine have been modeled in two different 

ways. These are as follows: 

1. The tower is considered to be a single line of a specific tip-top height. Where, the 

tip top height is the maximum height from the base of the turbine to the tip of the 

blade at its highest point. As mentioned earlier this value has been assumed to be 

120 m in all the calculations. This is the best-case scenario, where the shading 

from the wind turbine is considered to be minimum, as the blades of the wind 
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turbine are facing a direction 90° from the direction of the sun. In this case, the 

blades project a shadow that is very narrow; hence we consider it as a line.  

2. In the second case, the tower is considered to be a single line, only till the hub 

height, which is the location where the center of the blades is attached to the wind 

turbine mast. This height in the calculations is assumed to be 80 m. In this case, 

we assume that the blades are directly facing the sun, and hence produce a fast 

moving elliptical shadow. Even though the shadow is not a complete ellipse, 

because of the high speed of the blades, we consider the shadow from the blades 

to be a complete ellipse. Here, the width of the elliptical shadow stays constant 

and is equal to the diameter of the blades, and the length of the shadow is found 

using the same method shown in Figure A4 in the Appendix. The angle of 

rotation of the ellipse is equal to the angle of the shadow azimuth. 

 

An important aspect of the simulations of both these implementations in Matlab is 

that the grids plotted are created using matrices. Since we use matrices, the axis values 

increase from 1,1 to 1000,1000 for a plot area of 1 km
2
 or 1000 m by 1000 m grid. Due to 

this we will see that when the wind turbine is placed in the center of a grid layout of area 

1 km
2
, its position is 500,500 instead of what might be expected (being places at the 

origin at 0,0). 
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Chapter 5 

Results and Analysis 

5.1  ONE TURBINE ON A 1 KM
2
 PLOT WITH SHADING IMPLEMENTATION 1 

In the first set of simulations that were run, a plot size of 1000 m by 1000 m was 

used. The wind turbine in this case is located at the center of the plot (500,500). In order 

to get maximum resolution, Figures 5 to 8 (a and b) show a zoomed view of the grid from 

axis values 200 to 800. In this set of simulations, we have used the first implementation 

of the shading effect, where we show the minimum shading using the best-case scenario. 

These simulations are run using both the “Clear Sky Equations” and the “Actual Solar 

Radiation Measurements”. 

 

Fig 5a – Spring Equinox, Clear Sky, Incident Daily Solar kWh 

 

Fig 6a – Summer Solstice, Clear Sky, Incident Daily Solar kWh 

 

Fig 5b – Spring Equinox, Real Data, Incident Daily Solar kWh 

 

Fig 6b – Summer Solstice, Real Data, Incident Daily Solar kWh 
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Fig 7a – Fall Equinox, Clear Sky, Incident Daily Solar kWh 

 

Fig 8a – Winter Solstice, Clear Sky, Incident Daily Solar kWh 

 

Fig 7b – Fall Equinox, Real Data, Incident Daily Solar kWh 

 

Fig 8b – Winter Solstice, Real Data, Incident Daily Solar kWh 

In Figures 5 to 8 above, it can be easily seen that the maximum reduction in the 

incident daily solar kWh for any set of days is only 1-2%, which is really small. Also the 

black circle at the center of the plots indicates the turbine maintenance pad, where 

nothing can be placed. Hence, we do not make solar harvest measurements for that 

region. Subsequently, most of the maximum reduction of 1-2% in the daily solar kWh 

occurs in the region closest to the pad for all the cases shown in the figures. An important 

point to note is that the positive Y-axis corresponds to North in Figures 5 to 8. 

One thing that is clearly visible from Figures 5 to 8 is the variation in the 

difference between the graphs obtained using by using the “Clear Sky Equations” and the 

“Actual Solar Radiation Measurements”. Depending on which data set we look at, there 
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is either a 10% difference or no difference at all, in the daily solar kWh between the two 

measurements. This difference can be attributed to the daily cloud movements. To 

understand this, lets look at the Actual GH measurements that were used for both these 

cases, in Figures 9 and 10. The value for the X-axis (not shown) corresponds to the times 

from sunrise to sunset for each of the 7-day periods. 

