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ABSTRACT 

 A number of research and development groups and several renewable project 

operators have examined combining wind power production with on-site solar power 

production.  Past research has been devoted to small, off-grid applications only.  In the 

absence of actually building a utility-scale project, short time scale (5 minutes) estimates 

of combined power production are difficult to simulate due to the lack of hub-height wind 

data combined with on-site solar insolation data available in similar time scales.  This 

presentation will present hub-height, high-fidelity, wind data from the Texas Tech 

University’s 200-meter meteorological tower combined with a co-located solar 

pyranometer to estimate short-term (5-minute) power production data.  Recent reduced 

costs associated with solar-PV may make this option more attractive in the future.  This 

analysis addresses fixed-plate, single- and dual-axis PV arrays. 

 This presentation also includes an economic analysis of the wind-only, solar-only, 

and combined wind-solar plants.  Over the past few years, renewable energy has entered 

the electrical grid at an exponential rate.  To reduce the uncertainties for the grid 

operator, wind power plants “firm” their production under power purchase agreements 

(PPA’s) paying penalties when the “firm” production is not met.  This puts more risk on 

the wind power provider in order to secure a higher sale price.  Since wind power is best 

at night and solar power is only during the day, by combining their synergies, uncertainty 

is reduced and higher PPA’s are possible.  This analysis will present economic estimates 

of the ability of plant operators to secure higher purchase prices for power by raising the 

“firm” production level and reducing the uncertainties. 

v 
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CHAPTER 1 

 

Introduction 

 Given the current energy business climate and its continuous change over the last 

few years, governments are stepping in and encouraging renewable energy development 

in a variety of ways.  States are issuing Renewable Energy Standards (RPS) as the federal 

government is providing financial support and considering Green House Gas (GHG) 

taxes on large power companies.  The volatile energy market is constantly criticized as 

prices begin to soar. 

 Current energy sources for electric power production are coal and natural gas, 

both of which emit several thousand tons of CO2 daily.  As oil prices begin to climb, 

more domestic wells are drilled, increasing the amount of natural gas available and 

creating more supply than demand, lowering the costs of natural gas.  The decreasing cost 

of fuel for electric power production will have a positive effect on the economy but not 

on the environment.  This is where renewable energy steps in.   

 In lieu of the recent Japan quake and tsunami, nuclear generation is being seen in 

a more negative light.  While it is GHG emission free, possible problems trump its 

positive aspects.  Wind and solar are other proven renewable, and inexhaustible, energy 

sources.  However, their intermittent generation is a long-standing criticism.  

Continuously increasing efficiencies in both technologies are making them more 

affordable and more attractive in both small and large-scale development.  Past, current, 

and future projects are either wind or solar, yet, no one has used high fidelity, co-located 

solar and hub-height wind data to examine the complementarity of the two sources on a 
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short (five-minute) time-scale.  Wind has proven itself ….solar is coming, and with the 

generational strengths of the combined technologies, it is my hope that investment and 

utility companies can use this study to evaluate a combined wind and solar power 

generation facility and better determine future power purchase agreements as well as the 

future renewable energy development for our country. 
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Chapter 2 

 

Previous Work 

Over the past few years, there has been little research in collocating wind and 

solar on a utility scale.  Previous work has been concentrated on small, off-grid structures 

and homes that are located in remote settings where placement of electric lines become 

cost prohibitive.  Employing small DC wind turbine(s) near the residence and including 

several photovoltaic panels on the roof and walls along with energy efficient appliances, 

a small building can operate indefinitely off-grid.  Data on these types of studies can be at 

small time intervals and therefore are robust in their PV energy estimations.  However, 

the wind turbines are small and only a few meters above the surface so the wind data at 

current utility-scale hub-heights is not available. 

Other wind and solar PV studies that have been done on a utility scale are 

individual studies that are either wind or solar, not both at a single site.  Only recently 

have two studies been compiled and released.  One by the National Renewable Energy 

Labs (NREL) called, “How do Wind and Solar Power Affect Grid Operations: The 

Western Wind and Solar Integration Study,” and one by Clean Energy Associates titled, 

“Assessment of Wind/Solar Co-located Generation in Texas.”  While these studies did 

address collocating wind and solar generation, they were performed at low resolution, 

using hourly or daily wind speed and solar insolation averages.  This method does not 

follow the load accurately. 



 Texas Tech University, Chris Pattison, August 2011 

4 

The software written for these models could be easily adapted to any location 

given collocated wind and solar data.  Sun azimuth angles would also need to be 

accounted for at the new location to obtain accurate solar production estimations.  To 

account for the altitude-adjusted power curve, temperature, humidity, and pressure data 

would need to be recorded at the same time-scale as the wind data. 

 

Approach and Methodology 

 Over the last several decades, the United States has initiated measures to increase 

the viability of renewable energy.  Major focal points are on biofuels, biomass, solar, and 

wind.  Large-scale solar power is a relatively “new” technology that is expensive to 

install and maintain.  Current average pricing has installed solar PV at slightly over $7 

per Watt.  However, costs continue to be reduced by competition and production 

improvements.  Solar power generation tracks closely consumer demand by producing 

energy during daylight hours, when demand is highest.  When solar is non-generative, it 

does not consume power. 

“Solar energy is a vast resource for Texas, capable of supplying many times the 
state’s total energy needs.  It is environmentally benign and closely matches 
Texas’ daily and seasonal energy demands.” 1 
 
Wind energy is an “older” technology that has become more cost effective in both 

size and reliability with installed costs being around $2 per Watt.  However, energy 

companies have been forced to accept “green” wind power by state established 

Renewable Portfolio Standards and view it as an unreliable and intermittent power 

source.  Small increases or decreases in wind cause large power fluctuations due to its 
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power output being a cube of the wind speed.  The same is true with solar power as a 

passing cloud can reduce power generation considerably in a matter of seconds. 

Twice in the last year, the Electric Reliability Council of Texas (ERCOT), which 

maintains the grid servicing most of Texas, suffered “brown outs” and “rolling 

blackouts” due to an increase in power demand occurring simultaneously with a rapid 

reduction in wind power.  On one occasion, a cold front moved across the region 

increasing winds and wind power.  Natural gas generated electricity was reduced to 

maintain appropriate balance on the grid system.  In a very short time, the front passed 

beyond the wind farms and winds died off quickly, wind power was reduced to less than 

10% of previous output thrusting the grid into a significant shortfall.  The event lasted for 

more than two hours as other generation sources had to be brought on-line. 

The second occurrence involved a similar situation.  A passing cold front caused 

ice buildup on turbine blades causing them to reduce power and eventually shut down.  

Again, the grid was left with a shortfall as natural gas fired generators were brought on-

line.  Learning from the previous experience, some back-up generation was placed at 

standby allowing this shortfall to last only 40 minutes. 

Wind power is typically available when wind speeds are high enough.  Due to the 

presents of nocturnal low-level jets, large-scale turbines operating in the Great Plains, 

typically produce best at night when the atmosphere is more stable and production 

decreases during the daytime when the atmosphere becomes more unstable.  When a 

wind power plant is not producing power, it becomes a consumer of electrical power with 

its computers, yaw and pitch motors, lighting, as well as its heating or cooling 
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components. These parasitic losses can be considerable, and can result in higher 

operating costs, especially during the day when prices are highest. 

In the 2008 Texas Renewable Energy Resource Assessment it was stated, 

“It is important to consider the individual resources together rather than separately 
as they offer promising synergies for complementing each other…through 
providing energy at different times.” 1 

 

 

It is this complementary of systems that this analysis will be exploring.  By firming 

wind power with solar power at a single facility, more reliable energy can be produced.   

To date, only the compatibility of small-scale, (< 100 kW) off-grid hybrid-systems 

have been explored.  To identify the compatibility of solar and wind systems, a utility-

scale wind farm will be modeled to identify the times of non-production, consumption, 

and cost effectiveness will also be determined.  For this analysis, the solar capacity is 

matched with the wind plant capacity to determine times and quantity of energy output, 

as well as the economics of combined, utility-sized wind-solar project.  Data for the wind 

energy system model is from Texas Tech University’s 200-meter tower located at Reese 

technology center in Lubbock, Texas, while solar radiation data will come from the co-

located West Texas MesoNet Reese station.  The hub-height wind data was validated a 3-

cup anemometer located at 73 meters on an adjacent tower.  Using 200-meter tower data 

at 47 meters, the estimated power output at hub height was calculated.  Then, using the 

Reese MesoNet station’s solar data, estimated power was also determined over the same 

time period.  Then combining the two, the number of times of near zero power output 

should diminish greatly. 
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Wind energy professionals have acknowledged the variability of wind energy and 

have noted its compatibility with solar, but to this point, no one has gone any further with 

its study. 

“Wind energy … has huge advantages for our region environmentally.  But wind 
is intermittent, and only the good Lord can turn it on and make it happen.  We 
can’t.  It’s all about balance.” 2  
 
It is this balance, called “firming,” that must be determined.  Firming, as defined 

by the Texas Public Utility Commission, is “a legally enforceable obligation for 

scheduled availability over a specified [amount of time.]” (§25.242)  By placing an 

amount of single- or dual-axis solar (PV) near the base of each turbine, passing clouds 

will not shut down a significant portion of the solar part of the facility as fewer arrays 

will be disrupted.  Adding solar power to the wind turbines electrical collection system 

will help reduce the installed cost of solar PV and provide more consistent power.   

By calculating monthly, seasonal, and annual wind power output, as well as the 

related amount of solar power available, a correlation was made on a monthly and 

seasonal basis to find the optimum capacity-mix of solar and wind.  Merging these two 

inexhaustible and renewable resources, a single power plant can take advantage of the 

compatibility of wind and solar and produce more-reliable and less-intermittent power. 

 Currently, there is greater renewable energy penetration into the grids than ever 

before.  By combining wind and solar PV on a utility scale, the uncertainty of generation 

is greatly reduced and reliability is increased.  In ERCOT, it is not uncommon to see 25% 

of the electric load being supplied by wind energy.  “The increased use of variable 

renewable generation is changing the situations utilities and grid operators encounter 
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Chart 1: The four types of cooling systems used 
in the U.S. for thermo-electric generation. 

while trying to manage their systems in the most reliable and cost-effective ways 

possible.” 3  

  

Water 

The difference between “used,” “consumed,” and “withdrawn” requires careful 

distinction.  Water “withdrawn” for electric generation is water taken from a source, 

warmed a few degrees during cooling, and then returned to the source from which it was 

taken.  Water “consumed” for electric generation, whether coal-fired, nuclear, or gas-

turbine, is taken from a source and evaporated in the cooling process.  Several places 

across the U.S. have ample running fresh water to “use” and return for electric 

generation.   

The United States Geological Society (USGS), a governmental agency, estimated 

that in 2005,4  an estimated 149,650 billion gallons of water was withdrawn and utilized 

in the United States.  This equates to 410 billion gallons of water per day.  Of that, 201 

billion gallons per day, 49%, were withdrawn and used in thermal-electric generation.  

This is compared to 31% (128 Bgal) of consumed water due to irrigation/agriculture.  

Only 11% (44 Bgal) of devoted water was due to public use.  

There are four types of systems that are used to 

cool the condensers of electric generation facilities: 

43% use once-through, 42% use wet recirculating 

towers, 14% use wet recirculating ponds, and dry 

recirculating systems make up the last 1% of the 
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Chart 2: 49% of withdrawn water is used in thermo-
electric generation.  Of that water, 59% is returned to the 
source while the rest is evaporated during cooling. 

cooling systems used.  Once-through cooling systems extract enormous amounts of water 

from a natural source and pass it through for a short period of time before it is returned to 

the source, a few degrees warmer.  With this method, only 3.3% of the water is 

evaporated, or consumed.  While  the dry system consumes no water, both wet 

recirculating systems have 70% evaporation rates as 

they are designed to minimize the amount of water 

withdrawn from a source and maximize cooling.  

“Because the water is evaporated, …this system 

consumes much more water than once-through 

types because the entire energy exchange is 

through evaporation of the water.” 5   

 

 

Type Cooling System % Type % Water Consumption 
1 Once-through cooling 43% 3.3% 
2 Wet Recirculating cooling towers 42% 70% 
3 Wet Recirculating cooling ponds 14% 70% 
4 Dry Recirculating systems 1% 0% 

 

Type 
% Fresh Water 

Withdrawn 
Total % of Water 

Consumed 
2005 Estimates 

(BGD) 
Total Consumption 

(BGD) 
1 49% 1.4% 201  1.4 
2 49% 29.4% 201  29.4 
3 49% 9.8% 201  10.7 
4 49% 0% 201  0.0 

   Total: 40.0 
 % Consumed Water of Total Withdrawn 20% 

 

In Texas, the numbers are only slightly changed due to the heavy agricultural 

industry throughout the state.  Over 26.7 billion gallons per day were consumed in Texas 

alone in 2005, with only 43% (11.5 Bgal) of it devoted to thermal-electric production due 

Table 1: Four different types of cooling systems are used in thermal-electric generation.  Each type evaporates/consumes a 
certain percentage of water in its cooling process.  The total percentage of water consumed is found by multiplying the 
percentage of the type of cooling system used by the percent of consumption.  This in turn is multiplied by the percentage of 
water withdrawn and the total number of gallons used in 2005, to get a total percentage of withdrawn water that is evaporated, 
and shown in Chart 2. 
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to the states large penetration of renewable wind energy.   Irrigation/agriculture 

accounted for 29% (7.7 Bgal) of water consumption in Texas with most of it coming 

from underground sources.  The remaining 28% (7.5 Bgal) was devoted to public use.  

Based on the numbers in table 1, of the 11.5 Bgal withdrawn in Texas, 2.3 Bgal were 

evaporated (consumed) by electric generation.  This equates to approximately 2.2 gallons 

of water evaporated for every kWh produced, table 2. 

 

 

State (similar 
in climate) 

Millions of 
kWh/year5 gal/kWh Millions of Gallons  

Arizona 62,551  0.32 20,016   
Kansas 36,496  0.58 21,168   

New Mexico 27,875  0.63 17,561  Weighted Average 
gal/kWh Consumed 

(Evaporated) 
Oklahoma 42,818  0.51 21,837  

Texas 248,095  0.44 109,162  
Total: 417,835  Total: 189,744 0.45 

 

However, in arid locations such as the Texas Panhandle or New Mexico, a 

continually running supply of river or lake water is not available. Large man-made 

cooling ponds would experience significant loss in volume due to natural evaporation.  

Therefore, in these areas, a large number of wells are drilled and 100% of the extracted 

water is consumed by evaporation. 

In the Texas Panhandle region, nearly all the water used for irrigation/agriculture 

is from a large aquifer known as the Ogallala Aquifer.  This resource is estimated at 

being depleted at six to eight times the rate of recharge 6.  Therefore, in the Panhandle 

Region of Texas, water is a valuable resource to the economy and should be conserved.  

Adding a solar-thermal or nuclear power plant to this region would add to the quickening 

depletion of this life-sustaining resource and become a detriment to the area rather than 

Table 2: States with similar climate to West Texas are listed and used to estimate the number of 
gallons of water consumed in the production of one kilowatt-hour of electricity to the end user. 5 
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help it increase renewable energy.  Because of this significance, only solar PV power will 

be explored in firming wind energy. 

 

Data Available 

In order to calculate estimated wind and solar power production, several 

important data values must be recorded with a high degree of accuracy.  Air temperature, 

pressure, and humidity are used to calculate air density, which is used along with wind 

speed to estimate wind power production.  Solar insolation values recorded at the same 

location as the atmospheric data and on the same time scale, allows for a higher degree of 

combined accuracy of solar PV production with the wind power. 

Texas Tech operates one of the few 200-meter towers specifically utilized for 

atmospheric data collection as well as a 60-station MesoNet (www.mesonet.ttu.edu) 

which records a plethora of data above and below the surface at five-minute intervals for 

public use. By utilizing data from the 200-meter tower at heights equivalent to the blade-

swept area of large wind turbines and the nearby Reese MesoNet station’s solar radiation 

data, times of intermittency can easily be identified.  Beginning at four meters, 

temperature, pressure, relative humidity, wind direction, and wind speed are recorded at 

30-Hertz (UTC).  Additional locations of instrumentation are at 10, 17, 47, 74, 116, 158, 

and 199 meters, with barometric pressure being recorded at 4 and 199 meters.  Wind 

direction is determined with a vane, U, V, W components, and a sonic anemometer.  The 

U, V, W instrumentation consists of Young propellers (+/- 1 m/s) in the X, Y, Z planes, 

each at 90 degrees to the others.  (Figure 1, at right)  Velocity can also be calculated from 

the U, V, W propellers by the formula (U2 + V2 +W2)^(1/2).  However, in this study, the 
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Figure 1: U,V,W instrumentation 
on TTU’s 200-meter tower. 

W component will not be utilized as only the horizontal wind speed will be considered.  

The sonic anemometers will be used as back-up to determine wind speed when either of 

the U or V components is non-functioning.  

 The 74-meter data will be used to determine “hub 

height” wind speeds for power curve production estimates.  

While blade lengths range from 30 to 60 meters and wind 

speeds generally increase with height, greater lift is typically 

attained above the nacelle instrumentation while less lift is 

acting on the turbine blades below the nacelle.  Direction 

shear, or veer, also affects the performance of turbine blades.  

As discussed in Walter (2007)7, veer can be as much as 28 

degrees from the bottom of the blade swept area to the top of the area.  Over the course of 

a year, lost production amounts to approximately 1%, therefore, direction shear will not 

be addressed, nor be a significant factor in overall turbine performance. 

 Wind power is a function of the wind speed cubed, as shown by the equation       

P = ½ ρAV3, where P is the power of the turbine, ρ is the air density, A is the circular 

swept area of the blade, and V is the horizontal velocity of the wind.  The more dense the 

air, the more power is captured by the turbine’s rotors.  Air density is affected by 

temperature, humidity, and pressure.  Density variations are addressed in estimating the 

wind power produced at five-minute intervals.  At five-minute intervals, there are 

105,120 data points for each instrument for the study year, 2009. 

 To validate the 74-meter wind speeds, a second tower located 120 meters 

northeast, utilizes a 3-cup anemometer, Figure 2, and wind vane (UTC-minus-06:00).  
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Figure 2: 3-cup 
anemometer. 

The wind speed values for both towers is used to assure that continuous 

and reliable wind speed data are recorded and used in this study.  Once it 

is determined that the data is correlated and correct, missing data points 

from the 200-meter tower recorded at 74 meters will be filled in with the 

second recording device, the West Texas MesoNet, discussed later, 

assuring continuous data.   

 The 200-meter tower wind data instruments collect data at 30 Hertz.  These raw 

files are later reduced to a single value for each second and stored.  Daily files are later 

processed at five-minute intervals for the purpose of this study.  The 78-meter tower, 

however, utilizes a 3-cup anemometer (+/- 1 m/s) and NRG data logger which collects 

data at 1 Hertz, but records only a single value that has been averaged over ten minutes.  

The ten-minute, 78-meter data is used to fill any missing data gaps from the 200-meter 

tower recorded at 74 meters.  The “missing” five-minute values are determined by 

averaging the values before and after.  For example, the 14:35 wind speed will be found 

by averaging the 14:30 and 14:40 recorded values.   

The discrepancy in height between the two towers was not addressed in this study 

as their wind speed difference is extremely small and hub-heights are typically at 80 

meters.  By not adjusting the two heights to 80 meters, wind power production will be 

conservatively under-estimated. 

 Once all the missing data values are determined, they will be inserted into the 74-

meter data from the 200-meter tower for a continuous wind speed record.  This record 

will then be matched to the solar data on the same time-scale. 
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Figure 3: Pyranometer used in the 
West Texas MesoNet. 

 West Texas MesoNet data available are soil temperature, at various depths, air 

temperature, relative humidity, barometric pressure, rain fall, wind speeds at four and ten 

meters, wind direction, and solar insolation.  The solar data is determined by a 

pyranometer at each MesoNet site, recorded in Watts per meter-square (W/m2).  The 

pyranometer at each MesoNet site is cleaned every two months with recalibration being 

performed every two years.  The Reese MesoNet site used in this study is located 413 

meters south-southwest of the 200-meter tower at the Northwest Reese Technology 

Center, in Lubbock, Texas.  Since all three measurement locations are in close proximity 

to each other, a high-fidelity, accurate assessment of both wind and solar energy can be 

determined at this site. 

“The CM3 pyranometer consists of a thermopile sensor, 

housing, a dome, and a cable.  The thermopile is coated with a 

black absorbent coating.  The paint absorbs the radiation and 

coverts it to heat.  The resultant temperature difference is 

converted to a voltage by the copper-constantin thermopile.  

The thermopile is encapsulated in the housing in such a way 

that it has a field of view of 180-degrees and the angular characteristics needed to fulfill 

the cosine response requirements.  The CM3 pyranometer is designed for continuous 

outdoor use.  It can be used in natural sunlight, due to its flat spectral sensitivity from 300 

to 3000nm.” 8 

 Early processing of the solar insolation data revealed an anomaly.  During periods 

of darkness, between the hours of 10:00 p.m. and 3:00 a.m., values of one to four Watts-

per-meter-squared were recorded periodically for up to seven days.  This was found to be 
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due to a full, or near-full moon.  These data cannot be counted as redeemable power by 

solar panels, so all of these values were made zero. 

 Lubbock, Texas, possess a semi-arid climate located on a high plateau (3,200 feet; 

975 meters) with a 10-meter average annual wind speed of 11.6 miles per hour (5.2 m/s) 

according to the National Weather Service.  Receiving the majority of its 19 inches of 

annual rain in the summer months when severe evening thunderstorms have dropped one- 

to three-inches of rain within a one-hour time period.  Winters tend to be mild with little 

snow or rain while summers can reach over 100 degrees-F for weeks at a time. 

 The West Texas MesoNet Reese data suggests there are few partly-cloudy days 

and even fewer completely cloudy days.  Table 3, below, shows the number of each type 

of day in Lubbock for 2009.  Divisions were based on the National Weather Service 

guidelines found on their web site: www.nws.gov. 

 

 

Month  Clear 
>70% 

Partly 
Cloudy 

Cloudy 
<30% 

 Jan 22 6 3 
Feb 20 5 3 
Mar 15 12 4 
Apr 18 10 2 
May 14 13 4 
Jun 14 15 1 
Jul 14 16 1 

Aug 21 10 0 
Sep 18 10 2 
Oct 17 9 5 

Nov 22 6 2 
Dec 20 4 7 

Total 215 116 34 
percent 58.9 31.8 9.3 

 

Table 3: The number and type of each day in 2009, divided according to the National Weather 
Service guidelines. 
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Figure 4: Examples of solar values for each of the 
three day types used then this study. 