 

Figure 9 – Spring Equinox, days 73 to 79, Actual GH measurements in units of W/m2 

 

 

Figure 10 – Summer Solstice, days 168 to 174, Actual GH measurements in units of W/m2 
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For example, looking at the spring equinox data in Figures 5a and 5b, it is pretty 

obvious that clouds in the sky did not significantly reduce the GH measurements on those 

days. Looking at Figure 9 validates this theory. Similarly, when we look at the summer 

solstice data in Figures 6a and 6b, it seems like there must have been a lot of cloud 

movement that caused a significant reduction in available solar radiation or GH. Looking 

at Figure 10, where it is seen that there was significant cloud movement almost everyday 

of the week, proves this as well.  

Next, we take a look at the effect that the shadows from neighboring wind 

turbines may have on the total solar harvest. 

 

5.2  NINE TURBINES ON A 900M X 3000M PLOT WITH SHADING IMPLEMENTATION 1 

In the second set of simulations that were run, a plot size of 900 m by 3000 m was 

used. There were 9 wind turbines used in this case. These were located at the following 

positions – Turbine 1 at (500,150), Turbine 2 at (500,450), Turbine 3 at (500,750), 

Turbine 4 at (1500,150), Turbine 5 at (1500,450), Turbine 6 at (1500,750), Turbine 7 at 

(2500,150), Turbine 8 at (2500,450), and Turbine 9 at (2500,750). The positions of these 

turbines were determined based on the required size per wind turbine, as shown in Figure 

A3. Nine wind turbines were chosen for this simulation to exhaustively show all 

scenarios possible for the overlapping shadows from different neighboring turbines. In 

this set of simulations, we have again used the first implementation of the shading effect, 

where we show the minimum shading using the best-case scenario. Theses simulations 

are run using both the “Clear Sky Equations” and the “Actual Solar Radiation 

Measurements”. Again, the positive Y-axis corresponds to the geographical North in 

Figures 11 to 14. 
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In Figures 11 to 14, on the following pages, the most important result obtained is 

that for most study days of the year, there is not much of a shadow overlap from 

neighboring wind turbine shadows. But in Figures 14a and 14b, we can see quite a 

dominant overlap of shadows. Even though the shadows from different turbines intersect 

at multiple places in the plot area for the winter solstice simulations, the reduction in the 

daily solar kWh harvest is not significant enough to worry about it. In the areas where the 

shadows from different turbines overlap, the overlapping shading effect causes reduction 

of the daily solar kWh harvest by 0.2%, which is very small. This shows that we never 

have to worry about the overall reduction in daily solar kWh harvest due to the shading 

from neighboring wind turbines. 
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Figure 11a – Spring Equinox, Clear Sky, Incident Daily Solar kWh for a plot with nine wind turbines 

 

 

Figure 11b – Spring Equinox, Real Data, Incident Daily Solar kWh for a plot with nine wind turbines 
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Figure 12a – Summer Solstice, Clear Sky, Incident Daily Solar kWh for a plot with nine wind turbines 

 

 

Figure 12b – Summer Solstice, Real Data, Incident Daily Solar kWh for a plot with nine wind turbines 
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Figure 13a – Fall Equinox, Clear Sky, Incident Daily Solar kWh for a plot with nine wind turbines 

 

 

 Figure 13b – Fall Equinox, Real Data, Incident Daily Solar kWh for a plot with nine wind turbines 
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Figure 14a – Winter Solstice, Clear Sky, Incident Daily Solar kWh for a plot with nine wind turbines 

 

 

Figure 14b – Winter Solstice, Real Data, Incident Daily Solar kWh for a plot with nine wind turbines 
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5.3  ONE TURBINE ON A 1 KM
2
 PLOT WITH SHADING IMPLEMENTATION 2 

In the third set of simulations that were run, a plot size of 1000 m by 1000 m was 

used, similar to the first set. The wind turbine in this case is also located at the center of 

the plot at (500,500). In Figures 15 to 18, we view the entire plot area because in these 

figures the magnitude of reduction in the daily solar kWh is much higher and hence, more 

significant. In this set of simulations, we have used the second implementation of the 

shading effect, where we show the maximum shading possible using the worst-case 

scenario for the overall daily solar kWh. Theses simulations are run using only the “Clear 

Sky Equations”. And as before, it is important to note that the positive Y-axis 

corresponds to the geographical North in Figures 15 to 18, and that the turbine 

maintenance pads are shown as the black circles. 

Here, the shading implementation 2 is only run with a single turbine on the 1 km
2
 

plot area, because we saw that the maximum shading that occurs affects only the 

immediate area surrounding the wind turbine. Although, there are areas where shadows 

from multiple turbines overlap, as seen in section 5.2, the reduction in the daily solar 

kWh due to those shadows is not significant (less than 0.2%). This was clearly visible in 

Figures 11 to 14, and can be negated in this simulation set. Thus, we want to focus on the 

total land plot and see how much of the land area is rendered useless for solar generation 

purposes due to the shading from the turbine, in this worst-case shading scenario. 

Looking at Figures 15 to 18, we can say that even though the overall reduction in 

daily solar kWh is significantly higher in these cases, the maximum losses are still 

located very close to the maintenance pad, as was seen in the previous simulation sets. In 

Figures 15 through 18, the maximum loss in daily solar kWh is between 32% and 37% 

for the four sets of days. Out of the days under consideration, the most significant 
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shading effect occurs during the winter solstice with a maximum loss of 37%. During the 

winter solstice most of the losses are within a distance of approximately 150 m, 

perpendicularly away from the position of the turbine. 

Given all these scenarios, let us consider another circular area of radius 50 m, 

centered at a distance of 100 m North from the position of the wind turbine. Now, we 

encompass the two circular pads with a rectangle, such that the rectangular area would 

contain the two circular areas falling within it, as shown in the appendix in Figure A5. 

Looking at Figure A5, it is evident that we would only leave out an area of 20,000 

m
2
 out of a total area of 300,000 m

2
, due to the extreme shading conditions from the 

shading implementation 2 (worst-case scenario shading). This still leaves a pretty large 

area, approximately 93% of the total area of the wind turbine plot empty for use with 

solar panels. Although, even this part of the remaining plot has some losses, the losses 

here are significantly smaller. 

The Figures 15 through 18, which have been discussed here, are on the pages that 

follow. 
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Figure 15 – Spring Equinox, Clear Sky, Incident Daily Solar kWh for a plot with one wind turbine using Shading Implementation 2 

 

  

Figure 16 – Summer Solstice, Clear Sky, Incident Daily Solar kWh for a plot with one wind turbine using Shading Implementation 2 
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Figure 17 – Fall Equinox, Clear Sky, Incident Daily Solar kWh for a plot with one wind turbine using Shading Implementation 2 

 

 

Figure 18 – Winter Solstice, Clear Sky, Incident Daily Solar kWh for a plot with one wind turbine using Shading Implementation 2  
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5.4  NINE TURBINES ON A 900M X 3000M PLOT WITH SHADING IMPLEMENTATION 1, 

FOR VARYING PREVAILING WIND DIRECTIONS FOR WINTER SOLSTICE 

In the fourth simulation set, we take prevailing wind directions into consideration. 

Wind power plants usually have the wind turbines setup in a pattern based on the regular 

prevailing wind direction. For simplicity, all of the figures showing multiple wind 

turbines in Figures 11 through 14 are shown to be setup for prevailing wind in the East-

West direction. 