It is considered a sunny day, according to the National Weather Service, when 

clouds interfere with the pyranometer recording of insolation data less than 70% of the 

time.  A partly cloudy day consists of 

more than 30% occurrences of clouds 

interfering with the pyranometer, while 

cloudy days are times where there were 

less than 30% incidences of direct solar 

insolation. Figure 4 shows solar 

insolation values of a clear, partly 

cloudy, and cloudy day in January, 

2009.  They are the first, sixth, and 

fifth respectively.  In July, the cloudy, 

partly cloudy, and clear days were 22nd, 

25th, and 26th respectively. 

In the January and July graphs above, small peaks were observed throughout the 

partly-cloudy day which exceeded the clear-day data.  This is called “cloud edge effect.”  

It is caused by the combination of direct radiation and bent radiation due to the light 

passing around the edge of a slow moving cloud as it passes over the pyranometer.  A 

“hole” in the cloud tends to intensify this effect.  One PV publication noted “…the edge 

effect peaks were good, … a new high of 2734W… That's 25% over the 2190 W[att] 

panel rating, and the 96A peak was 20% over the published 80A current limit of the 

[panels].” 9 
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 The raw, 30 Hertz, 200-meter tower data files are reduced to one-second averages 

and stored.  These files were later reduced to five-minute averages with one file per day.  

Using MatLab, an advanced mathematical programming software, the files were then 

concatenated to monthly and yearly files.  The 78-meter tower uses an NRG data logger 

which stores averaged values at ten-minute increments.  These files were loaded in-batch 

into Windographer 10, and then exported as monthly files in text form.  Again, these files 

were concatenated into a yearly file.   

 When the files from the 200-meter tower at 74 meters and the 78-meter tower 

were graphed on equivalent axis, it was determined there was approximately a 4.5 hour 

time-stamp difference between the two files and this off-set is needed to align the data 

files.  

The 200-meter tower is set at UTC.  The difference between UTC and Lubbock 

(Central) time is six hours, so it should be UTC minus six hours.  However, the 78-meter 

tower was set at Central Standard Time instead of Central Daylight Time, so there was no 

correction for daylight savings of one hour, making it a difference of five hours.  The 

half-hour difference between the two is due to the replacement of the batteries in August 

of 2008 and the incorrect time was input into the data logger, accounting for the full four-

and-a-half hours.  This additional half-hour difference was not fully discovered until this 

study was done. 

 Using the interpolation method in MatLab, the more precise amount of off-set 

time was determined.  Auto-correlating the month of January for the 200-meter tower 

recorded at 74 meters and the 78-meter tower’s 3-cup anemometer, the following table 

lists the correlation coefficients estimated by the interpolation method.  By varying the 
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off-set time by five minutes for each run, the interpolation method of signal processing 

verified that four hours and 35 minutes matched most closely. 

 

January Offset 
Time 

Correlation 
Coefficient 

0 0.278 
4 hours 0.692 

4 hrs 5 mins 0.702 
4 hrs 10 mins 0.710 
4 hrs 15 mins 0.720 
4 hrs 20 mins 0.729 
4 hrs 25 mins 0.739 
4 hrs 30 mins 0.749 
4 hrs 35 mins 0.755 
4 hrs 40 mins 0.754 
4 hrs 45 mins 0.746 
4 hrs 50 mins 0.737 
4 hrs 55 mins 0.729 

5 hours 0.718 
 

 To verify this result, the months of January through April were concatenated and 

again correlated at five-minute intervals which presented a similar result, shown in table 

5.  As before, 4 hours and 35 minutes was determined to correlate best between the two 

towers. 

Jan – Apr Offset Time Correlation Coefficient 
0 hrs 0.393 

4 hours 0.734 
4 hrs 5 mins 0.742 
4 hrs 10 mins 0.749 
4 hrs 15 mins 0.757 
4 hrs 20 mins 0.765 
4 hrs 25 mins 0.774 
4 hrs 30 mins 0.783 
4 hrs 35 mins 0.788 
4 hrs 40 mins 0.782 
4 hrs 45 mins 0.771 
4 hrs 50 mins 0.760 
4 hrs 55 mins 0.750 

5 hours 0.737 

Table 4: Correlation coefficients of the time off-set for one month in 2009. 

Table 5: Correlation coefficients of time off-sets of a complete data set. 
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Figure 5: Example of regular data loss on the 200-meter tower. 
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both towers. 
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 If the zero-values in the 200-meter tower are removed and compared to the 

corresponding 78-meter values, the correlation coefficient reaches 0.924. 

Due to the U-V propellers and 3-cup anemometer being down several times 

during the year, only the first four months of the year were greater than 95% complete 

data records.  Beginning in March and lasting several months, the last hour of each day of 

the 200-meter tower was “lost” at each level due to software issues.  Figure 5 is an 

example of data recorded in March at 74 meters from the 200-meter tower and illustrates 

the repetitive loss at all levels of the last 

hour of all data for 115 days from 23:00 to 

23:55.  This amounts to 1.3% of the total 

data.   

While the 3-cup anemometer had a 

more continuously complete record, on May 

14th, the tower was taken off-line to replace the data-logger.  After it was brought back 

on-line August 4th, the data-logger was set to the standard units of miles-per-hour instead 

of the previous metric units, meters-per-

second.  These data values were 

converted to meters-per-second using 

MatLab for consistency.  Figure 6 shows 

the U-V propellers and the 3-cup 

anemometer graphed with the 4:35 off-set 
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during the time of data logger replacement. 

When both the 3-cup and the U-V wind vector are graphed, the missing data are 

easily visible.  May and June (37,000 to 50,000) has the largest gap of “unavailable” data.  

The completed set of data can be seen in Figure 9.  

Utilizing the interpolation method in MatLab to fill in the “missing” data for the 

200-meter tower, the final data set is composed of the 74-meter data, when available, 

with the small one-hour gaps being filled in with the correlated 78-meter, 3-cup 

anemometer.  To fill in wind speeds for May and June, (data values from 40,000 to 

50,000) the 10-meter wind speed from the Reese MesoNet site was adjusted for height 

using the power law, Equation 1, and a time-sensitive shear exponent derived from the 

200-meter tower.    

Power Law:   V2 = V1(
H2/H1)

α   ( 1 ) 

V2 is the unknown velocity at the height needed, H2, while V1 is the known velocity at 

known height, H1.  Alpha, α, is the shear exponent.  However, using the 200-meter tower, V1, V2, 

H1, and H2 are all known values, so solving for alpha divulges the equation: 

α = ln(V2 / V1) / ln(H2 / H1)   ( 2 ) 

For the full data set from the 200-meter tower, shear exponents were calculated 

for every 5-minute dataset using the ten-meter and the 74-meter wind speeds for every 

value greater than 0.5.  This would eliminate any time the tower was off-line and 

recorded 0 or the default value of 0.45 m/s.  It was determined with the use of MatLab, 
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Figure 9: Calculated wind velocities for 2009 using TTu’s 200-meter 
tower, 78-meter tower, and the West Texas MesoNet. 
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Figure 7: Calculated shear exponents from the 200-
meter tower. 
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Figure 8: Average shear exponents at 5-minute intervals using 
the 200-meter tower, measured at 10 meters and 47 meters. 

that 222 days of 2009 had complete or near-complete data to compute shear exponent 

values.  To be considered near-complete, 280 or more of the possible 288 daily data 

values had to be present.  The first value of each of the 222 days (midnight) was averaged 

to give one midnight shear exponent value.  This process was continued every five 

minutes to give a time-dependent shear exponent calculated at a five-minute time step.  

The graph of the average, maximum, and minimum shear exponent for 222 days is shown 

in Figure 7 with Figure 8 showing just the averaged time-dependent shear exponent for 

the full 24 hours. 

 To fill in the missing data during May and June when both instruments were 

unavailable, the West Texas MesoNet 

wind data at ten meters was used.  The 

averaged shear exponent over time of 

Figure 8 was used to estimate wind 

speeds at 74 meters from the WTM ten-

meter data.  During the times of no data 
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Figure 10: Histogram of wind speeds and Rayleigh estimation. 

for both the 200-meter tower and the 78-meter 3-cup anemometer, the new shear-

exponent adjusted wind speeds were input into the full-year data set to complete it.  

Figure 9 shows the completed wind-year during May and June. 

At 74 meters, the yearly average hub-height wind speed, U, is 7.8 meters-per-

second with a standard deviation of 3.6 and median of 7.7.  The 74-meter wind speed 

distribution of Figure 10 is similar in shape to a 

Rayleigh Distribution which has a shape 

parameter of two.  Using the graphing 

method for this data set, the shape 

parameter, K, is 2.57 with a scale parameter, C, 

of 8.82 m/s.   

The graphing method of shape and scale parameter estimation uses the equation,  

F(u) = 1 – e^(-u/c)
k          ( 3 ) 

where u is the wind speed.  Solving for k, the equation then becomes  

ln( -ln( 1 – F(u))) = k(ln u) – k(ln c).      ( 4 ) 

Graphing the left side of the equation as the y-axis against the log of each wind speed 

value, the slope of the line-of-best-fit becomes the scale parameter, k. Then using  

Uavg = cГ(1+1/k) to solve for c.    ( 5 ) 
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 In the wind industry, the shape and scale parameters are often used to develop a 

wind speed distribution curve, which, in turn, is used for wind energy estimations.  This 

curve can be seen in Figure 9 as a red dashed line. 
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CHAPTER 3 

 

Air Density Calculation 

Turbine power curves are typically developed using sea level data.  Air density at sea 

level is determined to be 1.225 kg/m3 at 15° C and 100,000 Pascal (100 kPa).  By developing a 

power curve that is dependent on both wind speeds and altitude adjusted air density, a more 

accurate representation of power production can be obtained.  To calculate air density, parameters 

for temperature, humidity, and pressure are necessary. 

The same process used to complete the full year of wind speed data was also used to 

complete the data sets for temperature, barometric pressure, and relative humidity at 74 meters.  

Only when the 200-meter tower data was “missing” were values from the WTM input to 

complete the 2009 data record.  Before the values were input, a correlation was done between the 

200-meter tower at 74 meters and the WTM.  The average of the 4-meter and 200-meter 

barometric pressure values was compared to the altitude-adjusted WTM pressure data.  Their 

correlation values can be seen in Tables 6 and 7.  

 

200-meter tower at 74 meters 
and West Texas MesoNet 

Correlation Coefficient 
before replacement 

Relative Humidity 0.547 
Temperature 0.728 

Barometric Pressure 0.637 
 

 Complete data sets for humidity, barometric pressure, and temperature were 

obtained from the combination of the 200-meter tower and the West Texas MesoNet.  

Table 6: Correlation coefficients for the West Texas MesoNet at 10 meters and the 200-meter tower at 47 meters 
before being adjusting for height. 
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Only the “lost” data, which was recorded as “0” by the 200-meter tower, was replaced 

with the height or altitude adjusted MesoNet data.  Data values of zero accounted for less 

than 4% of the overall data.  Another correlation was then done with the 200-meter tower 

data after the zero-data were replaced by the height-corrected MesoNet data.   

 

200-meter tower at 74 meters 
and West Texas MesoNet 

Correlation Coefficient 
after replacement 

Relative Humidity 0.898 
Temperature 0.962 

Barometric Pressure 0.982 
 

 Once a complete data record of each was obtained, the density of the air at 74 

meters was calculated.  Using the following equations in sequence for each of the 5-

minute average data points for 2009, the density was estimated at hub-height.   

 Each wind value had a corresponding computed air density value, ρ, calculated 

using the pressure, temperature, and relative humidity data according to  ρ = P / (T · R)   

where P is the pressure in Pascals, T is the temperature in Kelvin, and R is the gas 

constant for dry air.  With values substituted in, it takes the form 

    ρ =          ( 6 ) 

  If relative humidity was above 30%, humid air density was calculated using the 

following formula: ρ(humid air) =                 +     ( 7 ) 

Pressure in Pascals            
287.048(ºC + 273.15) 

ρ(dry air)      Pv(H20 Vapor) 

Rd · T                Rv · T 

Table 7: Correlation coefficients for the 200-meter tower data after height-corrected NesoNet data is inserted. 
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Table 8: Change in air density due to temperature and the number of occurrences of each value. 

Where Pv is the vapor pressure of water, Rd is the gas constant for dry air, Rv is the gas 

constant for water vapor, and T is the temperature in degrees Kelvin. 

When computing density, temperature or pressure discrepancies can cause slight 

fluctuations.  If the estimated temperature is ten degrees off from the “actual” value, there 

is a 0.4% change in density.  If the predicted temperature is more than 15 degrees from 

the actual value, there can be as much as a 0.7% change in density.  When comparing the 

200-meter tower temperature data at hub-height and the WTM height-adjusted data, 17% 

of the data differ by more than four degrees Celsius but only 1.3% varies by 10 degrees 

or more.  

 

Degrees C different Number of Occurrences % of Data Difference in Density 
< 1 18,744 17.8% 0.088% 

1 to 1.99 36,261 34.5% 0.049% 
2 to 2.99 20,065 19.1% 0.088% 
3 to 3.99 11,724 11.2% 0.125% 
4 to 4.99 4,913 4.7% 0.163% 
5 to 5.99 3,822 3.6% 0.203% 
6 to 6.96 3,098 2.9% 0.242% 
7 to 7.99 2,492 2.4% 0.282% 
8 to 8.99 1,521 1.4% 0.321% 
9 to 9.99 1,078 1.0% 0.360% 

10 to 10.99 593 0.6% 0.399% 
11 to 11.99 357 0.34% 0.437% 
12 to 12.99 228 0.22% 0.475% 
13 to 13.99 122 0.12% 0.513% 
14 to 14.99 63 0.06% 0.551% 
15 to 15.99 25 0.02% 0.588% 
16 to 16.99 12 0.01% 0.625% 

17+ 2 0.002% 0.662% 
total 105,120 17.4% of 4 degrees or more 

 

When comparing the WTM altitude-adjusted pressure to the 200-meter tower 

average pressure, there were few occurrences of pressure differences greater than 10 

Pascals.  A pressure difference between the recorded pressure and the actual pressure 
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Table 9: Change in air density due to pressure differences and the number of occurrences of each value. 
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Figure 11: Change in air density over 2009. 

changes the air density very little.  The following table shows the effect of a difference in 

pressure. 

 

Pascal difference Number of occurrences % of data Difference in Density 
6 to 6.99 230 0.219% 0.007% 
7 to 7.99 145 0.138% 0.009% 
8 to 8.99 87 0.083% 0.010% 
9 to 9.99 61 0.058% 0.011% 

10 to 10.99 44 0.042% 0.012% 
11 to 11.99 34 0.032% 0.014% 
12 to 12.99 27 0.026% 0.015% 
13 to 13.99 9 0.009% 0.016% 
14 to 14.99 5 0.005% 0.017% 
15 to 15.99 6 0.006% 0.019% 
16 to 16.99 3 0.003% 0.020% 
17 to 17.99 2 0.002% 0.021% 
18 to 18.99 1 0.001% 0.022% 
19 to 19.99 0 0.0% 0.023% 
20 to 20.99 1 0.001% 0.025% 

greater than 20 0 0.0% 0.026% 
total 628 0.597%   

 

For the constantly changing air densities, a sixteen degree C higher and twenty 

Pascal lower discrepancy equates to a 0.87 % change in air density.  Thus, all computed 

air densities are estimated to be within 1% of the actual air density.  Figure 11 shows the 

density change over time during 2009, with 

higher densities during the cold and dry 

winter months and lower density 

during the hot summer months.  Sharp 

“spikes” during the summer months shows 

times of thunderstorm activity with 

lower, followed by higher density after the humid storm front passes. The average air 

density at Reese for 2009 was 1.07 kg/m3.  For reference, sea-level standard density is 
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1.225 kg/m3.  By using an altitude-adjusted power curve, a more realistic representation 

of power production can be developed. 
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CHAPTER 4 

 

Wind Power Estimation 

 Using the computed air density data set paired with its concurrent wind speed 

value, highly accurate, high-fidelity power output from a wind turbine can be calculated.  

Using the power equation, power output from any turbine can be computed given the 

correct turbine-specific parameters. 

Power Output = ½ Cp·ρ·A·V 3· Ɛ    ( 8 ) 

where the Cp is the coefficient of power, ρ the density of the air, A is the swept area of 

the turbine blades, V is the wind velocity in meters-per-second, and Ɛ is the drive-train 

and generator efficiency of the turbine.  For the coefficient of power, Cp, modern turbines 

have values as high as 0.48.  For this estimation, 0.46 was used to account for less-

efficient designs, soiled blades, and other reductions in efficiency.  Air density values are 

typically done at sea level and are 1.225 kg/m3.  The efficiency of the turbine drive train 

and generator, Ɛ, was set at 90%.  A blade length of 31 meters was used in this study as 

five different one-Megawatt turbines were found to have blade lengths of 30, 31 or 32 

meters.  The cut-in wind speed is set at three meters/second with rated power being 

attained at 11.5 m/s, and the cut-out wind speed set at 25 m/s, as shown in Figure 12. 
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Figure 12: Power curve estimation based on the power equation, efficiency, and air density. 
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Figure 13: Estimated power production histogram from a 1 MW wind turbine based on 2009 wind speeds 
and air densities. 

(kilowatts) 

 A 1 MW turbine was chosen as the study parameter as currently, only 1 MW DC-

to-AC inverters are available for utility-scale solar PV conversion.  As technology allows 

for larger inverters, a larger amount of solar power production could be studied. 

 Based on the above power equation and using the varying air density and 

changing wind speeds, the altitude-adjusted power output from the study’s one Megawatt 

turbine, shown in green with an air density of 1.07 kg/m3, can be accurately estimated.  

Using signal processing in MatLab, a histogram of the turbine power output can be easily 

generated, Figure 13.  Over 21,800 five-minute occurrences (1,817 hours) of full output 

power was estimated along with 4,649 five-minute occurrences (476 hours) of zero-

power output.  Each histogram bar equates to 10 kW of produced power. 
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 Power output measured directly from the turbine equates to a total of 4,000 

Megawatt-hours (MWh) for 2009 and possesses a capacity factor of 45.7%.  Once the 

power is transmitted, a loss in collection cables and transformers reduces the capacity 

factor.  Wind power facilities currently in operation use 12% to estimate total losses due 

to cables, transformers, icing, wake effects, and the availability of the turbine.  This study 

used 11.9% for total losses in the system as seen in the wind pro-forma in Appendix A. 

 The cables which lead from the turbine to the ground are quite short (300 feet) in 

relation to the electrical collection system, so no losses are estimated over this distance.  

The first loss from the turbine is then estimated at the pad mount transformer located at 

the base of the turbine.  While each transformer has its own efficiency curve, all follow 

the same general path.  At low load power, efficiencies are low, increasing to nearly 98% 

efficient when the load is near 30% of rated power.  However, as the delivered power 

continues to increase, efficiency begins to decrease as the transformer core becomes more 

saturated.  Using the same 1000-kVA transformer for each study, this transformer would 

convert the 690-volt turbine output into 34.5 kV for transport to the grid.  Due to electric 

power’s voltage being an inverse relation with amperage, the input amperage would be 

near 1,700 Amps going into the transformer and less than 30 Amps upon exit.   

 Several online sites which feature the efficiency curves of their transformers are 

shown in blue in Figure 14.  Fifth- and sixth-degree polynomial equations were used to 

estimate this efficiency curve.  The 5th degree polynomial over-estimated the curve as a 

small portion of the graph, between 30% and 40%, had over 100% efficiency while the 

6th degree polynomial estimated the efficiency more accurately with no values over 
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Figure 14:  Transformer efficiency curve and equations used in this study. 
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Figure 15: Estimated turbine power output with transformer effect 
for July through September, 2009. 

98.3% efficiency.  The 6th degree 

polynomial was used until the 

core reached 60% saturation, at 

which point the 5th degree 

equation was used. 

In MatLab, the power 

output from the turbine was changed to a load percentage of the transformer, which was 

then equated to an efficiency percentage.  This percentage was then multiplied by the 

power output of the turbine.  Figure 15 shows the turbine power output and the resulting 

“sellable” power after the transformer’s 

efficiency has been applied.  The 

summer months tend to produce 

the least amount of wind power 

so July, August, and September 

are shown at right to illustrate the 

difference between turbine and 

transformer power output. 

 If a transformer is rated at 1000 kVA, it is capable of delivering greater than its 

rating for short periods of time as they are built with a safety factor.  This safety factor 

will allow up to ten times the base current of the winding for up to five seconds, five 

times the base current of the winding for up to eleven seconds, or twice the base current 

for 15 seconds. 11  
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Figure 16: Power curve estimation and the associated effect 
of the transformer. 
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Figure 17:  Broken into 10kW bins, these histograms show turbine power output distributions after the transformer. 

When a gust of wind strikes the turbine blades, temporary “over power” occurs 

for a few seconds and the turbine produces 

more than its rated output.  A 1 MW 

turbine can produce 1.3 MW or more of 

power for several seconds until the blades 

pitch and reduce output, protecting the 

generator and other electronics.  Over-

power is primarily found in the transition from Region II into Region III.  This benefit in 

additional production was not recognized in this study as evidenced in the power curve 

shown in Figure 16. 

 Not allowing times of over-speed, the histogram in Figure 17, showing power 

production, displays a pronounced number of full-power occurrences as well as times of 

no power output. 

 Once the turbine’s output power has been affected by the pad mount transformer, 

the new estimated power production is 3,564 MWh and the capacity factor becomes 

40.7%. This is a difference of 435 MWh of losses over the course of a year, which 
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Figure 18: CDF of turbine output power 
measured in Watts. 

equates to an 11.8% overall decrease in wind energy production.  This is well within 

wind farm estimation of electrical losses at 10 to 12%. 

A cumulative distribution function (CDF) of transformer output power values is 

broken down into Watt estimations in Figure 18.  Slightly under 9% of the time, the 

turbine is non-productive, producing no output power.  

Once the turbine is productive, its CDF is almost linear 

until it reaches 80%.  This means that 20% of the time, 

the turbine is producing at maximum power.  The one 

Megawatt of power output is reduced to 880 kilowatts at 

the transformer.  Half the rated output is experienced 61% of the time.  A list of values 

and associated percentages can be seen in Table 10. 

Output in Number of 5-minute   At or below At or above 
Kilowatts Occurrences Hours Percentage Percentage 

0 4,649 387 4.4% 100% 
1 1,546 129 5.9% 95.6% 
2 1,699 142 7.5% 94.1% 
3 1,123 94 8.6% 92.5% 
4 926 77 9.5% 91.4% 
5 773 64 10.2% 90.5% 
6 602 50 10.8% 89.8% 
7 549 46 11.3% 89.2% 
8 558 47 11.8% 88.7% 
9 517 43 12.3% 88.2% 
10 461 38 12.8% 87.7% 
20 3,532 294 16.1% 87.3% 
30 2,467 206 18.5% 83.9% 
40 2,147 179 20.5% 81.5% 
50 1,724 144 22.1% 79.5% 
60 1,488 124 23.6% 77.9% 
70 1,296 108 24. 8% 76.5% 
80 1,295 108 26.0% 75.2% 
90 1,235 103 27.2% 73.9% 
100 1,241 103 28.4% 72.8% 
200 9,572 798 37.5% 71.6% 
300 8,373 698 45.4% 62.5% 
400 8,675 723 53.7% 54.6% 
500 7,836 653 61.2% 46.3% 
600 5,646 471 66.5% 38.8% 
700 4,575 381 70.9% 33.5% 
800 6,530 544 77.1% 29.1% 
900 24,085 2007 100% 22.9% 

Table 10: The number of occurrences of each power output and its associated percentage of production. 
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Figure 19: Mean wind power output 
shown over 24 hour time-scale. 
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Figure 20: Seasonal turbine power production 
average over the time of day. 

 Breaking down the power production of the 

turbine through the transformer, it is easily shown 

on a time-dependent graph, Figure 19.  In the 

same process as computing the shear exponent 

previously, mean transformer output power is 

graphed on a five-minute time scale for 24 hours 

over the whole year.   

 The graph can also be selective on 

specific days in order to be season-specific 

(Figure 20).  Selecting the first day of spring, 

summer, fall, and winter as division points, 

wind power averaged over the various seasons 

have familiar production patterns and are similar 

in shape. 

Not only are times of production important, but also times of no power 

production.  When the turbine isn’t producing, not only is energy not being sold to the 

grid, the power plant becomes a consumer with various parasitic systems.  The duration 

of these non-productive times can span for a few minutes up to several hours, as shown in 

Figure 21.  Reducing the number of zero power intervals can increase revenue 

significantly. 
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Figure 21: Histogram of turbine non-productive 
times and the length of each non-productive time. 

 

 

 

 

If the non-production time is during the night, the load tends to be lower, so 

balancing it is easier and less revenue is lost as energy costs are lower.  If, however, the 

non-productive time happens between the hours of 10 a.m. and 5 p.m., load demand is 

characteristically higher, and normally increasing, which can create a disturbance in 

balancing the load with higher costs for parasitic power being incurred.   

Not only is revenue not generated during times of non-production, but under a 

“firm” PPA, the wind power plant must pay a purchase price to the purchasing authority 

to off-set their non-production as well as pay for the parasitic consumption of the wind 

facility.  If a 100 MW wind facility signs a “firm” PPA for 30 MW, they must provide 

this amount of power or more at all times or pay for any short-fall.   

When a turbine sits idle and non-productive, its computers, lighting, 

heating/cooling, and various motors consume power.  Assuming an average of 1100 

Watts per hour of usage, a 100-turbine facility producing 10 MW of power can, in a 
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Figure 22: Time sensitive PPA and revenue 
generation based on time of day for 2009. 

8 a.m. 
8 p.m. 

matter of minutes, become a 1 MW consumer, causing an 11 MW swing on the local 

grid.  If the shortfall is during the night, the consumption price is low, but if it is during 

the late morning or afternoon, the consumption prices can be quite high.  Day time 

parasitic losses can cost as much as 10 to 15 cents per kWh during the high-load time of 

the day.  The wind-only power plant would consume more than $650 per turbine at 10 

cents/kWh over the course of the year in parasitic consumption during non-production.  

This payout is on top of the firm-PPA shortfall. 

 A power purchase agreement that is time sensitive, Figure 22, can reduce risk for 

the system operator and secure a higher price for wind facilities.  If a wind power plant 

falls below their agreed-upon firm output, the plant must pay the grid operator for short-

falls, as the power must be fulfilled from 

elsewhere.  If, for example, the PPA is set at 

$35 per MWh between the hours of 8 p.m. 

to 8 a.m. (low load) and $45 per MWh from 

8 a.m. to 8 p.m. (high load), there would be 

both advantages and disadvantages. The major 

disadvantage is that the wind power plant 

would be responsible for paying for any power below their agreed-upon firm production 

rate and would pay the higher price during the day to help off-set the high-demand prices.  

However, the additional revenue during the fall, winter, and spring would more than 

make up for losses incurred during the summer months.  By breaking down power 

production and the associated revenue into two production time-frames, it is easy to see 
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that there is more production at night; but with a time-sensitive sale price of energy, 

nearly the same revenue can be made during the day. 

 

Time MWh Price/MWh  Total 
8 am to 8pm 1476 $   45.00 $  66,407 
8 pm to 8am 2088 $   35.00 $  73,094 
 3564 Total $139,501 
    

Time-sensitive Revenue 
Short-fall 

cost 
Total 

Revenue 

Day price ($45)  $ 66,407  $     9,083 $57,324  

Night price ($35)  $ 73,094  $     5,756 $67,338  

   $124,662  
    

PPA Sale Price Revenue 
Short-fall 

cost 
Total 

Revenue 

$35 per MWh $124,744   $  13,557  $111,187  

$45 per MWh $160,385   $  17,430  $142,955  
 

 With the power provider paying the related time-cost for energy short-falls under 

the firm PPA, there is an annual pay-out of $9,100 per turbine for daytime non-

production and $5,800 for non-production at night.  Subtracting the non-production pay 

outs from the total revenue, net income would be slightly more than $124,000 per “unit” 

per year.  This is 12% higher than a PPA of $35 per MWh but 13% lower than the $45 

per MWh price.  Since the PPA price is determined by the amount of risk the provider 

and operator are each willing to accept, the above estimations are subject to change. 

Table 11, 12, and 13: Time sensitive firmed PPA and the associated production, revenue, and expenses based on 
a day and night time rate from a single 1 MW turbine located at Reese Technology Center. 



 Texas Tech University, Chris Pattison, August 2011 

39 

Figure 23: Layout of currently operating wind farm and collection system built in WindMil 
electrical engineering software with estimated line capacities. 

Wind Only Facility 

 

By including and studying a real wind facility, changes in the system can be 

easily noted.  Collection circuit capacity can be a limiting factor and can cause greater 

losses over the system.  By designing the system appropriately, a combined facility can 

operate at peak performance with minimal losses. 

The above WindMil 12 (MilSoft®) electrical engineering diagram, shown in 

Figure 23, is of 48 one-MW wind turbines with output voltage of 590 volts and 

underground collection designed at 34.5 kV.  Associated three-phase transformers are set 

at 1 MW with 5.2% impedance and each turbine has a 98% power factor.  All lines are 

underground until just before the sub-station.  Sub-station output voltage and efficiency is 

not analyzed in this study as it can range from 69 kV to 345 kV depending on the 

available transmission lines. 
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 Collection lines at the ends of each row (circuit) are 1/0 (one-ott) aluminum lines 

for the first seven turbines, until it reaches approximately 53% of capacity (green lines).  

Beyond 50%, line losses begin to escalate, so a larger 1000 MCM (thousand circular 

mill) aluminum line is then used.  At the substation, these trunk-lines are 46% of capacity 

(circuit 1) with 16 turbines and 48.6% capacity (circuit 2) with 17 interconnected 

turbines. 

 For this analysis, the sub-station voltage is set at 122 Volts to estimate the voltage 

drop across the system and assessing losses in kilowatts and kvar.  The overall collection 

system losses are estimated at 279 kW.  Over the course of a year, that would amount to 

90 MWh of lost production or 2.5% of total production.  Other estimated collection 

system losses are 2,686 kvar of relative power, over 35% of that is due to charging the 

turbine generators.  The total system can deliver up to 48.5 MW of sellable power when 

operating at full capacity.  (The complete report can be found in Appendix B.) 

 The 279 kW of loss is calculated at 100% generation capacity and would amount 

to 2,444 MWh lost annually.  However, since actual wind generation is frequently less 

than rated capacity, actual annual losses would be less than 700 MWh, 0.5%, for the 

entire 48 MW wind power facility, and lost revenue near $38,000 per annum at $57 per 

MWh. 
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Figure 24: From “2009 Wind Technologies Market Report.”13 Wind farm projects 
and their installed costs with weighted averages for the last 25 years; used to estimate 
the installed costs for a wind farm in 2009. 

Wind Plant Installed Costs and Economics 

 In 2009, the capacity-weighted average installed cost13 for a wind power plant 

shown in Figure 24 was $2,120 per kilowatt with values ranging from $1,400 to over 

$4,000/kW.  (2010 prices could be as low as $1,600/kW.  If copper, steel, and petroleum 

prices continue to increase, 2011 prices could be over $2,600/kW, increasing the 

purchase price of wind energy).  Nonetheless, this represents a 9% increase over the 2008 

installed capacity-weighted 

average and a 63% increase 

over projects built from 

2001 to 2004. This 

translates to an $0.80 per 

Watt per year increase in 

installed costs over the last 

five years.  The estimated installation cost of this study’s one Megawatt turbine “unit” 

established in 2009 is approximately $2.12 Million dollars. 

 The levelized cost of energy, LCoE, for all forms of power production is typically 

done over the expected life of the equipment used to produce the power.  In the wind 

industry, this is typically 20 years and has the form: LCoE = (Total System Cost) / 

(Lifetime Energy Produced). 

For this part of the study, a ratio of initial capital cost (ICC) to one year of annual 

energy production (AEP) is done for comparison purposes, so all cost values that are 

production-dependent are limited to one year instead of a twenty year projected life.  
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Later, a 20-year pro-forma will be analyzed for wind only, solar only, and two for the 

combined wind-solar power plants.  The first combined plant will be a “Supplementary” 

option where solar is added to an existing wind farm.  The second option will be an 

“integrated design,” where an optimally combined power plant is constructed.  The wind-

only, single-year breakdown is shown in Table 14. 

 

1 Year 
MWh 

Delivered 
Capacity 
Factor 

Estimated 
2009 cost Cost/Watt 

One-year 
ICC/AEP  

Wind 3,564 40.7% $2,120,000  $   2.12 $  0.60 
 

 

Wind Only Pro-Forma 

 One way wind farms measure their current and future asset management is 

utilizing a pro-forma.  This 20-year assessment incorporates several aspects of pre-

construction, construction, and post-construction costs as well as turbines and their 

warranties, O & M, royalties, revenue, taxes, and debt.  From this document, a wind 

power facility owner/operator can anticipate future costs of energy, maintenance, and an 

internal rate of return (IRR) for investors.  Once all values are determined, a required 

PPA value is established and then sought by the wind facility developers.  Realistic 

values are chosen given the current business climate.  Typical required PPA’s for wind 

range from $45 to $60 per MWh. 

Table 14: Wind power estimations based on one year of data.  Values for a one-year Installed Capital Cost per 
Annual Energy Production (AEP) are performed instead of the typical 20 year estimations for consistency.   
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Figure 25: Estimated 20-year Internal Rate of Return for a wind 
power facility based on a $57 per MWh PPA. 

 

 

FINANCIAL ASSUMPTIONS  
Escalation Rate - O&M 2.30% 
Escalation Rate - PPA Price 2.00% 
PPA Price (Year of Construction & 1st 
Year of Oper.) $57.00 
Discount Rate for NPV Calculation 9.9% 
Production Tax Credit  Yes 
 
 
 
 
 
 
 
 
 
 

  
DEBT INFORMATION  

Cost of Construction Financing Funds 8.00% 
% Equity Financing  55.0% 
Equity Financing ($000) $121,619 
% Senior Debt Financing 30.0% 

Senior Debt Financing ($000) $66,337 
Senior Debt Term 15 
Interest on Senior Debt 8.00% 
% PTC Debt Financing 15.0% 
PTC Debt Financing ($000) $33,169 
PTC Debt Term 10 
Interest on PTC Debt 6.00% 
Target Equity Return 10.00% 
Weighted Average Cost of Capital 9.900% 

 

 Over the 20-year expected life of a wind power facility, each year’s IRR can 

easily be determined.  Figure 25 shows the year-by-year IRR for the above pro-forma 

analysis of a wind power facility with a PPA of $57/MWh beginning four years into the 

PTC ($36 PPA with $21 PTC). 

 The decrease in IRR at year 

10 is due to the PTC expiring and 

additional costs being started.  This is 

coincident with the subordinate debt 

being paid off.  Five years later, the 

Table 16: Input values for debt financing to complete the 20-year pro-forma.  Complete page layouts can be seen in 
Appendix A. 

Table 15: Input values for estimating the Pro-forma for wind only.  An estimated PPA of $57 was used for this study 
as $35 is the cost of energy and $22 is the production tax credit.  Escalation values are used starting the third year of 
production due to estimated increasing energy and maintenance prices. 
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Senior debt is paid off which again begins the increase in IRR to the end of the project.  

Since the expected life of a turbine is 20 years, greater expenses start as turbines begin to 

fail and are possibly replaced with newer ones.  This pro-forma does not extend past 20 

years as there are multiple options available to the plant owner/operator.   

 The complete wind pro-forma layout can be seen in Appendix A. 
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CHAPTER 5 

 

Solar Only 

 Over the last few years, the solar photo-voltaic industry has seen improvements in 

production, efficiency, and reduced operating costs.  Several advancements have been 

made over several areas of silicon solar production.  Some of these improved efficiencies 

include mining, refinement of silicon, ingot manufacturing, diamond-wire technology for 

cutting wafers, cell construction and materials, painted wires, and improved automation.  

Combined, they have reduced solar PV costs from over $8 per Watt to under $4 per Watt.  

One company, FirstSolar, has claimed that production has been lowered to less than $1 

per Watt, down from $1.25 in 2009. 

In 2007, a newly installed PV power plant was estimated to cost $8.08 per Watt 

compared with slightly over two dollars per Watt for wind.  In 2008, the increased cost of 

silicon encouraged several entrants into the silicon mining market as well as PV 

production plants reducing solar PV to $7.18 per Watt installed.  The economic fall in 

2009 saw greatly reduced silicon prices as well as an abundance of PV producers further 

reducing the cost of solar PV.  The lowest price for solar PV in 2009 was estimated at $7 

per Watt installed.  Recently, a crystalline-silicon PV panel manufacturer was able to 

reach a mile-stone in production, reaching less than $1 per Watt.14  By using a single axis 

system to maximize solar energy production, the cost per Watt installed could be reduced 

significantly as current prices are nearly 50% of solar PV’s lowest 2007 cost. 
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 A single-axis tracking array reduces the number of solar PV panels needed for 

production and increases the kilowatt-hours of energy, thereby reducing costs.  In a study 

done by NREL2, it was found that there was a 33.3% increase in power production with 

the single-axis solar panel over a flat panel.  Dual axis tracking further reduces the 

number of panels needed, however, the added cost of the positioning motors and tracking 

software, increases the overall cost per Watt.  The increased production was estimated at 

41.1% over fixed panels.  The 7.9% difference between single- and dual-axis is due to the 

sun’s angle change between winter and summer.15 

 If a wind farm is comprised of one-Megawatt turbines, a one-ott (1/0) aluminum 

or copper underground cable is capable of inter-connecting up to 16 one-Megawatt 

turbines at a voltage of 34.5 kV.  By adding one Megawatt of AC solar PV at the base of 

each turbine and combining the two outputs, the same collection system can now connect 

only eight of the turbine-PV components.  The added cost of only half the number of 

additional cables further reduces the installed costs of the solar PV portion.  If combined 

output power is limited to one Megawatt by curtailing wind power, there would be no 

overload capability with the existing collection system so there would be no added 

expense.  While inverters are still needed, the next added cost is the increased size of the 

pad-mount transformers.  The PMT for wind power would convert one Megawatt at 560 

volts to 34.5 kV.  Increasing it to two Megawatts would account for a sunny and windy 

day where both wind and solar PV would produce at near maximum power, requiring 

larger collection cables or fewer combined systems interconnected.  However, two 

Megawatts of combined output amounts to less than 800 five-minute occurrences over a 

twelve-month period, which accounts for only 66 of the 8760 hours in a year and 
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quantifies to less than 1% of the time.  The increased cost for the larger PMT, 

approximately $10,000, would only be applicable to the solar side of the power plant and 

therefore further reduce the installed cost of the solar PV plant. 

 A solar PV power source must utilize an inverter to establish usable energy.  

Inverters range from a few Watts to one Megawatt, and only recently up to two 

Megawatts (2011).  PV panels placed on homes are oftentimes shaded.  This shading 

reduces the effectiveness of the panels.  “In systems utilizing a central inverter, the 

poorest performing module will determine the system’s overall harvested power... 

shading on just a few cells on a single module in a string can degrade performance by 

over 50%,” 16 says Paul Engle, CEO of Enecsys, a micro-inverter manufacturer.  With a 

micro-inverter mounted on the back of each panel, “Reductions in output from one 

module have no impact on other modules in the system, as each is an independent, 

optimized AC power producer.”  Having over 5000 individual micro-inverters at a single 

location is more expensive than a single, large inverter, making it the cheapest option.  

Shading will be discussed in detail in the next section. 

There are several types of solar energy available.  Thin-film technology is 

growing rapidly with its rising efficiency and decreasing costs, but is still expensive when 

compared to other technologies.  Concentrated solar thermal is a technology that has 

proved economically viable with several power plants already constructed.  There are two 

type of solar-thermal:  mirrored panels and parabolic trays.  In one type, hundreds of 

large mirrors are arranged in a circle or semi-circle and reflect the sun’s light energy onto 

a central power tower where super-concentrated saline, held at 560° F, is pumped up the 

central power-tower and heated to over 800° F.  The super-heated saline is then used to 
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heat water for a steam generator in the production of electricity.  The heated saline can 

also be held in an insulated storage tank where it can be used up to a week later.  

Efficiency for this method of electrical energy is over 80%. 

The second type of solar-thermal is a parabolic trough.  Long parabolic mirrors, 

which can be hundreds of feet long, track the sun and concentrate its light energy onto a 

focal point one to two feet in front of the mirrors.  A thin tube, transporting special oil, is 

placed at the focal point.  As the fluid is moved down the tube, it is heated by the mirrors 

until it is over 800° F.  The hot oil is then used to heat the liquid salt.  Like the power 

tower, the heated fluid can be used immediately or stored for later electrical generation. 

In both cases of solar-thermal, heated fluid is used to heat water into steam to 

power a generator that will produce electrical energy.  However, additional water is 

needed to cool the steam to repeat the process of generation. 

 

Shading 

One issue, which can be overcome by single-panel micro-inverters, is shading, as 

PV modules are extremely sensitive to shading. Unlike a solar thermal panel which can 

tolerate some shading, many brands of PV modules cannot even be shaded by the branch 

of a leafless tree without suffering significant losses in production. 

  Shading obstructions can be defined as “soft” or “hard.”  If a tree branch, roof 

vent, chimney or other item is shading a panel, even from a distance, the shadow will be 

diffuse or dispersed and move over time.  These “soft” sources significantly reduce the 

amount of light reaching a cell(s) within a module.  “Hard” sources are defined as those 
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= or 

Figure 26: 36-cell solar panel with slight shading. 

Figure 27: Example of shaded PV cells that reduce the output 
power to half its production potential. 

that literally stop light from reaching the cell(s), such as a blanket, fallen tree branch, bird 

dropping, etc., sitting directly on top of the glass.  If even one full cell is hard shaded, the 

voltage of that module will drop to half of its un-shaded value in order to protect itself.  If 

enough cells are hard shaded, the module will not convert any energy and will, in fact, 

become a drain of energy on the overall system. 

Partial-shading, even on one cell of a 36-cell module as shown in Figure 26, can 

significantly reduce its power output.  Because all cells are connected in series, the 

weakest cell will bring the others down to its reduced power level.  Therefore, whether 

half of one cell is shaded, or half of a row of cells is shaded, the power decrease will be 

the same and proportional to the percentage of area 

shaded, in this case, 50%.  A micro-inverter placed 

on the back of each panel can correct this problem 

but at a higher price than a single, large DC to AC 

inverter. 

When a full cell is shaded, it can act as a consumer of energy produced by the 

remainder of the cells in its string causing the module to protect itself and route the 

produced power around that series 

string.  If even one full cell in a series 

string is shaded, as seen in Figure 27, it 

will likely cause the module to reduce its 

power level to half its full available value. 

If a row of cells at the bottom of a module 
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is fully shaded, the power output may drop to zero.   However, by adding a micro-

inverter to reduce these occurrences, costs are increased by approximately $0.20 per 

Watt.  Since utility-scale solar is assumed to be placed in a field with no obstructions, 

micro-inverters are not addressed in this study.  Only at sunrise and sunset will any part 

of the array be shaded.   

 

 

 

Insolation Measurements 

 In order to estimate solar PV production, solar insolation measurements must be 

taken on site.  It must then be converted into power production through the photovoltaic 

process, inverter, and transformer.  Global horizontal solar insolation data was measured 

at the same site as the wind data. 

The West Texas MesoNet Reese station is located approximately 420 meters 

south of the Texas Tech 200-meter meteorological tower.  The raw data files consist of 

Solar layout one-line drawing 

DC output at 12 volts 

DC to AC inverter 

AC output at 560 volts Collection voltage of 34.5 
to grid 

Transformer 

Figure 28: One-line drawing of power flow from a solar PV panel to the inverter, 
transformer, and out to the grid for sale.  
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Figure 29: Three days of the West Texas MesoNet solar 
data had discrepancies which were fixed with individual 
day formulas using MatLab. 

air temperature, soil temperature, atmospheric pressure, wind speed and direction, rain 

gage, and solar insolation from a Kipp & Zonen CM3 Pyranometer. Recorded solar data 

are specified to be within tolerances of +/- 4 Watts-per-square-meter and are taken once 

every five seconds and averaged over five minutes.  As stated previously, the 

pyranometer is cleaned every two months and recalibrated every two years to maintain 

high accuracy and continuous reliability. 

Also stated previously was the occurrence of measureable solar data at night due 

to a bright, full or near-full moon on clear nights.  These data values were reduced to zero 

during processing.  During the initial processing phase, it was found that February 19th, 

20th, and 21st had corrupted data. 