Now, we consider two more wind direction orientations to see if the shading 

profile changes significantly for the different prevailing wind directions. The two 

prevailing wind directions chosen for analyzing in this section are North-South direction 

and NorthWest-SouthEast direction. These are shown in Figures 19 and 20, respectively. 

The North-South direction case is shown to easily explain how the change in prevailing 

wind direction can change the setup of a wind power plant. The NorthWest-SouthEast 

direction is shown, as that is the most common prevailing wind direction in West Texas. 

It should be noted that when a prevailing wind direction is mentioned, for example East-

West, the simulations are applicable for prevailing winds flowing from East to West and 

also for prevailing winds from West to East. For this set of simulations we use only the 

winter solstice 7-day period, as it was seen in all the earlier simulations that the winter 

solstice days had the maximum shading. 

To properly understand the change that occurs in Figures 19 and 20, it should be 

noted that the effective axis corresponding to the geographical North changes in them. 

For Figure 19, the +X axis corresponds to the geographical North, instead of the +Y axis 

corresponding to North as was seen in all the Figures from 5 to 18 (excluding Figures 9 

and 10, which show the GH measurements and not the daily solar kWh). 
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Although, in Figures 19 and 20 it is seen that the shading profile and the 

overlapping shadow positions change a little, the overall reduction in daily solar kWh per 

m
2
 does not change. Also, the bounds of the daily solar kWh stay exactly the same as was 

seen in Figure 14b. 
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Figure 19 – Winter Solstice, Real Data, Incident Daily Solar kWh for a plot with nine wind turbines with the Prevailing Wind in the North-South direction 

 

 

Figure 20 – Winter Solstice, Real Data, Incident Daily Solar kWh for a plot with nine wind turbines with the Prevailing Wind in the NorthWest-SouthEast direction 



 31 

Chapter 6 

Conclusion 

As can be seen from Figures 5 through 18 (excluding Figures 9 and 10, which 

show the GH measurements and not the daily solar kWh), which have been obtained 

from the simulations – the overall area of the wind power plant that is affected by the 

shading from the wind turbines is very small and is only concentrated in the immediate 

vicinity of the wind turbines, in shading implementation 1. This implementation also has 

a very small reduction in the daily solar kWh of only about 1-2%. 

In shading implementation 2, the area that is affected by the shading is larger and 

furthermore, the effect of the shading causes the daily solar kWh to reduce more 

significantly. In the cases shown in Figures 15 to 18, the maximum reduction in the daily 

kWh is found to be approximately 37%. In the analysis, I mentioned that we could quite 

easily reserve an area of 20,000 m
2
 as shown in the Appendix Figure A5, where we 

would not place any solar panels. This would still leave us with almost 93% of the wind 

turbine plot to utilize for setting up solar panels. This would help generate electricity 

during times of high solar potential and low wind potential by utilizing the pre-allocated 

land resources and electrical infrastructure to the maximum potential. This also helps in 

bringing down the overall initial capital investment per MW. 

One point to take note of, is the fact that the overall shading occurring on a wind 

power plant is a combination of shading implementations 1 and 2. Most of the time 

during the day the wind turbine blades are facing in the direction of the prevailing wind. 

Thus the amount of time during the day when the shading occurs due to shading 

implementation 2 is very small, probably in the order of an hour at most. Thus, the 
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effective reduction in daily solar kWh would be minimal. This results in creating a huge 

cost benefit and opportunity for creating integrated Wind and Solar Power Plants.  
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  Appendices 

 

Figure A1 – Pictorial representation of the solar potential of different regions in the USA 
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Figure A2 – Pictorial representation of the wind potential of different regions in the USA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Figure A3– Diagram showing the plot of land dedicated to each wind turbine 
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Figure A4.  Geometry to compute shadow length and azimuth of tower tip-top height 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A5– Diagram showing the plot of land dedicated to each wind turbine and its shadow based on the worst case scenario 
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A.  CLEAR SKY EQUATIONS 