Discrepancies in the 19th and 20th are easily recognizable while only a few data 

points near the apex of the 21st were stored as zero.  All three days were considered 

“clear” and were processed individually.  This led to three similar equations which were 

used to fill in the irregular data.   Once the 

equations were determined, data values 

were calculated and inserted into the data 

file.  Each day varied slightly from the 

others for time of sunrise, sunset, or the 

daily maximum irradiance for the day.  The 

corrected data points can be seen in Figure 29 

in red. 
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Once the typical solar year (TSY) data was complete, the number of day-types 

were determined according to the National Weather Service’s criteria.  When 70% or 

more sunshine is observed, it is considered a sunny day; when 30% or less sunshine is 

observed, it is described as a cloudy day.  Between 30 and 70% sunshine is a partly-

cloudy day.  For the Lubbock area in 2009, there were 216 sunny days, 116 partly-cloudy 

days, and 34 cloudy days for the TMY in 2009. 

 

Panel Selection 

To covert solar insolation values into power production, the panel chosen affects 

the amount of power created.  Some panels are more efficient than others and therefore 

require less area to generate the same amount of power.  Choosing the average 

technology and the average performing panel within that technology allows for a 

reasonable assessment in the study. 

The WTM recorded values, in Watts per meter square, were used in conjunction 

with performance models to estimate three types of models: ground-mount fixed solar 

array, single-axis and dual-axis array.  Several solar panel types were considered.  While 

thin-film solar is continuously improving, it is one of the costlier solar possibilities due to 

its lower efficiency; therefore it is not included in this study. 
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Figure 31: Electrical characteristics as tested at Standard Test Conditions. Module 
and cell efficiency is noted and was used to choose panel and array efficiency for 
this study.  (Price & Margolis, 2008 Solar Technologies Market Report, 2010) 17 

Table 17: Module Price, manufacturing cost, and efficiency estimates by technology, (Mehta and Bradford 2008) 17 

Figure 30: Best-in-class commercial module efficiencies, 
1992-2008, compiled from module survey data 
(Kreutzmann 2008, Photon International 1992-2008) 17 

“Two categories of PV cells are 
used in most of today's commercial PV 
modules: crystalline silicon and thin 
film [CIS, CdTe, and a-Si]. The 
crystalline silicon category, called 
first-generation PV, includes mono-
crystalline and multi-crystalline PV 
cells, which are the most efficient of 
the mainstream PV technologies 
(Figure 30) and accounted for about 
84% of PV produced in 2008 (Bartlett et. 
al. 2009)…In 2008, the typical 
efficiency of crystalline silicon-based 
PV modules ranged from 13.5% for multi-crystalline modules to 17.5% for high-
efficiency mono-crystalline modules (Mehta and Bradford 2009).  For thin-film 
modules, typical efficiencies ranged from 6.5% for a[morphous]-Si modules to 
about 10% for CIGS and CdTe modules (Mehta and Bradford 2009).” 17 

 

For this study, mono- or poly-crystalline silicon panels are most efficient at the 

lowest cost compared to thin-film.  Efficiencies range from 13 to 18 percent with some 

panels capable of 

producing over 300 Watts 

of DC power output under 

ideal conditions.  For this 

study, 16.5% cell 

efficiency at 950 Watts 
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per square meter is assumed with 1% degradation over the 12-month data. 

 

Modeling: Fixed Solar 

To estimate the ground mounted fixed-solar values, production values in the 

model were adjusted to account for the fact that the more orthogonal the panel is to the 

sun, the greater the power output.  As the sun rises to its apex, a ratio of the sun’s angle to 

the panel’s angle is computed every five minutes and applied to the recorded insolation 

data.  Many ground-mounted racking systems allow for variable angles but only in five- 

or ten-degrees increments.  The study site is located at 33 degrees latitude, therefore, 

during the winter, the minimum apex angle of the sun is 32.9º.  The best setting for the 

system would be either 55 or 60 degrees.  However, within a few days, the angle would 

be inappropriate for efficiency and would need to be changed.  The frequent changes 

would increase operating costs as panels would need to be lowered during the spring or 

raised with the onset of fall on a frequent basis to maintain optimum efficiency. 

Several different ground angles at five degree increments were considered and 

found that during the winter, the panel’s angle should be set at 45º.  This allows for the 

longest period of efficiency with the least amount of adjustment.  Once the apex angle of 

the sun reaches 56º, the panels would need to be lowered and adjusted to 15º from 

horizontal for the summer for best efficiency.  As the sun’s zenith angle decreases during 

the fall, again at 56º, the solar panels would need to be raised to 45º for maximum 

efficiency and productivity.  These adjustments can be seen in Figure 32. 
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Figure 32: Graph of the WTM solar insolation values (black) 
and the adjusted insolation values (red) due to the effect of 
the angle of the solar panels to the sun. 

Once the corrected solar values 

were determined, the power production 

from the solar panels was 

approximated.  To obtain one-

Megawatt of AC power output at 16.5% 

efficiency from the fixed solar, 657 

meters-squared of panels are 

interconnected to make a single 103 

kilowatt DC array.  Ten of these arrays would then produce approximately 1.03 

Megawatts.  These ten arrays can then be interconnected at a large sine-wave DC-to-AC 

inverter bus or interconnected AC bus to a transformer from individual panel micro-

inverters.  In either case, to convert from DC to AC, three separate equations were needed 

to estimate inverter efficiency; one for the front part of the curve to estimate 0 to 10% 

load (4 points), one for the middle (4 points) to estimate 7-21% load, and a third (5 

points) to find the end of the efficiency curve to estimate 15-100% load with the highest 

inverter efficiency of 97%, attained at 100% load.  The curve and its three equations are 

shown in Figure 33. 

Several large (250kW-1MW) sine-wave DC-to-AC inverters have attained above 

97% efficiency at rated value, but 97% is considered the highest efficiency attainable 

with this study.  With 1.03 MW DC into the inverter, at 97% efficiency, 998,952 Watts of 

AC output power is achieved.  When times of greater than 950 Watts per square meter 

are measured, power production is limited to 1.031 MW DC inflow into the DC-to-AC 
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Figure 33: Graph of the inverter efficiency curve and the three equations used to 
estimate various sections of the curve for accuracy.  Each equation was used over 
a specific portion of the curve to estimate losses converting from DC to AC. 
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Figure 34: Graph depicting the estimated solar production 
after the inverter and transformer efficiencies has been 
applied.  Blue lines above 1000 kilowatts represent lost 
power due to high insolation values. 

inverter.  The excess power is lost 

or can be redirected into a form of 

storage, discussed later. 

From the inverter, a 

transformer would be needed to 

step the voltage up to the 

collection voltage of 34.5 kV.  

The same equation used to estimate transformer losses for wind power production is used 

to estimate the varying efficiency of the transformer for all solar approximations.  The 

near one Megawatt of AC output from the 

inverter is further reduced to 0.96 MW of 

power at the output of the transformer due 

to its inefficiency.  The annual solar 

values and the effects of the inverter and 

transformer are shown in Figure 34.  Blue 

lines represent lost over production of power 

and was therefore reduced in order to protect 

the inverter. 

Orientating the ten arrays at several degrees south of east allows for greater 

afternoon solar energy production, and improved alignment with utility power demand 

and higher value of power.  The fixed-plate ground-mounted array would be tilted at 45º 

for best results when the angle of the sun is below 56º zenith, and lowered to 15º for 
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Figure 36: Daily average solar output for 2009 
based on 6750 panels and the WTM data. 
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Figure 35: Histogram showing 5-minute occurrences of solar power output 
from 6570 panels based on WTM values for 2009. 

zenith angles above 56º for best results in the spring and summer when the sun is higher, 

as described above. 

Using MatLab to estimate power production from the panels after the inverter and 

transformer, the complete power production histogram is shown in Figure 35.  Since the 

sun shines an average of half of each day, zero-values are extensive.  If the zero values 

are eliminated, the histogram is more evenly distributed with all production greater than 

1.03 MW reduced to 1.03 MW before inefficiencies, creating the “spike” at 880 kW in 

Figure 35. 

 

 

 

 

 With this estimated production in annual solar power calculated after the inverter 

and transformer efficiencies, annual production was 

predicted to be 1,679 MWh making fixed-solar’s 

capacity factor 19.2%.  By placing the data into 

five-minute, time-oriented bins and averaging them 

over the time of day for the full year, a daily average 

output can easily be estimated (Figure 36). 
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Figure 39: Cumulative Distribution Function of 
fixed-solar output values.  The array was non-
productive over 55% of the time and less than 2% 
full power output. 
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Figure 37: Seasonal daily average solar 
power production. 

 Taking the average daily values and 

separating them according to the first day of spring, 

summer, fall, and winter, seasonal daily averages 

can also be determined and shown in Figure 37. 

 As expected, summer and spring produce the 

greatest amount of solar energy while the fall and winter produce 

the least.  This corresponds well with a greater day-time load in the summer and smaller 

day-time load during the winter. 

Times and amounts of power production are vital, but also of importance are 

times of no power production.  These times 

range from 9.2 hours in the summer to 14.1 

hours in the winter, sunset to sunrise.  

Figure 38 shows the frequency of each 

length of time that no power was produced 

from the fixed solar array.  During these 

lengthy times, no income can be generated. 

Creating a Cumulative Distribution Function 

(CDF) of the power generated, it is easily noted in 

Figure 39, that the fixed-solar array is “off” roughly 

55% of the time.  However, output values increase 
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Figure 38: Length of time of no solar power 
output for 2009.  Times range from 9 to 14 hours. 
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during high or peak load hours which will increase the purchase price of the power 

produced.   

Once panel criteria are chosen and power production is estimated from the 

insolation values and meeting study parameters, cost estimations are made to optimize 

the array. 
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Figure 40: Trend of global, average PV module prices for all technologies, 
1980-2008. (Mints, 2009; U.S. Bureau of Economic Analysis 2009)  17 

Figure 41: PV Installed cost trends over time.  Standard deviations have decreased 
and remained steady as well as the average costs, signaling a maturing market. 
(Wiser et. Al. 2009) 17 

Solar Plant Installed Costs 

 Over the last three decades, module prices for solar PV have steadily decreased 

for all technology types 

and shown in Figure 40.  

Beginning in 2004, high 

demand for silicon 

increased the selling price 

of high-grade, refined 

silicon.  Several 

companies entered the solar cell production market from 2005 to 2007 furthering the 

demand.  When the economic downfall began in 2008, the multitude of entrants into the 

market now had more product than was being demanded, beginning the reduction in PV 

prices for 2008 through 2010. 

The reduction in PV prices can also be seen when addressing the installed costs of 

larger installations above one kilowatt.  Capacity-weighted average costs have declined 

from $10.80 per Watt in 1998 to $7.50 per Watt in 2005.  This decrease represents an 

average annual reduction 

of $0.30 per Watt per 

year.  Figure 41 shows 

the distribution in 

installed costs, indicated 

by the standard deviation 
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Figure 43: Second economies of scale graph using 
same data as previous with different size categories. 

Figure 42: Economies of scale graph used to 
estimate solar PV costs. 17 

bars, have narrowed over time, suggesting a maturing PV market with converging costs.  

Both average installed costs and the distribution in installed costs remained relatively 

stable from 2005 to 2007 and declined slightly from 2007 to 2008. 

In April 2010, the Solar Energy Industries Association (SEIA) published their 

“Year in Review” which included Figures 40 to 

43.  They divided the installed costs according to 

the project size.  This “Economies of Scale” 

graph shows that larger projects have a cost per 

Watt advantage.  A second graph from the same 

report, Figure 43, changes the size comparisons 

of the categories to better demonstrate the 

economies of scale.  The cost per Watt of 

projects 500 kW or larger is estimated to be 

between $4.90 and $5.50 per Watt.  This 

analysis will use the value of $5.15 per Watt 

DC to accommodate for the overall size of the 

megawatt project. 

 With the 2009 average module prices being $2.25 per Watt (SEIA) and the total 

costs being $5.15 per Watt, the installation costs are therefore $2.90 per Watt.  The 

reduction in overall costs is attributable primarily to a drop in non-module costs. Non-

module costs include inverters, hardware, labor, permitting fees, shipping, overhead, and 

profit.  Significant cost reductions in non-module expenses occurred in the United States 
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from 1998 through 2008, and international trends suggests that further cost reductions are 

possible due to an increased number of installations and may accompany larger market 

size.  In February of 2011, FirstSolar released a statement that their PV cell (thin-film) 

production reached less than $1 per Watt, further reducing the module prices.14 

 Using the averaged installed costs shown in figures 42 and 43, the 6570 ground-

mounted fixed panels estimated for this part of the study, producing 1.03 MW, would be 

$2,317,000 and the estimated installation would be an additional $2,987,000, totaling 

$5,304,000 which averages out to $5.15 per Watt DC ($2.25/Watt for panels and 

$2.90/Watt for installation).  Solar power generation facilities are able to receive a 30% 

reimbursement from the federal government to help offset costs, Treasure Bill 1603 (T-

1603), to reduce the initial cost. Therefore, a one Megawatt AC, ground-mounted, fixed-

array PV project located west of Lubbock, Texas, not receiving the American Recovery 

and Reinvestment Act cash-grant (T-1603) would cost roughly $5.3 million compared to 

the $2.12 million for a comparably sized wind unit.  If the solar facility were to take the 

30% cash-grant payback from ARRA, (T-1603) the cost would be reduced to $3.7 

million, but would receive no further federal tax incentives.  Accepting T-1603, the 

installed cost per Watt AC is reduced to $3.61/Watt.  (T-1603 is slated to be renewed in 

December, 2011.) 
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CHAPTER 6 

 

Single-Axis Solar PV 

 In order to estimate direct-normal solar insolation values using the West Texas 

MesoNet (WTM) for single-axis estimation, a report from the Solar Energy Research 

Institute (SERI) 18 written in 1987 was the only document found that created a model 

which converted global horizontal solar data into direct-normal data.   

 The National Renewable Energy Labs (NREL) conducted a study15 which 

compared a fixed-array solar PV system to single-axis and dual-axis arrays.  It compared 

the production output from various array types in different communities varying the 

number of panels needed to produce the same amount of energy.  Depending on the 

location of the community, a single-axis array increased power production 18 to 33.3% 

over a fixed array for the same number of PV panels.  There was also a 40 to 48% 

increase in power production with a dual-axis PV system over a fixed-array.  The annual 

average increase in power production of a 4 kW system was between 33% for the 

northern most city and 41% for the southernmost city studied.  Following their model, it 

was applied to the WTM solar data to approximate single-axis power production. 
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Solar Tracking 

Trackers are divided into two types: active and passive.  Active trackers use an 

optical sensor to activate motors in order to position the array while passive trackers use 

the heat from the sun to track its position.  Passive trackers do not rely on electrical 

components to function and therefore have fewer maintenance issues.  Both types of 

single-axis trackers must be tilt-aligned and can be adjusted for seasonal changes in the 

suns position.  Axis trackers have an advantage over fixed arrays other than increased 

production.  In the event of approaching hail, “hail” switch is activated so the panels can 

be tilted to near-vertical to protect them. 

 Combining the NREL and SERI reports, this study estimates the solar production 

of a single-axis array based on the global horizontal data from the WTM-Reese with the 

NREL study.  These results compared reasonably with the NREL study findings.  

   Applying the SERI 18 model to the global horizontal five-minute data 

values, Io, the horizontal extraterrestrial radiation, is found by using the equation 

Io = 1370recos z       ( 9 ) 

where z is the changing azimuth angle of the sun, 1370 is the solar constant in 

Watts/square-meter (Hickey et. al. 1986), and re is the reciprocal of the square of the 

earth’s radius vector and given by, 

re = 1.000 11 + 0.034 221 cos § + 0.001 28 sin § + 0.000 719 cos 2§ + 0.000 077 sin 2§.   ( 10 ) 
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The earth’s radius vector, §, is a ratio of the distance the earth is from the sun as it varies 

in its orbit compared to its average distance.  Since this value can range from 0.986 6 to 

1.0201, the value 1 (one) was used making re a constant rather than a variable for this 

study.  A sun azimuth/altitude calculator 19  was used to determine the location of the sun 

for each day in Lubbock, Texas, from one hour before sunrise to one hour after sunset 

and was calculated every five minutes to correlate with the WTM data. 

 The next step was to calculate Kt, which is a ratio between the measured global 

horizontal irradiance, It, at the surface of the earth (WTM values) and Io.  Once a Kt value 

was calculated for every five-minute time-step for 2009, the coefficients for determining 

∆Kn had to be computed according to the equations determined by Maxwell for SERI. 

 If K t  ≤  0.60  a = 0.512 – 1.56Kt + 2.286Kt
2 – 2.222Kt

3  ( 10 )  

   b = 0.370 + 0.962Kt     ( 12 )  

   c = –0.280 + 0.932Kt – 2.048Kt
2   ( 13 ) 

If K t  ≥  0.60 a = –5.743 + 21.77Kt – 27.49Kt
2 + 11.56Kt

3  ( 14 )  

  b = 41.40 – 118.5Kt + 66.05Kt
2 + 31.90Kt

3  ( 15 )  

  c = –47.01 + 184.2Kt – 222.0Kt
2 + 73.81Kt

3  ( 16 ) 

The air mass, AM, was calculated next as  

AM = [cos z + 0.15(93.885 – z)-1.253]-1
  (Kasten 1966). ( 17 ) 
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Once the air mass and coefficients were ascertained, ∆Kn, Knc, and Kn could be 

calculated, where Knc is the direct beam atmospheric transmittance under clear-sky 

conditions employing the coefficients above and the equations 

∆Kn = a + b exp[c*(AM)]   ( 18 ) 

Knc = 0.866 – 0.122(AM) + 0.012 1(AM)2 – 0.000 653(AM)3 + 0.000 014(AM)4   ( 19 ) 

and  Kn = Knc – ∆Kn .    ( 20 ) 

 

The final step in determining the direct normal irradiance values, In, is to use Kn 

and Io above where   In = Io * K n .     ( 21 ) 

 Since the single-axis tracking system utilizes tilt-adjusted panels that can be 

changed for optimum performance, the panels are started at a 45º tilt in winter.  Once the 

sun’s apex azimuth angle reaches 56º, the panels are lowered to 15º and continue to track 

the sun, east to west, as described above.  Increments of five degrees in the sun and panel 

were tested for maximum energy production. 

According to the SERI study, when applied to cloudy or partly-cloudy conditions, 

it underestimated the solar insolation data.  This study found just the opposite.  For all 

cloudy and partly-cloudy conditions, the model fairly accurately estimated the direct 

normal irradiance when compared to the global horizontal data shown in Figure 44, with 

only slightly increased production due to the panels’ orientation toward the sun.  

However, the largest discrepancy was on several clear days in the winter and spring.  It 
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Figure 44: Accurate estimations of 
cloudy and partly-cloudy days made 
by the SERI model when applied to 
WTM data. 
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Figure 45a: Overestimation 
of insolation values by the 
SERI model on a clear day. 

Figure 45b: Reduced SERI 
model values to match the 
daily maximum. 

SERI     
WTM 

was found that the SERI model greatly over-estimated some 

days. For this study, values were truncated above the daily 

maximum measured by the WTM.  Figure 45a represents 

a day in January that was over-estimated by the SERI 

model.  It was constrained to be no larger than the daily 

maximum value for that particular day, as shown in Figure 

45b.  Each time this happened, the SERI single-axis 

estimation was limited to the daily maximum for each 

individual day. 

 For the days that the SERI 

model over-estimated the solar 

insolation, a weighted-average was 

used to counter this effect with 

varying percentages between the 

WTM values and the SERI model.  

As the WTM solar values increased, a percentage of weight was applied to the WTM 

value and its complement was applied to the SERI value.  They followed the values 

shown in Table 18, below. 
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Figure 46: Application of weighted 
averages to SERI and WTM values. 

Figure 47a: Application of weighted 
averages to SERI and WTM values. 

Figure 47b: Application of panel 
tilt to weighted average values. 

 

Solar Values 
(W/m2) 

WTM 
Values 

SERI 
Model 

< 100 85% 15% 
100 - 130 80% 20% 
130 - 160 75% 25% 
160 - 190 70% 30% 
190 - 220 65% 35% 
220 - 250 60% 40% 
250 - 280 55% 45% 
280 - 310 50% 50% 
310 - 340 45% 55% 
340 - 370 40% 60% 
370 - 400 35% 65% 
400 - 430 30% 70% 
430 - 460 25% 75% 
460 - 490 20% 80% 
490 - 520 15% 85% 
520 - 550 10% 90% 

> 550 5% 95% 

 

 Weighted quantities resulted in the solar insolation values being more realistic, 

see Figures 46 and 47a.  After the weighted average was applied, the accuracy of these 

values was further increased by taking into account the tilt of the panels on the single-

axis array, as shown in Figure 47b. 

Table 18: To counter the over-estimation of the SERI model, certain percentages were applied to 
the WTM and SERI values to obtain a realistic estimation for the single-axis energy production. 



 Texas Tech University, Chris Pattison, August 2011 

69 

Applying the SERI model to the WTM provides a highly-probable value in 

Watts/meter2 for the insolation that would strike the solar PV cells creating power.  Like 

the ground-mount system, the single-axis arrays would consist of ten small arrays 

oriented north to south.  The array could also be oriented on a northeast to southwest bias 

at ten to fifteen degrees to take advantage of the later evening sun and better load 

matching.  However, instead of the 6,570 m2 of panels estimated for the fixed ground-

mount array, only 5,900 m2 were estimated for the single-axis, fixed-tilt array due to the 

improved performance.  These fewer panels produced an anticipated 2,235 MWh of 

power annually, a 33% increase for 10% less panel area.  The capacity factor for the 

single-axis array is 25.5%, compared to average wind energy sites which have a capacity 

factor of 33%. 

 Assuming the same costs per Watt as the ground-mount PV system, $2,081,000 

would be needed to purchase and ship the PV panels.  For the added single-axis 

components, motors and actuators, several manufacturers said to assume an additional 

three- to five-cent per Watt increase in installation costs ($2.95/Watt DC).  With this 

added expense, the 1 MW single-axis system installation would cost between $2,720,000 

and $2,730,000, making the total expense of the single-axis array approximately $4.81 

million dollars; $3.37 million if the federal T-1603 is used.  This is a cost reduction of 

9% with a power increase of 33%. 

 Results of the economic itemization can be seen in Tables 19 and 20. 
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1 Year 
Compare 

No. of 
Panels 

MWh 
Delivered 

Capacity 
Factor 

% 
increase 

Cost          
(no T-1603) 

cost/Watt 
AC 

One-year 
ICC/AEP  

Fixed Solar 6570 1,678.7 0.192  $5,303,715 $     5.15 $ 3.14 
Single-Axis 5900 2,235.1 0.255 32.5% $4,809,090 $     4.94 $ 2.15 

 

 

1 Year 
Compare 

No. of 
Panels 

MWh 
Deliv. 

Est. Cost 
w/o           

T-1603 

cost/Watt 
AC w/o  
T-1603 

One-year 
ICC/AEP  

Est. Cost 
with         

T-1603 

cost/Watt 
AC with  
T-1603 

One-year 
ICC/AEP  

Fixed Solar 6570 1,687 $5,303,715  $   5.15 $   3.14 $3,712,600  $   3.61 $   2.20 
Single-Axis 5900 2,235 $4,809,090  $   4.94 $   2.15 $3,366,363  $   3.46 $   1.51 

 

Table 19: Comparison between the fixed and single-axis PV production, cost, and first-year 
installed capital costs per MWh delivered (Annual Energy Production).  

Table 20: Comparison between the fixed and single-axis PV production, cost, and first-year ICC 
per AEP with and without application of Treasury Bill-1603. 
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CHAPTER 7 

 

Dual-Axis Solar PV 

 The SERI model was next applied to the WTM data for dual-axis solar PV output 

estimations.  To estimate power production for the dual axis, the loss in power due to the 

tilt of the panels, was negated.  During the summer months, no additional increase in 

insolation was attributed to panel orientation as most of the maximum values were over 

1000 Watts-per-meter2 at the sun’s zenith.  Since the dual-axis allows for the panels to be 

orthogonal to the sun at all times, a higher value, 960 Watts/square meter, was used in 

calculations for the dual-axis models only.  As shown in Table 21 below, the winter 

months experienced a 6% increase in exposure (in W/m2) as the panels were now 

orthogonal to the sun at its lowest azimuth.  Very little increase in output was noted 

during the summer months as many values were greater than 1000 Watts/square meter 

and production was limited to 1.031 MW DC. 

 

Azimuth 
Angle (deg) 

Mean Increased 
Production 

Values  (W/m2) 
75 - 80 0% 
70 - 75 1% 
65 - 70 3% 
60 - 65 2% 
55 - 60 1% 
50 - 55 3% 
< 50 6% 

  

Table 21: Experienced increased production in dual-axis PV over single-axis. 
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With the increase in production due to the panels being orthogonal to the sun 

throughout the year, only 5600 square meters, 300 fewer square meters of PV panels, 

were used to estimate power production.  This represents a 5% reduction in area of panels 

from the single-axis array, and a 15% reduction in area from the ground-mounted, fixed 

array. 

 The dual-axis system, like the previous two, would be set in ten rows, oriented 

north-to-south, with enough space between each set of six panels (4.6 meters) that it 

would not shade the set to the north, even when the sun was at its lowest azimuth during 

the winter.  This would be accomplished by taking the distance between the top of the 

panel and the rotating axis as the short side of a 30-60-90 right triangle, making the 

distance between each PV array equal to the height of the array times the square-root of 

three.  With this particular arrangement, a dual-axis PV array located on 5.1 acres of land 

near Lubbock, Texas, would have produced approximately 2,341 MWh of electricity 

during 2009.  This equates to a 39% increase in production over the fixed-array with 

nearly 15% fewer panels and a capacity factor of 26.7%, nearly a 7% increase over the 

single-axis array.  This is close to the NREL study findings which estimated an increase 

of 41.1% over a fixed-axis array. 

Even though the cost of the panels is the same per unit area, the cost associated 

with a dual-axis array is increased by $0.10 to $0.12 per-Watt due to the additional 

equipment, labor, and software needed to orient the panels in two dimensions.  The cost 

of the 5600 panels at $2.25 per-Watt is estimated at being $1,975,000.  However, the 

added cost attributed to the hardware and installation is between $3 and $3.02 per Watt.  
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This amounts to $2,670,000 when $0.11 ($3.01) is used for this study.  The total amount 

for the project is estimated to be between $4.6 and $4.7 million, a 3% decrease in 

installed costs over the single-axis array.  This raises the cost-per-Watt slightly over the 

single-axis but decreases the first-year cost/kWh (1st Year ICC/AEP ratio) produced by 

7.4% due to the greater number of MWh delivered by fewer panels.  The dual-axis 

system diminished the first-year cost/kWh produced by 37% over the fixed system.  If T-

1603 were taken, the installed costs are reduced to $3.27 million making the cost per 

kWh the least thus far at $1.40, slightly over twice the cost of wind at $0.60. 

 

1 Year 
Compare 

No. of 
Panels 

MWh 
Deliv. 

Cap 
Factor 

% 
increase 

Est. Cost 
without  
T-1603 

cost/Watt 
AC w/o    
T-1603 

One-year 
ICC/AEP 

Fixed Solar 6570 1,686.7 0.193 - $5,303,715 $   5.15 $   3.14 
Single-Axis 5900 2,234.9 0.255 32.5% $4,809,090 $   4.94 $   2.15 

Dual-Axis 5600 2,341.2 0.267 38.8% $4,665,830 $   4.95 $   1.99 

 

1 Year 
Compare 

No. of 
Panels 

MWh 
Deliv. 

Est. Cost 
without          
T-1603 

cost/Watt 
AC w/o  
T-1603 

One-year 
ICC/AEP  

Est. Cost 
with           

T-1603 

cost/Watt 
AC with  
T-1603 

One-year 
ICC/AEP  

Fixed Solar 6570 1,687 $5,303,715  $   5.15 $  3.14 $3,712,600 $  3.61 $  2.20 
Single-Axis 5900 2,235 $4,809,090  $   4.94 $  2.15 $3,366,363 $  3.46 $  1.51 

Dual-Axis 5600 2,341 $4,665,830  $   4.95 $  1.99 $3,266,081 $  3.47 $  1.40 

 

A sensitivity analysis was completed with results shown in Table 21.  The single- 

and dual-axis models were run with 10% less panel area to find the associated change in 

output, cost/Watt installed, and first-year cost/kWh produced.  With the reduction in 

panel area, the following shows the associated increase or decrease in costs. 

 

Table 22 and 23: Comparison between the fixed, single-axis, and dual-axis PV production, cost, and first-year 
ICC per AEP with and without application of Treasury Bill -1603. 
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Area of 

Panels (m2) 
MWh 

Produced Est. Cost cost/Watt $/kWh 
Single-Axis 
Sensitivity -10.0% -8.3% -11.7% -2.88% -3.65% 
Single-Axis 5900 2234.9 $ 4,809,000 $       5.20 $     2.15 
Single-Axis 5310 2048.8 $ 4,248,000 $       5.05 $     2.07 

 
Area of 

Panels (m2) 
MWh 

Produced Est. Cost cost/Watt $/kWh 
Dual-Axis 
Sensitivity -10.0% -8.5% -10.4% -1.6% -2.0% 
Dual-Axis 5600 2341.2 $  4,666,000 $      5.05 $   1.99 
Dual-Axis 5040 2141.4 $  4,182,000 $      5.03 $   1.95 

 

As dual-axis solar production is shown to provide the best value in one-year 

cost/kWh delivered, only this technology will be analyzed in a detailed pro-forma, similar 

to that of wind.  Since it is available until December 2011, the 30% cost reimbursement 

of T-1603 under the ARRA will be utilized in this financial analysis. 

 

Dual-Axis Pro-forma 

Utilizing economies of scale, a large PV project, greater than 500 kW, has an 

installed cost estimate of near $5 per Watt.  A one MW facility could be as low as $4.90 

per Watt, with ARRA T-1603 backing, this could be reduced by 30%.  Using a wind-

similar pro-forma, an economic estimation of a large PV power facility has been 

completed for the life of the PPA, estimated to be 30 years.  Since solar is delivered 

during times of increasing utility-load demand, a higher PPA is attainable from the 

utility. 

Table 24: Sensitivity analysis values for single- and dual-axis PV.  The area of PV panels was 
decreased by 10% to estimate the change in power production and cost. 
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Recently, Gemini Solar signed a PPA with Austin Energy in Texas for 5 MW of 

solar power set at $165 per MWh 20.  A second company, Juwi Solar, is working on a 

large PV power generation array outside San Antonio, Texas.  In both cases, the solar 

generation is placed in proximity to the load and is supplied during times when the load 

demand is the greatest.  Because of this, the PPA price can be set much higher than wind 

generation. 

 

 

FINANCIAL ASSUMPTIONS  
Escalation Rate - O&M 2.30% 
Escalation Rate - PPA Price 2.00% 
PPA Price (Year of Construction & 1st Year of Oper.) $165.00 
Discount Rate for NPV Calculation 8.70% 
Investment Tax Credit   (30% Reimbursement) Yes 

  
DEBT INFORMATION  

Cost of Construction Financing Funds 8.00% 
% Equity Financing 45.0% 
Equity Financing ($000) $164,213 
% Senior Debt Financing 55.0% 
Senior Debt Financing ($000) $204,577 
Senior Debt Term 15 
Interest on Senior Debt 6.00% 
% PTC Debt Financing 0% 
PTC Debt Financing ($000) $0  
PTC Debt Term  0 
Interest on PTC Debt 6.00% 
Target Equity Return 12.00% 
Weighted Average Cost of Capital 8.700% 

  
Total Cost Net 30% from T-1603 $367,737 

Cost per kW  $3,677 

 

 

Table 25:  List of financial assumptions and debt information used for the solar-only, 30-year pro-forma.  
Matching a recent solar-only PPA of $165 per MWh, the T-1603 was used to lower the installed capital costs 
by 30%.  The full report can be seen in appendix A. 
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Figure 49a: Estimated Internal Rate of return on 
investment for solar compared to wind.  The PTC 
expires in year 10 for wind while both pay off debt at 
year 15.  Solar IRR surpasses wind in year 18. 

Figure 48: Graph of life-time PV panel and cell 
efficiency and used to estimate the economic pro-forma.  
Cell efficiency follows the left y-axis while overall 
performance follows the right y-axis. 

 Throughout the 30-year life of the project, the natural degradation of the PV 

panels was accounted for and shown in 

Figure 48, falling 1.1% each year for the 

first 10 years, 1/2% per year until year 20, 

and 1% thereafter, until 75% of original 

performance is reached at year 30.  Many 

PV manufacturers guarantee their product 

for the first five years with extended 

warrantees available up to 25 years.  If any panel does not perform to the estimated 

criterion, the manufacturer would replace the “defective” panel. 

Since T-1603 is available to solar until December 2011, and is assumed for this 

study, the PTC is not available and these values are set at zero, highlighted in yellow in 

the pro-forma, Table 25.  Installed costs assume the T-1603 grant is used.  At a PPA price 

of $165 per MWh, when the senior debt is 

paid off in 15 years, an IRR of 6% can be 

attained as shown in Figure 49a.  By year 

18, solar surpasses wind with a 9.3% IRR.  

Since solar has low operations and 

maintenance costs throughout the life of the 

project, an IRR of 10.5% is possible in year 
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Figure 49b: 20-year IRR based on the first-year PPA price 
for wind and solar.  The pro-form analysis was performed 
with wind set at $57/MWh and solar at $165/MWh. 

20, 12% in year 25, and 12.6% at the end of a 30-year PPA.  Between the 20th and 30th 

years of operation, many of the panels would need to be replaced with newer, cheaper, 

and more efficient technology. 

 This analysis has indicated the enhanced value, through higher financed returns, 

IRR, for the combined system as compared to the wind or solar only systems based on 

assumed PPA values and on recent expenses in the Texas market.  Figure 49b shows the 

20-year IRR for each option as a function 

of negotiated PPA.  This chart will allow 

planners to calculate required PPA values 

to obtain a desired IRR value for the 

project. 

For example, if a company wanted 

a wind power facility to earn 15%, the PPA needed would be $70 per MWh, while a solar 

facility, the desirable PPA would be $196 per MWh. 

Later, the same analysis is done for both wind and solar but without the associated 

PTC or T-1603 tax credits. 
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Figure 50:  As an example, this existing 48 MW wind power facility located near Sweetwater, Texas, is increased to a 
96 MW combined system with the addition of solar PV positioned south of each turbine. 

Single 
“unit” 

Sub-station 

Turbines 10,  11,   12 

CHAPTER 8 

Combining Wind and Solar PV 

 Solar could be added to an existing wind power facility or be added during the 

design phase of a new wind power site.  The various alternatives within each possibility 

are a Supplementary option or an Integrated Design option, and 

are described below. 

 

 

 

Figure 51: Perspective view of a single “unit” of a combined wind 
and solar PV power plant.  The inverter and transformer can be 
seen, located at the base of the wind turbine. 

 



 Texas Tech University, Chris Pattison, August 2011 

79 

Supplemental Option:   

This option is used when solar power is added to a 
currently operating wind farm where both the wind 
turbine and solar array output are equivalent.  If both were 
to use the same step-up transformer, the turbine would 
need to be curtailed on windy-sunny days to protect the 
collection system hardware.  If, however, an additional 
transformer is used, both individual systems could operate 
fully but would have to be monitored very closely. 

Figure 52: Simplified drawing of a single 
unit of a combined power facility describing 
the Supplementary option available to 
current operating wind farms. 

Substation 
and Out to 

grid 

Inverter 
 

Turbine pad-mount 
transformer 

 

 

 

 

 

 

 

 

 

 

 

 

Solar PV could be added to a wind power facility two ways.  It could be added to 

an existing wind farm or during the early design phase before the wind farm is 

constructed.  If a currently operating wind farm added solar PV of equal rating, there 

would be three options available for the increased production, but there would also be 

some constraints.  These Supplementary options include adding solar PV with its own 

transformer, adding solar PV to the existing pad mount transformer, or increasing the size 

of the transformer for shared utilization. 

If the solar PV is added to the system with its own transformer, then attaching the 

solar to the high-voltage bus, if possible, could be relatively simple.  However, not all 

transformers make this plausible.  It could entail digging up the line, cutting it, and 

splicing the solar into the collection.  If this would cause the collection to become too 



 Texas Tech University, Chris Pattison, August 2011 

80 

overloaded, then a second collection line may have to be laid instead.  The construction 

involved in connecting a new power system to, or along, the existing collection could be 

difficult and cost prohibitive. 

Typically the underground cables are designed to operate at 50% or less capacity 

to keep conductive losses at a minimum, as pointed out previously.  By loading the line 

over 50%, heat and losses would increase significantly.  Losses would also occur at the 

sub-station as well, increasing the risk of possible damage to the large transformers.  By 

doubling the capacity at the sub-station, a large multi-MW sub-station would be nearly 

200-250% the cost of the original sub-station.  For example, a 100 MW sub-station is 

approximately $4 million, new.  By retro-fitting or rebuilding the sub-station to double its 

capacity, the cost would be an estimated $9.5 million.  (Complete substation re-build data 

from SGS Engineering, 2011, and can be found in Appendix C.) 

 The second possibility for solar PV to be added to an operating wind farm is to 

utilize the existing pad-mount transformer, being connected on the low-voltage bus of the 

transformer.  In this case, the turbine would need to be curtailed during times of 

combined over production, greater than 1 MW for this study, to protect the transformer.  

However, as these times tend to be for only short periods, it could be possible to allow 

both to operate for short periods of time, only slightly exceeding the capacity of the 

transformer.  Surpassing the 50% capacity limit will heat both the transformer and 

collection lines increasing power losses, but there would be added revenue.  Assuming 

the wind would help cool the transformer, running at 120% capacity for short periods of 

time could shorten the life of the turbine transformer and sub-station as well.  These times 
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of over-power production would need to be closely monitored and controlled to protect 

the collection system. 

 A third possibility would be to replace and increase the size of the current pad-

mount transformer.  By replacing the existing wind turbine transformer with a larger one, 

the shared transformer would allow the added PV power production to be made 

accessible for sale and eliminate the need to curtail production.  Losses in the 

underground collection lines would increase considerably as the line exceeds the 50% 

capacity limit when, together, they are producing greater than their previously designed 

power.  There would also be a need to increase the sub-station capabilities amounting to 

the same costs as in the first Supplemental option.  This would not be the case in the 

Integrated Design. 
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Integrated Design: 

This option is appropriately applied before the combined 
power plant is built to accommodate both types of power 
systems.  This will allow both wind and solar to operate in 
tandem at full power with the collection system being 
designed accordingly.  Each can have its own transformer or 
share a larger one for better efficiency. 

Turbine 
transformer 

Figure 53: Simplified drawing of a single 
unit of a combined power facility 
describing the Integrated Design option that 
is available for future wind projects. 

Substation 
and Out to 

grid 

Inverter / 
Transformer 

 

 

 

The Integrated Design would accommodate both wind and solar PV early in the 

design phase before any construction is done.  Purchasing the appropriate hardware 

throughout the integrated design would reduce costs significantly as there would be no 

additional labor costs for upgrading an existing system.  From the example above, a new 

200 MW sub-station would cost between $6 and $7 million instead of the $9.5 million for 

re-building an existing, smaller sub-station. 

 If the 1 MW turbine is combined with equivalent AC solar PV and using the same 

transformer, times of greater than 1 MW of combined output is 22% of the time as shown 

in Table 26.  By giving the turbine and PV separate transformers, or shared larger 
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C) 

D) 

transformer, the collection system can easily be designed to facilitate the greater power 

production while reducing losses and thereby reducing the amount of associated heat. 

 

Combined Wind and Solar Output Histogram Values 

kW output Occurrences Hours % of Time 
> 1MW 23,287 1,941 22.2% 

> 1.3MW 10,645 887 10.1% 
> 1.5MW 6,555 546 6.2% 
> 1.7MW 3,371 281 3.2% 

 

By building the sub-station capable of the full combined produced power, low 

power production times would have fewer losses throughout the collection system as well 

as being more efficient.  A 100 MW sub-station would cost an estimated $4 million while 

a sub-station of half the size would cost nearly $3 million. (SGS Engineering, 2011) 

As shown in Figure 54, depending on PV array type and orientation, land 

requirements range from 4.1 to 5.2 acres for each 1 MWAC installation.  Making 

appropriate use of available land can be done for all Supplemental and the Integrated 

Design options utilizing either the fixed or axis PV systems. 

Table 26: Number of occurrences of combined power output greater than 1 MW. 
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Figure 54: Close-up of top four turbines of the 48 MW wind farm with appropriately sized, 1 MWAC of PV. 

10-12 rows of fixed PV 
panels utilizing 4.1 acres 
of land. 

10 rows of single- or 
dual-axis PV panels 
utilizing 5.2 acres of 
land. 

Turbine 10 Turbine 11 
Turbine 12 

Fixed panels would be approximately 61 
m (200 ft) by 285 m (935 ft) equaling 4.1 
acres. 

200 ft 

935 ft 

A) 

B) 

Examples of fixed PV with available room, A, adjustable room, B and C, and tracking PV, D. 

75 m, 

246 ft 

275 m, 

902 ft 

C) D) 

Turbine 9 
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CHAPTER 9 

 

Wind and Fixed Solar 

As most large solar power plants are constructed in a concentrated area to reduce 

costs, a single passing cloud can reduce production from full power to less than 20% in a 

matter of seconds, as explained previously in the section on shading.  To reduce this 

sharply changing effect, each solar array would be placed on the south side of a turbine.  

This use of a distributed area would reduce the effects of passing clouds.  The full array 

would be arranged in east-west rows for fixed or north-south rows for single- and dual-

axis, with each row’s output producing 103 kW of DC power.  The PV rows would be 

connected to the inverter located between the array and turbine.  A small transformer 

could be attached at the inverter to match the turbine’s output voltage in order to share 

the transformer for both the Supplementary option one and Integrated Design.  Another 

possibility, Supplementary option two, would be for solar to have its own transformer 

and match the collection voltage before being connected on the grid-side bus.  The 

turbine and PV array are considered as one “unit” of a larger power plant. 

For this part of the study, the same criteria used previously for the one Megawatt 

wind turbine and the fixed solar array, were merely combined and share the pad-mount 

transformer (Supplementary Option one).  This reduces the installed costs of the array by 

one transformer but limits the amount of production to one MW.  During times of greater 

than one MW-AC of combined production (less than 23% of the time, Table 24), either 
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Figure 55: Estimated power output from a combined facility.  Lost sellable power is 
identified by red lines above 1000 kilowatts. 

the solar array or, more likely, the turbine would need to be curtailed to protect the co-

utilized pad-mount transformer.  Curtailing production would account to lost power and 

subsequent lost revenue.  Figure 55 shows the combined output of both power systems.  

The red area above 1000 kilowatts is lost production as it is limited by the 1000 kVA 

transformer. 

As Figure 56 shows, for the combined wind-fixed solar, there were over 5,100 

occurrences of less than 10 kW of power output compared to wind which had over 

13,000 (Table 10).  The influence of solar power can also be seen in the higher number of 

greater output values when compared with wind only in Figure 57.  Combined output 

occurrences are rarely below 700 for each bin while wind only went above 500 

occurrences in the lowest output values.  The combined systems attained over 30,000 
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Figure 58: Comparison of the wind, fixed solar, 
and combined average power production to 
time of day.  On average, solar peaks at the 
same time that wind is the least productive. 

Figure 56: Output power histogram of a combined wind and fixed PV facility, 
after the transformer.   
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Figure 57: Wind only power output 
histogram for comparison with a 
combined facility of Figure 56. 
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occurrences, 29%, of full-power output while wind was slightly over 20,000 occurrences, 

19%. 

 By combining the one MW of wind with one MWAC of solar, their total 

production after the inverter and shared transformer, increases output to 4,836 MWh, a 

capacity factor above 55%.  This represents a 36% increase over wind-only production 

and a 187% increase over fixed-solar alone.  However, by limiting the capacity of the 

“unit” to only one MW, an estimated 530 MWh was eliminated from production. 

The effect of their combined power can also be 

seen in the daily average power output for the 2009 

typical meteorological year (TMY) in Figure 58.  On 

average, while wind was at its lowest, fixed-solar was at 

its peak, and when solar was non-existent, wind was at 

its most productive.  Average power is shown after the 

inverter and/or transformer. 

 Seasonal averages can also show the combined benefit of wind and fixed-solar as 

in Figure 59.  Where summer is typically the least productive time of the year for wind 
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Figure 60: Amount of time that a power source is 
off is represented in the bottom left corner, while 
the amount of time each system operates at full 
power is displayed in the upper right corner. 
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Figure 59: Seasonal comparisons of combined 
wind and fixed solar PV based on the first day 
of each season.  Summer solar power boosts 
production when winds are not able to support 
an increased load. 

energy, when combined with solar, it now becomes 

the second greatest time of production during the day.  

This matches the load profile as air-conditioners are 

heavily used during the day.  By selling more power 

when demand is greatest, higher purchase prices can 

be attained.   