Step 1.  Air Mass Ratio m (relative atmosphere travel distance to reach Earth’s surface) 

)cos(

1

sun
zenith

m


  

Step 2.  Apparent Extraterrestrial Flux A 









 )275(

365

360
sin751160 nA  W/m

2
 

Step 3.  Optical Depth k 









 )100(

365

360
sin035.0174.0 nk  

Step 4.  Beam Reaching Earth IB 

km
B AeI   W/m

2
  

Step 5.  Sky Diffuse Factor C 









 )100(

365

360
sin04.0095.0 nC  

Step 6.  Diffuse Radiation on Horizontal Surface IDH 

BDH ICI   W/m
2
 

Step 7.  Beam Normal to a Panel IBC 

)cos( incidentBBC II   W/m
2
 

Step 8.  Beam on Horizontal Surface IBH 

)cos( sun
zenithBBH II   W/m

2 
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Step 9.  Diffuse Radiation on Panel IDC  













 


2

cos1
panel

tilt
DHDC II

  W/m
2
 

Step 10.  Reflected Radiation Panel IRC (from the ground and surrounding objects) 

 












 


2

cos1
panel

tilt
DHBHRC III


  W/m

2 
, 

where ground reflectance   is typically 0.2, but can be as large as 0.8 for fresh snow. 

Step 11.  Total Clear Sky Insolation on Panel IC  

RCDCBCC IIII   W/m
2 
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B.  SUN POSITION EQUATIONS 

Step 12.  Sun declination angle, δ (in degrees) 

),sin(45.23 B  where  

)81(
365

360
 nB  degrees , and 

n  = day of year (i.e., 1,2,3, … , 364,365). 

Step 13.  Equation of time, Eqt (in decimal minutes) 

)sin(5.1)cos(53.7)2sin(87.9 BBBqtE 
 

Step 14.  Solar time, Tsolar (in decimal hours) 

 
1560

localLongtimezoneLongqtE
localTsolarT


  

where 

 

 localT  is local standard time in decimal hours, 

 

   timezoneLong  is the longitude at the eastern edge of the time zone (e.g., 90  for 

Central Standard Time).  

 

 localtimezone LongLong     is entered as “Longitude shift (deg).”   

Step 15.  Hour angle, H (in degrees) 

 solarTH  1215  

Step 16.  Cosine of the zenith angle, qsun
zenith  (in degrees) 







 )sin()sin(cos  Lzenith

sun )cos()cos()cos( HL   

 

where L  is the latitude of the location. 

 

Solar azimuth comes from the calculations in Step 17 and 18.  Using the formulas 

for solar radiation on tilted surfaces, consider vertical surfaces directed east and south:  

Step 17.  The fraction of direct component of solar radiation on an east-facing vertical 

surface is 
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)sin()cos( HfVE   

Step 18.  The fraction of direct component of solar radiation on a south-facing vertical 

surface is 

)cos()sin()cos()cos()sin( HLLfVS    
 

Steps 17 and 18 correspond to the projections on east and south facing vertical 

planes.  Given those, the sun’s azimuth angle azimuth
sun  can be found as follows: 

Step 19.  Sun’s azimuth angle, azimuth
sun  (in degrees) 

If 0VEf , 
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1cos

VSVE

VSazimuth
sun

ff

f
  degrees, 

 

If fVE < 0 , fsun
azimuth =180 + cos-1 fVS

fVE
2 + fVS

2

æ

è

ç
ç

ö

ø

÷
÷
 

Step 20.  Cosine of the Incident angle, β (in degrees) 

cosbincident = sinqsun
zenith sinqpanel

tilt cos fsun
azimuth -fpanel

azimuth( )+ cosqsun
zenith cosqpanel

tilt  
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