 Another way to demonstrate the 

effectiveness of the combined power sources is the cumulative distribution function, 

Figure 60.  The bottom axis represents the power output in kilowatts, while the left axis is 

the percentage of time at-or-below that particular 

output level.  Less than full power output with the 

combined systems is 70%, with full power output 

being attained 30% of the time.  This compares to 

only 20% full-power output by wind only, and less 

than 2% of the time by fixed solar alone as 

displayed in the upper right corner.   

 

Persistence 

The point of greatest interest is the significant reduction in the number of 

occurrences of zero-power output when compared to both the wind and fixed-solar.  

While the wind-only scenario was non-productive 5% of the time and fixed-solar over 
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Figure 61: Persistence graph depicting the length of 
time that no power is produced and how often it 
happens.  Persistence is used to estimate storage need. 

50% of the time, the combined technologies were non-productive less than 2% of the 

time.  This means that a facility with combined wind and solar power sources should be 

generating revenue 98% of the time. 

 The duration for which a given power level or no power is produced is referred to 

as persistence.  Times of non-production can be a few minutes or several hours.  

Persistence is important when addressing storage design and identifying the longest time 

frame for which power is to be maintained. 

 When wind and fixed-solar power are combined over the TMY, there were a total 

of 1,528 five-minute occurrences of no power production, which is 1.5% of the time, 

amounting to 7,640 minutes (127 hours, 20 minutes).  Since the same wind and solar data 

are being utilized for all studies and only the configuration of the solar panels changes, 

times of non-production will be the same regardless the wind-solar configuration.  The 

number and duration for each time interval can be seen in Figure 61 and Table 27 below, 

for the combined system. 

As shown in Table 27, there were 434 

instances of no power production of five 

minutes in length under the wind-only model. 

When combined with solar, this was reduced to 

102 occurrences, meaning that nearly 77% of the 

non-productive times were during the day.  The 

constant reduction in non-productive times 
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reinforces the compatibility of the two technologies as wind power production is less 

during the day.  However, not all long-term non-productive times were reduced or 

eliminated, signifying that the wind doesn’t always blow at night.  There were six 

occurrences of two hours or more of non-productive time that were not reduced by solar 

power. 

 

Duration of 
Zero-Power 

Output (mins) 

Number of 
Occurrences 
(Wind Only) 

Number of 
Occurrences 
(Combined) 

Percent Reduction 
when Combined 

5 434 102 76.5% 
10 213 61 71.4% 
15 127 35 72.4% 
20 63 23 63.5% 
25 54 18 66.7% 
30 45 19 57.8% 
35 29 10 65.5% 
40 26 7 73.1% 
45 12 7 41.7% 
50 8  100% 
55 12 4 66.7% 
60 8 4 50% 
65 6 2 66.7% 
70 9 3 66.7% 
75 6 3 50% 
80 4   100% 
85 4 3 25% 
90 7 3 57.1% 
95 4 2 50% 
100 4 2 50% 
105 2 2 0% 
110 2   100% 
115 4 2 50% 
120 1 1 0% 
130 3   100% 
135 2   100% 
140 2 1 50% 
145 2   100% 
155 1   100% 

160 1   100% 
170 1   100% 
180 3 1 66.7% 
195 1 1 0% 
205 2   100% 
215 1 1 0% 
225 1   100% 

240   0% 

250 2   100% 
255 1   100% 
335 1 1 0% 

 

Table 27: Number of non-productive times for wind only and the combined technologies.  When 
solar was added, times of non-production were significantly reduced though not completely 
eliminated. 
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 Following the data above, there were 28 occurrences of greater than one hour 

where no power was produced by the combined system and only four occurrences of 

three hours or greater.  While there were six occurrences of no power production of two 

hours or greater, 16 were eliminated by adding the solar PV.  Combined, there was a total 

of 15,605 minutes (260 hours) of non-productive time eliminated.  With fewer times of 

non-production, a facility that incorporates both wind and fixed solar could secure a 

higher power purchase price as there is less risk involved.  (The power producer would 

accept the higher risk while the grid operator would have less.)  Nonetheless, when times 

of no production do happen under a firmed-PPA, the power provider would have to pay a 

higher price to cover their short-fall on top of paying for the parasitic energy consumed 

by the plant. 

 

Economics of Wind and Fixed PV 

 For cost estimation of the combined power systems, the turbine’s installed costs 

would remain unchanged, but the fixed solar could be reduced slightly.  Since the solar 

array for the Supplementary option one would be attached at the turbine’s pad mount 

transformer, the fixed solar costs would be reduced by 1%.  Installed wind costs were 

approximately $2,120,000 and the ground-mount, fixed solar would be approximately 

$5,274,000, for a combined total-system cost of $7,394,000 per “unit” (table 29 below).  

For this Supplementary option, it is assumed that the wind turbines are already installed, 

so the cost per “unit” would be the new solar costs plus the previously installed turbine 

costs. 
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 A second possibility for the combined wind and fixed solar would be to include a 

transformer for the solar and attach it to the grid-side for the Supplementary option two.  

This would allow for both systems to produce simultaneously, but at greater losses in the 

collection system.  By allowing solar to have its own transformer, combined production 

could be as much as 5,363 MWh, minus additional losses in the underground collection 

cables.  This would make the cost/Watt installed an estimated $3.66 while making the 

one-year system produce at $1.54 per kWh (ICC/kWh), just over 2 ½ times the cost of 

wind alone. 

 

 1 Year 
Compare 

No. of 
Panels 

MWh 
Delivered 

Cap 
Factor 

% 
increase 

Est. Cost   
w/o T-1603 cost/Watt 

One-year 
ICC/AEP 

Wind - 3,564 40.7 %   $ 2,120,000   $     2.12   $  0.60  
Fixed Solar 6570 1,687 19.3 % -  $ 5,304,000   $     5.15   $  3.14  
Single-Axis 5900 2,235 25.5 % 32.5%  $ 4,809,000   $     4.94   $  2.15  

Dual-Axis 5600 2,341 26.7 % 38.8%  $ 4,666,000   $     4.95   $  1.99  
Wind/Fixed 6570 4,836 55.2 % 35.7%  $ 7,394,000   $     3.64   $  1.53  

Supplementary 
XMFR 6570 5,363 61.2 % 50.5% $ 7,424,000 $     3.66 $  1.54 

 

With the application of T-1603, costs can be reduced further, shown in Table 29.  

Combined costs per kWh produced with T-1603 are double what wind is alone. 

 

1 Year 
Compare 

No. of 
Panels 

MWh 
Delivered 

Est. Cost 
without          
T-1603 

cost/Watt 
AC w/o   
T-1603 

One-year 
ICC/AEP  

Est. Cost 
with         

T-1603 

cost/Watt 
AC with  
T-1603 

1st-year 
ICC/AEP  

Wind - 3,564 $2,120,000  $     2.12 $   0.60    
Fixed Solar 6570 1,687 $5,303,715  $     5.15 $   3.14  $3,712,600  $    3.61 $    2.20 
Single-Axis 5900 2,235 $4,809,090  $     4.94 $   2.15 $3,366,363  $    3.46 $    1.50 

Dual-Axis 5600 2,341 $4,665,830  $     4.95 $   1.99 $3,266,081  $    3.47 $    1.40 
Wind/Fixed 6570 4,836 $7,393,715  $     3.64 $   1.53 $5,832,600  $    2.87 $    1.21 

 

Table 28: Comparing the various renewable energy technologies by their production, estimated cost, and 
performance. 

Table 29: Comparing the various energy technologies used in this study by their production, installed 
capital costs with and without T-1603, and a one-year ICC/AEP. 
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 The kWh cost could be reduced further if a larger pad-mount transformer were 

used at the base of the turbine where it interconnects the solar with wind instead of two 

which are 1 MW each.  By increasing the size of the transformer, more Megawatt-hours 

could be made available for sale.  However, there would be an approximate increase of 

$1,000 for every 100 kW over 1 MW for the transformer.  By increasing the size of the 

transformer and re-running the model, greater amounts of power are available for sale.  

The added power production pays for the transformer upgrade as seen in Table 30 below.  

Once the transformer is upgraded, there are no more costs associated with it, and the 

added production continues indefinitely making the transition to 2 MW the best economic 

decision. 

 

Wind/Fixed     

Transformer 
size (MW) 

MWh 
Delivered 

One-year 
ICC/AEP  

Improvement 
(MWh) 

Adj. Cap 
Factor 
(%) 

Increased 
Income 

($35/MWh) 

Increased 
Income 

($45/MWh) 
Increased 

Cost 
1 4836  $   1.97 - 55.2 - - - 

1.1 4957  $   1.92 121.2 51.4 $    4,242 $    5,454  $ 1,000  
1.2 5103  $   1.86 145.9 48.5 $    5,106 $    6,565  $ 1,000  
1.3 5204  $   1.83 101.4 45.7 $    3,550 $    4,564  $ 1,000  
1.4 5265  $   1.81 60.1 42.9 $    2,104 $    2,705  $ 1,000  
1.5 5300  $   1.79 35.4 40.3 $    1,239 $    1,593  $ 1,000  
1.6 5321  $   1.79 21.5 37.9 $       753 $       968  $ 1,000  
1.7 5337  $   1.78 15.3 35.8 $       536 $       689  $ 1,000  
1.8 5348  $   1.78 11.3 33.9 $       395 $       508  $ 1,000  
1.9 5356  $   1.78 8.4 32.2 $       294 $       378  $ 1,000  
2 5363  $   1.77 6.9 30.6 $       241 $       310  $ 1,000  
  Total: 527.4  $  18,459 $   23,733 $10,000 

 

 When a 1.1 MW transformer is used, this raises the amount of possible power 

production by 10%.  Instead of dividing by 8,760, the number of hours in a year, one 

must divide by 9,636.  This raises the number of MWh sold, but lowers the capacity 

Table 30: Incremental costs and increased revenue for larger shared transformers in the 
Supplementary option.  By purchasing the 2 MW transformer, 20 years of the additional 
revenue more than makes up for the added one-time cost. 
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factor.  This is continued for all transformer sizes until 17,520 hours are used for the 2-

MW transformer.  At this point, the combined system is treated as a 2 MW system.  

While a 1 MW transformer is capable of allowing greater power to flow temporarily 

during a wind gust, the ability to peak above rated power was not accounted for in this 

study.  All power production was limited to the power curve, based on wind speed and air 

density. 

 As the turbine/solar array signifies a single unit of a larger power plant, a larger 

pad mount transformer would facilitate a larger sub-station transformer.  For example, if 

this wind/solar unit were representative of a 100 MW power plant, then the larger 1.1 

MW transformer would additively allow 110 MW of produced power to the sub-station.  

If a 1.5 MW transformer was used for maximum revenue, then 150 MW of power would 

have to be accounted for at the sub-station.  These added costs at the sub-station are not 

included in this study. 
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Figure 62: Combined estimated power output from a wind and 
single-axis PV system using the Supplementary option as production 
is limited to 1000 kilowatts. 
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CHAPTER 10 

 

Wind and Single-Axis Solar 

 Combining the wind and single-axis solar PV discussed previously, there is a 

considerable increase in power produced as the PV panels better track the sun and 

provide more energy.  As earlier, the panels are tilted at 45° during the end of fall and 

then lowered to 15° at the end of spring for optimum energy conversion.  Increased 

power production from the 

combined systems can be 

seen in Figure 62.  As 

production is limited by 

the 1000 kVA 

transformer, 420 MWh of 

lost production, shown in red 

above the 1000 kilowatt line, 

means the turbine would 

need to be curtailed to 

protect the collection equipment. 

 For the single-axis solar PV system, several rows of 1.03 MW-DC arrays are 

placed south of each turbine to eliminate tower-shading from the pedestal, nacelle, and 

blades.  They can be arranged north-to-south and off-set 10° east of north as explained 
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Figure 63: Single-axis tracking PV array of infinite length 
rotates on a central axis marked by red arrows.  To increase 
power production, the panels can be raised in the fall and 
lowered in the spring to match the sun’s changing angle. 
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Figure 64: Output power histogram of a combined wind and single-axis PV system.  
Significant spikes are noted at 880 kilowatts, as maximum power is attained, and 780 
kilowatts, as the PV array is able to attain higher output values earlier in the day, and 
maintain it longer. 

previously.  This allows for better afternoon 

PV conversion of energy when it is in higher 

demand.  It is also possible that the PV array 

be arranged accordingly to land constraints.  

A portion of the system is shown in Figure 

63.  The groups of panels can be tilted up or 

down manually as the seasons permit (blue 

arrow) while the panels rotate on their axes daily (red arrows) to follow the sun. 

Power produced by combining wind and a single-axis array does not reduce the 

persistence of no power production as compared to the wind-fixed array.  The single-axis 

array allows for higher production earlier in the day and sustaining it later.  A histogram 

of power output for the combined system is shown in Figure 64.  The pronounced peak at 

880 kW is due to the panels tracking the sun and producing more power for longer 

periods of time, and is plotted to include the inverter/transformer losses.  This combined 

arrangement produced 

a capacity factor of 

over 55% for the 

Supplementary 

Option. 
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Figure 65: Seasonal comparisons of a 
combined wind and single-axis 
Supplementary power system. 
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Figure 66: Time of day average power output 
comparison of single-axis PV, wind, and 
combined.  High solar output at a time of low 
wind demonstrates the compatibility of the two 
technologies. 
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Figure 67: CDF of three systems shows the amount of 
time that each power source is off is represented in the 
bottom left corner, while the amount of time each system 
operates at full power is displayed in the upper right 

The seasonal averages displayed in Figure 65 shows 

the times of expanded peak power and solar production.  

Over-cast, low-pressure days tend to be windier and 

counter the reduction of direct sunlight, while high-pressure 

days characteristically mean lower winds and increased 

sunshine levels.  An annual average of wind output along 

with solar output and their combined effort also shows 

the enhanced compatibility of the two systems in 

Figure 66.  The solar peak, in green, is at the same 

moment that wind, in blue, is at its lowest average 

production point.  When the two values are added, the 

production is limited in this Supplementary option by 

the transformer so the combined average is also limited. 

When the CDF of the three systems is again graphed, Figure 67, it is noted that 

power output is at 100% rated capacity 35 % of the time for wind/single-axis system, 

compared to only 30% with the wind/fixed-PV system, 

Figure 57.  This added production during times of 

increased demand can mean significant revenue for the 

plant owner/operator.  Length and times of zero power 

production for all solar and combined models are the 

same as the wind/fixed solar option. 
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Estimated costs for the combined wind and single-axis array would be the same 

for the wind and the single-axis separately, but reduced 1% for the co-utilized pad mount 

transformer.  Estimated costs for the wind only, solar only, and combined systems can 

been seen in Table 31.  Wind with single-axis solar is the cheapest combination option 

thus far and is slightly more than twice the cost of wind alone. 

 

1 Year 
Compare 

No. of 
Panels 

MWh 
Delivered 

Cap 
Factor 

% 
increase 

Estimated 
Cost cost/Watt 

One-year 
ICC/AEP 

Wind - 3,564 40.7 %  $2,120,000 $   2.12  $   0.60 
Solar-Fixed 6570 1,687 19.3 %  - $5,304,000 $   5.15  $   3.14 
Single-Axis 5900 2,235 25.5 % 32.5 % $4,809,000 $   4.94  $   2.15 

Dual-Axis 5600 2,341 26.7 % 38.8 % $4,666,000 $   4.95  $   1.99 
Wind/Fixed 6570 4,836 55.2 % 35.7 % $7,394,000 $   3.64  $   1.53  
Wind/Single 5900 5,122 58.5 % 43.7 % $6,899,000 $   3.50  $   1.35  

 

 Even with acceptance of T-1603, the wind/single-axis system is a 78% increase in 

the first-year installed cost-per-Watt over wind alone, as shown in Table 32.  However, in 

the Supplementary option, only added solar costs need be addressed as it is assumed that 

the turbines are already in place. 

 

1 Year 
Compare 

MWh 
Produced 

Est. Cost 
w/o T-1603 

cost/Watt 
AC w/o 
T-1603 

One-year 
ICC/AEP  

Est. Cost 
with T-1603 

cost/Watt 
AC with 
T-1603 

One-year 
ICC/AEP  

Wind 3,564 $  2,120,000  $      2.12 $     0.60    

Solar-Fixed  1,687 $  5,303,715  $      5.15 $     3.14 $  3,712,600  $      3.61 $   2.20 
Single-Axis 2,235 $  4,809,090  $      4.94 $     2.15 $  3,366,363  $      3.46 $   1.51 

Dual-Axis 2,341 $  4,665,830  $      4.95 $     1.99 $  3,266,081  $      3.47 $   1.40 
Wind/Fixed 4,836 $  7,393,715  $      3.64 $     1.53 $  5,832,600  $      2.87 $   1.21 
Wind/Single 5,122 $  6,899,090  $      3.50 $     1.35 $  5,486,363  $      2.78 $   1.07 

Table 31: Comparison thus far of all models with associated production, cost, and first-year value of energy (ICC/AEP). 

Table 32: Comparing the various energy technology models used in this study by their production, installed capital 
costs with and without T-1603, and their one-year ICC/AEP. 
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Figure 68: Actuator arm added to the single-axis 
PV array to move the panel groups vertically 
throughout the year to remain orthogonal to the 
sun as long as possible. 

CHAPTER 11 

 

Wind and Dual-Axis Solar 

 The next scenario is to combine the wind with the dual-axis model.  For this 

system, the solar PV panels are continuously orthogonal to the sun producing the most 

power possible at all times throughout the day.  The arrangement for the PV array is the 

same as the single-axis but with added actuator arms, see Figure 68, that 

raise the four- to ten-panel group to persistently face the sun as 

they rotate on the north-south axis.  Since the panels are 

continually facing the sun, the power production for the 

combined wind/dual-axis PV solar plant was estimated 

at a capacity factor of 59.2%.  This is a 1% increase 

over the wind/single-axis system, but with 300 square-meters less PV panel area.  Since 

the transformer limits the amount of power exported by the system, over 300 MWh (3.4% 

per unit) is lost as the turbine is curtailed, protecting equipment.   

Figures 69-72, depicting the combined wind and dual-axis power performance, 

are very similar to the wind and single-axis system.  With only slight changes, the 1% 

power increase over the whole year isn’t noticeable.  The CDF shows only a small 

change in the percentage of full-power output occurrences over the wind and single-axis 

CDF.  For the wind/dual-axis power systems, two possible circuit line orientations are 

described below. 
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Figures 69-72: Power output histograms, seasonal averages, and annual 
daily average for the wind and dual-axis system are nearly identical to the 
wind/single-axis system but utilize 300 square meters of less panel area. 

Figure 69 Figure 70 

Figure 71 

Figure 72 

 

 

 

To better understand the limiting factors of the collection system included in the 

Supplementary option models, WindMil, electrical engineering software, was used.  

When the collection system of a wind farm or solar power facility is designed, it is done 

so according to specific information.  Line sizes are chosen according to certain criteria 

to maximize capacity yet minimize losses.  If 1.5 MW turbines are replaced with 2 MW 

turbines, the collection system is drastically under-designed due to the continuous 

addition of power output from successive turbines.  It is for this reason that WindMil was 

used to assess the losses of the Supplemental and Integrated Design options. 
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Figure 73: Circuit line diagram as depicted in WindMil electrical engineering software.  When solar PV is 
added to an existing wind farm with its own transformer, windy clear days can overload undersized 
collection lines beyond the save 50% limit.  Red-circled segments reach nearly double their safety limit 
causing significant loss and heat buildup. 

WindMil ® 
software view 

Turbine 

Transformer
Sola

Supplementary Model:  48 MW of solar is added to an existing 48 MW wind farm. 

 

Using WindMil, 1 MW-AC solar arrays were added south of each 

turbine along with its own associated transformer, shown in Figure 73.  For modeling 

purposes, the DC-AC inverter is not shown.  Because the solar was added to an existing 

wind farm, the underground collection, not designed for the added power production, 

experiences over-capacitance (green) in several sections.  However, only 9% of the time 

do both wind and solar have a combined output greater than 1.5 MW (Table 33).  

Nonetheless, this model is run at the “worse-case” scenario.  These times are mostly 

during the summer months when solar is at maximum and winds are only strong enough 

for a few hours.  (Supplemental Option one, which shares a 1 MW transformer was not 

analyzed in WindMil as the transformer limits the amount of sellable power and would be 

little different than the wind-only analysis.) 

 
Table 33: Number of occurrences of combined power output with the percentage of 
time that the power output exceeded that value. 
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Wind and Dual-Axis Output Histogram Values 
kW output Occurrences Hours % Time 
> 1MW 23,287 1,941 22.2% 

> 1.3MW 10,645 887 10.1% 
> 1.5MW 6,555 546 6.2% 
> 1.7MW 3,371 281 3.2% 

 

In figure 70, collection lines at the ends of each row are 1/0 (one-ott) aluminum 

lines for the first seven turbines, until it becomes approximately 53% capacity (first green 

lines).  Red circled green segments are also 1/0 lines which reach 90+% capacity just 

before the larger lines are used.  At the substation, the under-designed trunk-lines reach 

90% capacity for circuit-1, 95% capacity for circuit-2, and 84% capacity for circuit-3. 

 The overall collection system losses for this analysis are predicted to be 930 kW 

at full output power, over three times the wind-only facility, while kvar losses amounted 

to 5,652, more than twice the wind-only facility.  The significant increase in both is due 

to the excessive loading of the lines.  At full-load, the 930 kW losses translate to 277 

MWh, 5.3% of total production, while 70% of the kvar loss is due to the high capacitance 

in the lines.  Annual predicted loss for the 96 MW power facility is estimated at 2,300 

MWh, only 1% of total production for the year amounting to $227,000 at $99 per MWh.  

(The complete report can be found in appendix B.) 
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Solar 

Wind 

2 MW 
transformer 

MilSoft ®  

Figure 74: Circuit line diagram as depicted in WindMil electrical engineering software.  When solar PV is integrated 
into an existing wind farm and shares a transformer, properly designed collection lines reach only 57% capacity on 
the rare occasions that both power sources produce maximum power. 

Integrated Design: 

 

For Supplementary Option two, the 1 MW turbine and the 1 MW-AC solar array 

utilized their own transformer.  For the Integrated Design, Figure 74, wind and solar 

share a 2 MW transformer that is set with 5.5% impedance.  The system is then estimated 

at full-load capabilities.  Circuit capacities can be seen in Table 34. 

 

 Number of 
Power units 

Trunk line 
capacity (%) Name 

Circuit 1 9 50.7 
Circuit 2 7 39.5 
Circuit 3 10 56.3 
Circuit 4 12 57.4 
Circuit 5 10 56.2 

 

Because this collection system was designed at wind and solar maximum 

production, losses for all five circuits are estimated at 508 kilowatts, 180 MWh annually 

Table 34:  List of each circuit and its associated trunk line capacity to the sub-station. 
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(3.4%), at full output.  Total losses for the entire facility are estimated at less than 900 

MWh amounting to $89,000 at $99 per MWh.  This is nearly 48% less than that of 

Supplementary option two’s lost revenue.  The system would deliver over 95 MW of 

peak power to the grid.  As mentioned previously, the solar panels would provide the 

turbines with needed power during non-productive times, nearly eliminating the need to 

purchase power from the grid.  (The complete report can be found in Appendix B.) 

The reduction in lost kilowatts over Supplementary Option two is due primarily to 

reducing the capacity of the collection lines throughout the system.  Increased efficiency 

in the larger transformers also adds to production.  This Integrated Design allows for a 

1.4 % increase in yearly output capability over the Supplementary options as well as a 

significant reduction in collection losses as shown in Table 35. 

 

 

  Supplementary Option 1 Supplementary Option 2 Supplementary Option 3 

 
Shared 1-MW 

XFMR 
Total 

System 
Losses 
(MWh) 

Individual    
1-MW XFMR 

Total 
System 
Losses 
(MWh) 

Shared 2-MW 
XFMR 

Total 
System 
Losses 
(MWh)  

Annual Energy 
Production (MWh) AEP (MWh) AEP (MWh) 

Wind/Fixed 4,836 827 5363 708 5,371  2,083 

Wind/Single 5,122 1,082 5904 712 5,916  2,197 

Wind/Dual 5,182 1,123 6005 712 6,017  2,288 

   

Integrated Design Shared 2-MW XFMR Total System 
Losses (MWh)  Annual Energy Production 

Wind/Fixed 5,371 172 

Wind/Single 5,916 178 

Wind/Dual 6,017 180 

 

Table 35: Depicting each Supplementary Option and Integrated Design evaluated total system losses.  Total 
system losses are the losses based on transformer size plus WindMil estimated line losses due to over-
capacitance for the complete 96 MW system. 
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When the two combined power sources have their own 1 MW transformer, the 

cost is approximately $30,000 per transformer.  When the paired technologies utilize a 

shared 2 MW transformer, production is nearly the same, but the 2 MW transformer is 

$40,000, saving $20,000 in costs per unit with the Integrated Design.  Over the entire 

combined power facility, significant cost savings are possible when the collection system 

is designed for both technologies as seen in Tables 35 and 36. 

 

XFMR Size Cost Quantity Total cost   

1 MW $30,000  96 $2,880,000  Supplementary 

2 MW $40,000  48 $1,920,000  Integrated 

   $960,000  Savings 
 

 The only noticeable difference between the two combined systems is when 

comparing the associated costs.  With panels anticipated at $2.25 per Watt, the 5,600 

square meters of panel area would cost approximately $1,975,100.  The difference lies 

with the new hardware needed for the dual-axis tracking system.  The actuator arms, 

tracking components, and added labor for installation would amount to $2,670,000, 

nearly 58% of the total cost.  Even with 300 fewer square-meters of panel area, the 

installed costs decreased by only 2-cents per Watt due to the tracking hardware.  

However, the slight increase in MWh produced, enabled the one-year cost/kWh of 

production to diminish by 3% to $1.30, slightly more than double the cost of wind alone, 

as seen in Table 37.   In more northerly latitudes, the sun may shine more than 15 hours a 

day, escalating production and significantly reducing per-unit costs. 

Table 36: Estimated transformer cost savings with the Integrated Design over the Supplemental options. 
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1 Year 
Compare 

No. of 
Panels 

MWh 
Produced 

Cap 
Factor 

% 
increase 

Est. Cost 
w/o T-1603 

cost/Watt AC 
w/o T-1603 

One-year 
ICC/AEP  

Wind - 3,564 40.7 %  $2,120,000 $   2.12 $     0.60 
Fixed Solar 6570 1,687 19.3 % - $5,303,715 $   5.15 $     3.14 
Single-Axis 5900 2,235 25.5 % 32.5 % $4,809,090 $   4.94 $     2.15 

Dual-Axis 5600 2,341 26.7 % 38.8 % $4,665,830 $   4.95 $     1.99 
Wind/Fixed 6570 4,836 55.2 % 35.7 % $7,393,715 $   3.64 $     1.53 
Wind/Single 5900 5,122 58.5 % 43.7 % $6,899,090 $   3.50 $     1.35 

Wind/Dual 5600 5,182 59.2 % 45.4 % $6,755,830 $   3.48 $     1.30 

 

 The analysis, as summarized in Table 38, indicates that, according to installed 

costs, ICC, and first-year production, AEP, the combined wind and dual-axis system is 

the best alternative.  With T-1603, the $4.67 million price tag can be reduced to $3.27 

million per Megawatt before the wind costs are added.  This allowed the one-year 

cost/kWh to be reduced to $1.04 as shown in Table 38.  Based on this conclusion, an 

economic pro-forma and storage options will only be applied to the wind/dual-axis 

combined system. 

 

1 Year 
Compare 

MWh 
Produced 

Est. Cost 
without        
T-1603 

cost/Watt 
AC w/o     
T-1603 

One-year 
ICC/AEP  

Est. Cost     
w/ T-1603 

cost/Watt 
AC with   
T-1603 

One-year 
ICC/AEP 

Normalized 
(Wind) 

ICC/AEP 
Wind 3,564 $2,120,000  $   2.12 $    0.60 $ 2,120,000   1.00  

Fixed Solar 1,687 $5,303,715  $   5.15 $    3.14 $ 3,712,600 $    3.61 $  2.20 3.67  
Single-Axis 2,235 $4,809,090  $   4.94 $    2.15 $ 3,366,363 $    3.46 $  1.51 2.52  

Dual-Axis 2,341 $4,665,830  $   4.95 $    1.99 $ 3,266,081 $    3.47 $  1.40 2.33  
Wind/Fixed 4,836 $7,393,715  $   3.64 $    1.53 $ 5,832,600 $    2.87 $  1.21 2.02  
Wind/Single 5,122 $6,899,090  $   3.50 $    1.35 $ 5,486,363 $    2.78 $  1.07 1.78  
Wind/Dual 5,182 $6,755,830  $   3.48 $    1.30 $ 5,386,081 $    2.77 $  1.04 1.73  

 

Table 37:  Complete comparison of all single and combined power models with associated production, cost, and 
estimated first-year value of energy based on the installed capital costs per annual energy production. 

Table 38:  Complete comparison of all single and combined power models with production, accompanying costs with and 
without T-1603, and the estimated first-year value of energy based on the installed capital costs per annual energy production. 
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Combined Wind and Dual-Axis Pro-forma 

 When combining the wind and dual-axis solar models into a single pro-forma, the 

Production Tax Credit is only applied to the wind portion of the facility while the 

treasury tax credit will be applied to the solar and can be seen is Tables 40 and 41.  

However, since wind is being combined with solar, a new PPA would need to be 

established as compared with the wind-only and solar-only option and can be expected.  

Austin Energy recently signed a PPA of $165 per MWh for a solar-only project.20  Since 

these two systems complement each other, a PPA of $99 per MWh was assumed for this 

analysis, shown in Tables 39 and 40. 

 

Capitalized Interest: (000)  $  212,000  
Total Wind  Capital Cost: (000)  $  212,000  

Solar Capital Cost net T-1603: (000)  $  360,600  
Total Installed Costs: (000)  $  572,600  

Project Size (MW):  200 
Total Installed Cost per kW:  $      2,863  

 

 For the Integrated Design, because of the added costs of larger transformers and 

more collection lines, the pro-forma estimated costs per kW installed are slightly higher 

than the previous Supplemental comparison.  Since power production was limited by the 

transformer in the Supplemental Option, no pro-forma was compiled. 

 

 

 

Table 39: Break down of the installed costs for a combined wind and solar power facility.  For 100 MW of wind, the 
estimated cost is $212 million with the same amount of solar priced at $360 million.  Utilizing economies of scale, 
the entire project is expected to cost $2,800 per MW installed. 
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FINANCIAL ASSUMPTIONS  
Escalation Rate - O&M 2.30% 
Escalation Rate - PPA Price 2.00% 
PPA Price (Years 1 and 2 of Operation) $99.00 
Effective Combined Income Tax Rate 35.0% 
Discount Rate for NPV Calculation 8.49% 
Production Tax Credit  Yes 
Investment Tax Credit (30% reimbursement) Yes 
  
DEBT INFORMATION   
Cost of Construction Financing Funds 8.00% 

% Equity Financing 41.5% 
Equity Financing ($000) $237,540  
% Senior Debt Financing 50.0% 
Senior Debt Financing ($000) $286,300  
Senior Debt Term 15 
Interest on Senior Debt 6.00% 
% PTC Debt Financing (wind only) 23.0% 
% PTC Debt Financing (% of total) 8.5% 
PTC Debt Financing ($000) $48,760 
PTC Debt Term  10 
Interest on PTC Debt 6.0% 
Target Equity Return 12.0% 
Weighted Average Cost of Capital 8.49% 

 

 Financing is applied to both power systems with the subordinate debt being paid 

off in 10 years and the senior debt paid in 15 years.  Subordinate debt is an unsecured, 

lower priority debt than the senior debt but has a higher rate of return due more risk being 

associated with it.  Subordinate debt is repayable but only after other debt has been paid. 

Table 40:  List of the financial assumptions for the combined wind and dual-axis solar power pro-forma.  A PPA of 
$99 is used to determine the profit of the project.  The production tax credit is applied to wind while T-1603 is applied 
to solar.  The senior debt is paid in 15 years with the subordinate debt paid in 10 years.  This pro-forma was carried out 
for 20 years and estimated out to year 30.  The complete pro-forma can be seen in appendix A. 
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Figure 75: Estimated internal rate of return computed from 
individual pro-forma for wind, dual-axis PV, and the two 
combined.  IRR is calculated on an assumed PPA of $57 for wind 
only, $165 for solar only, and $99 for combined.  Wind power 
facilities use 20-year a pro-forma while solar is estimated to 30 
years. 

 Completing the pro-forma 

analysis over 20 years (full details in 

Appendix A), one obtains an 

estimated Internal Rate of Return for 

the combined power systems to reach 

positive values a year before wind 

only and 3 ½ years before solar only.  

See Figure 75.  After 20 years, the 

combined system has an IRR 23% 

greater than a traditional wind only facility.  These financial graphs demonstrate risk and 

viability to investors with a promise of a greater return in both IRR and Net Present 

Value. 

An IRR is calculated in a pro-forma as a way to analyze the strength of a project.  

It is the interest rate at which the present value of benefits equals the present value of 

costs over the life of a project.  The higher the estimated IRR, the more economically 

viable the project is. 

Factors considered in the pro-forma include: accelerated depreciation ending at 

year 5, wind’s PTC expires at year 10 along with the subordinate debt, solar and wind’s 

senior debt is paid off at year 15, 2% inflation in the PPA value, and 2.3% annual 

increase in operations and maintenance.  Since a wind power facilities’ design-life is 

considered 20 years, there are many options available to the plant owner/operator after 

the 20-year mark; an estimated IRR is shown (dashed line), assuming the plant continues 
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Figure 76: 20-year IRR values based on the first-
year Power Purchase Agreement (PPA) price. 

to operate.  Alternatively, new, larger turbines could be placed into service as older ones 

break down, continuing the increasing IRR for another 20 years.  These options were not 

considered. 

This analysis has indicated the enhanced value, through higher financed returns, 

IRR, for the combined system as compared to the wind or solar only systems based on 

assumed PPA values and on recent expenses in the Texas market.  Figure 76 shows the 

20-year IRR for each option as a function of negotiated PPA.  This chart will allow 

planners to calculate required PPA values to obtain a desired IRR value for the project. 

For example, if a company wanted a 

wind power facility to earn 15%, the PPA 

needed would be $70 per MWh.  If it were a 

solar facility, the desirable PPA would be $198 

per MWh, while the combined technologies 

would require a PPA of only $110 per MWh. 

Over the last few years, the wind PTC has expired or almost expired three times 

(2000, 2002, and 2004) before congress voted to reinstate the tax credit.  During these 

times, wind power facility installations dropped 73% or more. (www.AWEA.org)  In 

December 2012, congress will vote on extending the T-1603 bill under ARRA.  If neither 

of these tax incentives were extended, there would be a significant economic impact on 

both wind and solar facilities.   



 Texas Tech University, Chris Pattison, August 2011 

111 

Figure 77: 20-year IRR values reevaluated without 
governmental tax incentives. 

Performing the same pro-forma 

analysis as previously, but without either 

federal tax incentives, expected PPA values 

increase significantly, as shown in Figure 77.  

Following the previous example, a wind only 

facility wanting a 15% IRR would need a PPA 

value of $103 per MWh.  This represents an 81% increase over the PPA of a facility 

operating with the PTC, and is a 3% increase as compared to a combined facility taking 

advantage of both tax incentives.  A solar only facility would need a PPA value of $278 

per MWh (68% increase) while a combined facility would need a PPA of $180 per MWh, 

an 82% increase. 
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CHAPTER 12 

 

Storage 

 Intermittent wind and solar energy can be additionally firmed for more reliable 

delivery by co-locating a diesel, natural gas, or other generator on site.  As energy output 

drops, the generators meet the desired power production level.  Another way to firm 

output is with energy storage.  Storage selections available are numerous, each with their 

own unique advantages and disadvantages.  Since the Integrated Design allows for full 

production of wind and solar power simultaneously, storage cannot be applied without a 

total system design approach.  For this study, all storage options were applied to the 

Supplemental Option only. 

 For storage to effective, it must be able to charge when production is above 1 

MW, the transformer capacity.  This way, produced energy is not lost but shifted to a 

time of lower production.  Storage capacity must have a variable amount of discharge to 

meet the fluctuating productivity of wind and solar and be applied to either AC power 

from the turbine or DC power from the solar.  It should be able to vary in size (voltage or 

amperage) as well as length of energy discharge (minutes to hours).  It should be efficient 

enough that losses in both discharge and recharge do not exceed the benefit of using 

storage. 
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Energy Storage Options 

 

One proven type of energy storage is molten-salt storage with Concentrated Solar 

Power (CSP).  It focuses the sun’s heats on a liquid, oil or molten salt, which is stored 

and used later for heating water to turn a steam turbine.  As discussed earlier, significant 

amounts of water are needed to cool the turbine.  Yet, water is in short supply in the 

desert southwest when solar insolation is high. 

A second possibility is capacitor banks.  Super-capacitors are currently being used 

in cars, trucks, and busses in terms of energy recovery, but offer little value in the utility-

storage industry.  The use of capacitors for storing electrical energy predates the 

invention of the battery.  Eighteenth century experimenters used Leyden jars as the 

source of their electrical power.  Capacitors store their energy in an electrostatic field 

rather than in chemical form like batteries.  They consist of two electrode plates of 

opposite polarity which are separated by a dielectric or electrolyte.  The capacitor is 

charged by applying a voltage across the terminals which causes positive and negative 

charges to migrate to the surface of the electrode of opposite polarity.   

 Since capacitors store their charge on the surface of the electrode, rather than 

within the electrode, they tend to have low energy storage capability and lower energy 

densities, as measured in Watt-hours per Liter (Wh/L). The charge and discharge reaction 

is not limited by ionic conduction into the electrode, so capacitors can be operated at high 

power levels and provide very high specific power, but only for very short periods of 

time, as shown in Figure 78.  Because of their short duration of high energy discharge, 
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Figure 78: Storage comparison between a capacitor and battery.  
Capacitors have a very high power density but low energy density as they 
discharge their stored power over very short time-frames, unlike batteries. 

capacitors or super-capacitors 

may not be the best utility energy 

storage option for this 

application. 

 Hydrogen electrolyzers and fuel cells are a relatively new source of stored energy.  

Excess energy is used to split a water molecule and store the hydrogen and oxygen which 

is later reconstituted into water, releasing energy.  However, hydrogen being utilized as a 

secondary fuel, can be stored as a liquid, as its energy density per unit volume is 1000 

times higher than as a gas.  This is called cryogenic storage.  A cryogenic hydrogen 

facility is much less expensive than a pumped-hydro facility for a given stored energy 

requirement, however, efficiencies are low.  As cryogenic storage is energy intensive, as 

well as the energy used to split the water molecule, the full cycle energy efficiency is 

low, less than 25% round trip. 

A third energy storage option is pumped-hydro.  The relatively low energy 

density of pumped hydro systems requires either a very large body of water or a large 

variation in height is needed.  A cubic meter, 1000 kg of water, at the top of a 100 meter 

tower has a potential energy of approximately 0.272 kWh.  (1000 kg x 100 m x 9.8 ms-2 / 

3,600,000 J/s/kWh)  The only way to store a significant amount of energy is by having a 

very large body of water in close proximity to another body of water, and located as high 

above the other as possible.  In the Panhandle of Texas, this is not possible.  Estimated 

costs for a pumped hydro facility 21 are $1,500 per kW installed, almost doubling the cost 

of a wind plant.  Storage tanks are not feasible due to the large volume of water required. 
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Figure 79: Depiction of a compressed air energy storage 
facility.  At night, excess wind energy is used to compress air 
in a tank or under-ground cavern.  At a time of increased load, 
the air is released and converted back into energy through a 
pressure turbine. 

Compressed air storage, shown in Figure 79, is an alternative energy storage that 

could be used.  Compressed air has higher storage capacity than water; about 10 times 

higher per cubic meter than water.  It requires large underground cavities or salt deposits 

which make it geographically isolating.  

The air compression is 71% efficient 

and the reversal of the process is 73% 

efficient, making a combined 52% 

overall efficiency.  Besides space and 

efficiency, one other issue to be aware 

of in compressed air energy storage is 

the heat that is generated in the 

compression process.   

If air is 20° C at 1 atmosphere and it is compressed into a tank or salt deposit at 

100 atmospheres, using the equation for gasses as:  T2 = T1(P2/P1)
(n-1)/n

.    ( 21 )     

Since air is not an ideal gas, n = 1.4.  The final temperature of the gas at 100 atmospheres 

is 720° C, which is hot enough to melt the salt reservoir.  Working in reverse, the 

expansion of the gas back to 1 atmosphere, within a motor or generator, the temperature 

would fall to -121° C.  Finding a large enough underground formation or salt dome that is 

conducive to compressed air energy storage is limited and rare.  Building a facility to 

safely manage the incredible temperature fluctuations would be quite expensive. 

The only example of a working compressed air energy storage facility is in 

Germany.  It utilizes an underground cavity in a salt deposit which has a capacity of 
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Figure 80: Cut-away view of a 
small flywheel used for short-
term energy storage. 

Figure 81: Cut-away view of a large flywheel.  
This 6 kWh unit will release its stored energy 

over a 30-second time period supplying enough 
power  until back-up generation starts. 

300,000 cubic meters.  Air is compressed to 70 atmospheres (1000 psi) where the weight 

of the deposit confines the pressure.  When released, the system provides compressed air 

to a turbine which can deliver 300 megawatts of power for up to two hours and takes 

several days to recharge.  The amount of power delivered and the duration of delivery are 

scalable. 

 Another possibility of energy storage is the flywheel.  

Flywheel energy storage works by accelerating a rotor to a very high 

velocity and maintaining the energy in the system as rotational 

energy.  Modern super flywheels store kinetic energy in a high 

speed rotating drum or disc which forms the rotor of a motor-generator.  When energy is 

extracted from the system, the flywheel’s rotation speed is reduced by driving the 

generator.  Energy can be added at any time increasing the rotor’s 

speed.  When the power is needed, the utility-scale 

power can be delivered, but only for short periods 

of time, allowing back-up generation to begin.  For 

this reason, this type of bulk energy storage for 

utility-scale use may not be practical as a method for 

load-following, but rather for frequency regulation. 

 Unlike other forms of energy storage, flywheels have no limitation on their 

charge/discharge cycle capability.  They can last decades with minimal maintenance, 

with full-cycle lifetimes in excess of 10,000,000 cycles of use.  With no gear-box that can 

wear out, flywheels have large maximum power outputs with 85% to 95% efficiency 
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Figure 82: Large expensive fly wheels can be used in place of several smaller ones when large amounts of 
power is needed on short notice, but will only last until back-up generation begins.  Fly wheels of this type 
are commonly used in hospitals. 

round trip.  Advanced flywheel energy storage systems have rotors made of high-strength 

carbon filaments, suspended by magnetic bearings, which together spin at speeds from 

20,000 rpm to near 100,000 rpm.  They can accelerate to operating speed in a matter of 

minutes.  Flywheels can discharge power at 100 kilowatts for up to 15 seconds providing 

ride-through until other power generation begins.  Typical capacities range from 3kWh to 

133kWh and can be combined in groups, as shown in Figure 82, for longer lasting energy 

discharge.  As this study is utilizing 5-minute increments, ten banks of flywheels, each 

discharging for 30 seconds, would be needed to sustain energy output for the full five 

minutes. 

 Costs associated with a fully operational flywheel storage system are about $330 

per kilowatt.  While flywheels are initially more expensive than batteries, they require 

less maintenance and will last much longer without need of replacement, making their 

life-time costs significantly lower. 

For this analysis, batteries were selected as the storage technology for modeling 

purposes due to their low expense, low maintenance, ease of use, and easy of 

accessibility. 
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Figure 83: Depiction of the expected life-
cycle of an AGM battery over a standard 
solar storage battery. 

 Energy storage technologies are often referred to as a way to shift time of delivery 

and smooth the variability of renewable energy such as wind and/or solar.  But the cost of 

energy storage infrastructure is not insignificant.  Today’s cost for advanced lithium 

batteries, one of the leading battery energy storage options capable of storing 1 MWh of 

electricity, is approximately $2 million; about the same capital cost per Megawatt as a 

wind turbine. 

 Another issue that plagues battery storage is the need to replace the batteries 

every few years.  Most batteries must operate under stringent temperature guidelines.  

Even when they are followed, most batteries must be replaced after they have cycled 

several times.  Figures 83 and 84 show that after approximately 400 cycles, some 

batteries can only hold 50% of its original charge 

capability.  This would account to a just over a year 

if a storage system were to be used once each day.  

A two-to-three-times more expensive option is the 

AGM (Absorbed Glass Mat), deep-cycle battery.  It 

is designed for solar application and is expected to 

last nearly three years before needing replacement.  

These types of batteries can survive severe periods 

of “over-charge” during the combined wind and solar power output.22   

 For modeling purposes in the analysis, a solar-storage battery manufactured by 

U.S. Battery, the RE L16-XC, 23 was used as it is specifically built for solar power 

storage and can discharge a maximum of 75 Amps for up to four hours, delivering up to 
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Figure 84: Expected life-cycle of U.S. Battery’s L16-
XC based on depth of discharge.  For this model, the 
DOD was set at 80%. 

3.6 kWh each.  However, since large batteries are limited to a minimum of 20% charge, 

or risk damage and reduction in capacity, the model will not allow the batteries to go 

beyond 80% depth of discharge, DOD. 

 The amperage drawn from a battery depends on the size and thickness of the 

terminal plate; the larger the plate, the more current that can be withdrawn.  This rate of 

discharge can be regulated. 

 For this analysis, 80 RE-L16-XC batteries are used, with discharge rates varying 

between 0 and 75 amps, and limited to 20% capacity for discharge.  Individual battery 

capacity is approximately 2.9 kilowatt-hours of power and will always contain at least 

720 Watts (20%).  These particular batteries will last 700-800 complete cycles before 

their capacity is reduced to 60%, Figure 

84.  Their overall efficiency is 90%; if 

1000 Watts of energy is withdrawn, then 

1100 Watts must be used to recharge it 

back to the original state.  For this study, 

92% efficiency was used during charging 

phases and 97% was used for discharge 

phases, making the round-trip efficiency 

89.2%.23   
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Figure 85: Persistence graph after 80 storage 
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length of time of no power output from the 
combined systems.  Times of over-
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Figure 86: Example of one night where battery 
storage replaced the low- and zero-output times.  
Here, storage lasted nearly five hours before the 
80% DOD was attained and output stopped. 

During daytime over-production, the system 

would be charged.  Later, as power output drops to 

near zero, the stored power would discharge.  The 

storage system model was applied only to the 

combined wind and dual-axis system as it is the best 

economic option.  There are two ways the storage 

system can be applied.  The batteries can be used to 

reduce the number and duration of times of zero-power output (Early Use) as shown in 

Figure 85, or to maintain higher outputs (High Use) earlier in the day as production 

begins to decrease until its charge reaches 20% capacity.  This is accomplished by 

varying the battery discharge based on a minimum total output.  For the model, battery 

storage will begin to release energy when production drops below a minimum set value.  

For the first option, this was set at 100 kW.  Depending on the plant output, battery 

storage would make up the difference between 100 kW and the combined plant output, 

maintaining at least 100 kW of output power at the transformer.  During times of over-

production, the excess energy from the PV panels would be directed to charging the 

storage batteries.  Since batteries operate on Direct 

Current, during over-production greater than 1 MW, 

only the solar energy can be used to charge the 

batteries.  Wind turbines operate on Alternating 

Current and cannot be used directly like solar to charge 

the batteries. 
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 By only releasing enough power to maintain 100 kW of total output, Figure 86, 

the battery charge will last longer reducing the number and length of time of zero-power 

output as well as increasing times of low power output.  This will lessen the amount of 

purchased parasitic energy.  By eliminating these times, or reducing longer periods, 

significant parasitic power costs can be avoided, while also providing additional revenue.  

 By reducing expenditures and increasing revenue, the addition of storage to each 

wind/solar unit would save over $5,000 annually per unit at ten cents per kilowatt-hour.  

However, total costs of the storage used for this study would be $32,000 plus the added 

costs of housing the batteries in a small structure onsite.  In other words, the $30,000 to 

$40,000 spent on a single-unit storage system, would benefit the plant approximately 

$5,000 annually.  For a 100 MW plant, this would be $3 to $4 million dollars spent to 

save $500,000 annually. 

 As more storage battery “units” are purchased, the discounted volume sale would 

diminish by 5% to 10% depending on the overall size of the project order.  Depending on 

the number of cycles the batteries would be put through in a year, the batteries would 

need to be replaced every three to five years making their annual cost between $7,000 

and $10,000 per unit, less than half the added savings in lost production based on a 

purchased power agreement of $99 per MWh. 

In the Early Use study, battery storage reached 70% or less capacity, 30% depth 

of discharge, only 77 times for the entire year of 2009.  Since the manufacturer of the 

batteries claims that they maintain 60% charge after 700 cycles, this equates to over nine 

years of service, further reducing their life-cycle costs to $4,500 annually, slightly less 
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Figure 87: Graph of stored energy as it is used 
and recharged eleven times over the course of 
three weeks. 

Figure 88: Combined power output 
histogram with storage.  The large 
number of occurrences of lower power 
output is evidence of low-set storage. 
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than one-third the approximate $14,000 saved 

at $99 per MWh.  Figure 87 shows eleven 

cycles of the battery during the summer when 

evening winds diminish.  The batteries are 

charged during the day when both wind and 

solar produce greater than one Megawatt of 

power.  DC solar power is diverted into the 

battery for storage, used later when wind speeds declined causing power production to 

drop below the minimum Early Use amount of 100 kilowatts. 

The histogram of the total system power output shows an increased “spike” in the 

lowest region of Figure 88 due to the battery storage increasing the number of low 

production times.  While zero-production times were 

greatly reduced, they were not entirely eliminated.  

Since these zero-production times were only at night, 

the lowest possible price for energy was saved and 

paid causing income to increase only slightly. 

A complete table showing the change in zero-

production occurrences and durations can be seen in 

Table 41 below. 
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Duration of Zero-
Power Output 

(mins) 

Wind Only 
Number of 

Occurrences 

Combined 
Number of 

Occurrences 
Paired with 

Battery Storage 

Percent 
Reduction 

with Storage 
5 434 102 48 53% 
10 213 61 18 71% 
15 127 35 15 57% 
20 63 23 11 52% 
25 54 18 6 67% 
30 45 19 10 47% 
35 29 10 3 70% 
40 26 7 2 71% 
45 12 7 4 43% 
50 8   1 0% 
55 12 4   100% 
60 8 4 3 25% 
65 6 2 1 50% 
70 9 3 1 67% 
75 6 3 3 0% 
80 4   1 0% 
85 4 3 2 33% 
90 7 3 2 33% 
95 4 2 1 50% 
100 4 2 3 0% 
105 2 2 1 50% 
110 2      
115 4 2 1 50% 
120 1 1   0% 
130 3      
135 2      
140 2 1   100% 
145 2      
155 1      
160 1     
170 1      
180 3 1 1 0% 
195 1 1   0% 
205 2      
215 1 1 1 0% 
225 1      
250 2      
255 1      
335 1 1 1 0% 

Total hours off: 387.33 127.25 67.42  
PPA @ $57  $     22,078   $        7,253   $     3,843  Lost Revenue 
PPA @ $99  $     38,346   $        12,598   $     6,675  Lost Revenue 

 

 When comparing the costs of the various arrangements, it was shown that the 

wind/dual-axis is the best option in terms of dollars-per-kilowatt installed and dollars per 

Table 41: Persistence table showing the length of time and number of occurrences that wind power was non-productive.  
Once solar is added, the number of zero-output times decreased significantly reducing the amount of lost revenue and 
the frequency of grid-purchased power. 
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MWh produced.  When comparing them with added storage, again the best option is 

revealed and shown in Table 42. 

 

1 Year 
Compare 

MWh 
Produced 

Cap 
Factor 

Est. Cost 
w/o T-1603 

Cost/Watt 
AC with    
T-1603 

ICC/AEP 
Produced 

Relative 
(wind) 

ICC/AEP  
Wind 3,564 40.7 % $ 2,120,000 $   2.12 $   0.60 1.00 

Fixed Solar 1,687 19.3 % $ 5,303,715 $   5.15 $   3.14 5.23 
Single-Axis 2,235 25.5 % $ 4,809,090 $   4.94 $   2.15 3.58 

Dual-Axis 2,341 26.7 % $ 4,665,830 $   4.95 $   1.99 3.32 
Wind/Fixed 4,836 55.2 % $ 7,393,715 $   3.64 $   1.53 2.55 
Wind/Single 5,122 58.5 % $ 6,899,090 $   3.50 $   1.35 2.25 

Wind/Dual 5,182 59.2 % $ 6,755,830 $   3.48 $   1.30 2.17 
Wind/Dual 
w/ storage 5,198 59.3 % $ 6,795,830 $   3.50 $   1.31 2.18 

  

When T-1603 is applied, costs are reduced, but battery storage seems to have a 

negative effect on the economics when they are used to firm only wind, as seen below.  

The added cost of the 80-battery storage option caused a 2-cent increase in the cost per 

Watt value with a half-cent increase in the one-year cost/kWh produced.  Further study 

would need to be done investigating the use of storage when it is only released during 

very high price spikes.  From this, the minimum sale value could be determined. 

 

1 Year 
Compare 

MWh 
Produced 

Est. Cost 
w/o          

T-1603 

cost/Watt 
AC w/o    
T-1603 

ICC/AEP 
Produced 

Est. Cost 
with       

T-1603 

cost/Watt 
AC with   
T-1603 

ICC/AEP 
Produced 

Relative 
(wind) 

ICC/AEP 
Fixed Solar 1,687.0 $5,304,000 $   5.15 $    3.14 $3,713,000 $  3.61 $    2.20 3.67 
Single-Axis 2,234.9 $4,809,000 $   4.94 $    2.15 $3,366,000 $  3.46 $    1.51 2.52 

Dual-Axis 2,341.2 $4,666,000 $   4.95 $    1.99 $3,266,000 $  3.47 $    1.36 2.27 
Wind/Fixed 4,835.9 $7,394,000 $   3.64 $    1.53 $5,833,000 $  2.87 $    1.21 2.02 

Wind/Single 5,121.7 $6,899,000 $   3.50 $    1.35 $5,486,000 $  2.78 $    1.07 1.78 
Wind/Dual 5,181.8 $6,756,000 $   3.48 $    1.30 $5,386,000 $  2.77 $    1.04 1.73 
Wind/Dual   
w/ storage 5,198 $6,796,000 $   3.50 $    1.31 $5,426,000 $  2.79 $    1.04 1.73 

Table 42: Comparison of the wind and solar technologies with the best Supplemental and Integrated 
Design option.  Once all factors are considered, wind and dual-axis solar without storage is the best 
choice. 

Table 43: Cost estimations for the various mixes of wind and solar with and without application of the 
solar T-1603, 30% reimbursement. 
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 Unless an operator of a combined facility using storage was able to store energy 

when the market was down, sell the power when it spikes high, and is able to dump a 

large amount of power quickly, storage does not seem to benefit a wind facility very well.  

For example, if 52 MW of power were stored and released over 15 minutes during a price 

spike of $1,000/MWh, the revenue over that period of time would be $13,000.  Since 

batteries dispense their energy over several hours instead of several minutes, only 13 MW 

of the stored capacity could be dispensed over those 15 minutes.  52 MW of capacity 

would amount to 14,400 batteries at $400 each, amounting to $5.76 million dollars. 

  A second option is to use the stored energy to prolong higher output when 

demand is high.  Instead of using the storage to reduce zero-power occurrences at a time 

when prices are lowest, using the stored energy just before or after sunset when demand 

is still high, can secure a higher premium for the power sold. 

 The next model investigated sets a minimum combined High Use output level at 

950 kW.  During the day, the solar-specific batteries are charged by the solar during 

times of over production from the combined sources.  As the sun begins to set, the 

batteries begin to release their power for several hours while the electric demand is still 

high. 

 Within an hour of sunset, solar and wind energy production typically begins to 

diminish.  This model allows several hours for the plant operator, and grid operator, to 

adjust to the upcoming short-fall in energy production.  Two examples can be seen in 

Figure 89.  Energy is stored during the over-productive times of the day to be released 

when production begins to lessen.  With this expectancy, the batteries could conceivably 
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Figure 89: High-Use storage adds output power as it 
begins diminishing to allow the power provider and 
power purchaser extra time to adjust to the variable 
output and load. 

Figure 90: Power output histogram of combined wind and dual-axis PV using High-Use storage.  This allows the 
governing authorities additional time to adjust to the impending short-fall.  The significantly large number of 800 
kilowatt values if evidence of the high-set storage as the batteries expel their charge and maintain a higher output. 
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cycle each day, diminishing the length of 

their life.  In this model, the minimum power 

was set at 950 kW to be sustained by 400 

batteries.  At 80% depth of discharge, 1.15 

MW of power can be expelled by the 

batteries over several hours.  The storage 

system was reduced to 50% depth of 

discharge or more 178 times, 49%, during the 

2009 TMY.  Only two hours of sustained output was attained in the first example due to 

the batteries not being fully charged during the day. 

This prolonged output effect can also be seen in the output histogram in Figure 

90.  As the storage system tries to maintain higher output, a spike can be seen at the 800 

kW location while times of zero or no production remains unchanged.   



 Texas Tech University, Chris Pattison, August 2011 

127 

0 1 2 3 4 5 6 7 8 9

x 10
5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Power Output (Watts)

P
er

ce
nt

ag
e 

of
 T

im
e

CDF of Combined Wind/Duel-Axis Output w/ Storage

Figure 93: Cumulative distribution 
function also shows the High-Set storage 
applied to the combined system. 
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Figure 91: Graph of average annual 
output over the time of day.  The small 
difference indicated by the oval is 
evidence of high-set storage as energy 
is released shortly after sunset. 

Figure 92: Locations of high-set 
energy storage being released during 
the season.  Stored power is released 
earlier in the day for spring and 
summer, and later for fall and winter. 

The average daily output and seasonal averages also reflect the extension of 

diminishing power output.  Inside the oval of Figure 91, the larger space between the blue 

and black lines is a noticeable extension of the combined power output as a consequence 

of storage.  The combined output (black) deviates away slightly from the solar (green) 

before it gradually increases to meet the wind output.  This same effect can be seen in the 

seasonal averages of 

Figure 92.  Again, ovals 

identify increases in 

power production an 

hour before sunset for 

spring and summer and 

an hour after sunset in the 

fall and winter.  

 The CDF is the last graph that illustrates a representation of the effects of using 

storage.  The small “bump” located between 8 and 9 in Figure 93, shows how the storage 

increases power output just as the combined energy 

begins to diminish.  The additional 144 MWh of 

annual production is not without a cost.  The 

expected cost of the 400 storage batteries is an 

additional $160,000 plus the cost of housing and 

protecting them, for a total expense of near $175,000.  

The increased revenue for the added capacity output 
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is roughly $14,500 annually at a PPA price of $99.  The savings could be substantially 

more under a merchant plan. 
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CHAPTER 13 

 

Merchant Plan 

 Rather than sign a Power Purchase Agreement or a Firm PPA with a utility, there 

is the option of providing power on a merchant plan.  Under a PPA, whatever power is 

produced, the provider is paid the agreed-upon price, which can range from $35 to $55 

per MWh for a wind plant, regardless the amount of power produced or when.  Prices are 

set with an agreed-upon inflation rate regardless the price of concurrent energy sales.  As 

natural gas prices increase causing electrical prices to mirror its cost, wind power remains 

steady. 

Under a merchant plan, there is no guarantee of purchase price or that the power 

produced would even be “needed” at the time of production.  Typical purchase pricing is 

done on a day-ahead basis and are set anywhere from $20 to $50 per MWh 24 hours in 

advance.  During times of high demand, energy costs can be exorbitant when supply is 

inadequate.  Sometimes this is done just 15 minutes beforehand so there is considerable 

risk on the power provider.  During these short-falls of energy, MWhrs can be purchased 

for $500 or more, but only for 15 minutes.  This is when a power plant under a merchant-

plan can earn substantial revenue.  During other times, delivered power is in excess to 

load and can be sold at negative values.   

 If a power company sold their power strictly on the open market, prices could 

range from  -$35 to +$2,250 per MWh.  The lower prices would last for several hours, 



 Texas Tech University, Chris Pattison, August 2011 

130 

usually at night, while the high prices are generally during the day and only available for 

a few minutes.  With the implementation of the nodal system in ERCOT (Dec. 1, 2010), 

pricing and adjustment could be as quickly as every five minutes. 

 Using the MCPE-north, (Market Clearing Price of Energy-North Zone) the 

Dallas/Fort Worth area, from the ERCOT website, revenue estimation was done on 15-

minute increments for all scenarios of wind, solar, and combinations as if all power were 

purchased on a merchant plan.  Since the data in this study is in 5-minute increments, 

each value is used three times (2:00, 2:05, and 2:10 are all the same price) before the next 

value is applied (2:15).  Depending on the size of the transformer used, combined 

systems will vary.  Each model was re-evaluated based on the ERCOT MCPE-north 

energy prices where MWh produced were sold at the current MCPE-north price and 

totaled for 2009.  The price of energy break down for 2009 can be seen in Table 44. 

 

  std. dev. 

Average cost of energy (total): $29.78  $52.94  
   

Average cost of energy (Wind): $25.19  $29.93  

0:00 to 7:45 $22.65  $28.37  

20:15 to 23:45 $30.61  $33.28  
   

Average cost of energy (Solar): $34.18  $39.58  

8:00 to 20:00   

 

 The time-value of energy shown in both Table 45 and Figure 90, shows that day-

time energy (8 a.m. to 8 p.m.) is 36% more valuable than night-time energy.   

Table 44: The average cost of energy for the north ERCOT region based on time.  The total cost of energy for 2009 in 
the Dallas/Ft. Worth area was $29.78 per MWh.  The average night time cost of energy was $25 while the day time 
cost of energy is $34, suggesting that solar energy is more valuable than wind energy. 
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Figure 94: Averaging the Marginal Clearing Price of Energy for 2009 and comparing it to the time of day, huge 
fluctuations are easily noted.  The average day time value of energy is above $30 per MWh with most minimums 
above $10 per MWh.  The average night time value of energy is close to $20 per MWh with negative values possible. 

   2       4       6       8       10     12     14     16     18      20     22     24 

    2      4       6       8     10    12     14    16     18     20    22    24 

Averaging the MCPE-north over a 24-hour time period, as shown in Figure 94, 

energy value spikes can be noted twice from 5:30 to 7:30 a.m.  Three other energy value 

spikes are also noted between 6 and 8 p.m.  If stored energy could be sold under a 

merchant plan at times of greater than $500 per MWh, nearly ten times higher than a 

PPA, significant revenue is attainable.   

Figure 95 shows the average seasonal and monthly average energy values from 

the MCPE data set compared to the time of day.  Large early morning and evening 

energy value spikes throughout the year are quickly noted.  Winter day time prices are 

considerably lower than summer day time energy values, as expected.  The added solar to 

a wind farm can take advantage of better sun and higher prices enabling a wind farm to 

secure a higher PPA value. 
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Figure 95: Seasonal and monthly averages of natural gas prices in Texas, MCPE-north.  Winter 
months, December through March, have the most average price spikes above $50 per MWh. 
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Assuming all produced energy from a combined wind-solar plant was sold at the 

current MCPE price, projected revenues are listed below in Table 45 below and are 

compared to a PPA of $57, $99 and $165.  In many cases, under a merchant plan, 

revenue is less than what a PPA would have paid.  Conversely, if the plant operator 

agreed to produce power at a certain price and then failed to meet that obligation, the 

power plant would have to pay for the “lost” power instead of reaping the rewards of the 

higher purchase price. 
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Figure 96: Daily and 12-month rolling average of natural gas prices in Texas.  2009 
had the lowest gas price since 2002, significantly reducing the value of the cost of 
energy comparisons done in this study. 

Texas Natural Gas Prices 
Data Source: U.S. Energy Information Administration. 

 

1 Year 
Compare 

MWh 
Delivered 

Wind 
$57/MWh 

Combined 
$99/MWh 

Solar 
$165/MWh 

Under a 
Merchant 

Plan 

MCPE 
per 

MWh 

Wind 3,564 $203,148   $97,767 $27.43 

Fixed Solar 1,687   $278,355 $58,447 $34.65 

Single-Axis 2,235   $368,775 $76,299 $34.14 

Dual-Axis 2,341   $386,265 $79,254 $33.85 

Wind/Fixed 4,836  $478,764  $148,017 $30.61 

Wind/Single 5,122  $507,078  $153,508 $29.97 

Wind/Dual 5,182  $513,018  $155,283 $29.97 
W/DA-
Storage 5,198  $514,602  $155,775 $29.97 

Early Use 5,262  $520,938  $157,992 $30.02 

 

Looking at the time-value of energy in Tables 45 and 46, one may wonder why an 

electrical purchasing authority would establish a PPA of $50 or more with a wind power 

plant or the $165 PPA with Austin Energy for a solar-only plant.  This can be understood 

examining Figure 96.  Several PPAs were established after 2003 when gas prices were 

near $5 per MMBTU.  Estimating a high continuous escalation in natural gas prices, 

energy authorities were eager to purchase cheaper wind energy as it would be placed on a 

slower 20-year 

escalating value.  This 

held true until early 

2009 when natural gas 

prices fell below $4 

per MMBTU.  Thus, a 

power provider 

Table 45: Technology comparison between wind, solar, and their combination. PPA revenue estimation is 
compared to a merchant plan’s cost of energy value. 
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operating under a merchant plan in 2009 would have made the least amount of revenue 

compared to the previous six years.  Because of the continuing low gas prices, developers 

wanting to build a new wind power facility are finding it difficult to attain Power 

Purchase Agreements greater than $35 per MWh with purchasing authorities.   

Despite the lower gas prices, the Merchant Plan was applied to two 

Supplementary systems as well as the Integrated Design.  Their estimated revenue is 

listed along with the averaged value of energy under the merchant plan.  In each case, the 

added solar production impacted both the revenue and average value of energy. 

 

Supplementary 
Option 1 

 

Shared 1-MW 
transformer MWh $57/MWh $99/MWh $165/MWh 

Merchant 
Plan 

Revenue 

Merchant 
value of 
energy 

Value of 
Energy   

(relative to wind) 
Wind 3564  $203,148      $   97,767   $   27.43  1.00 

Dual-Axis 2341     $386,265  $   79,254   $   33.85  1.23 
Wind/Dual 5182    $513,018    $ 155,283   $   29.97  1.09 

Supplementary Option 2 (individual 
transformer) 

Two 1-MW 
transformer MWh $99/MWh 

Merchant 
Plan 

Revenue 

Merchant 
value of 
energy 

Value of 
Energy   

(relative to wind) 
Wind/Fixed 5363 $ 530,937   $ 159,925 $  29.82 1.09 
Wind/Single 5904 $ 584,496   $ 177,183 $  30.01 1.09 
Wind/Dual 6005 $ 594,495   $ 180,125 $  30.00 1.09 

Integrated Design (shared 2 MW transformer) 

Shared 2-MW 
transformer MWh $99/MWh 

Merchant 
Plan 

Revenue 

Merchant 
value of 
energy 

Value of 
Energy    

(relative to wind) 
Wind/Fixed 5371 $ 531,729  $ 160,324 $   29.85 1.09 
Wind/Single 5916 $ 585,684  $ 177,583 $   30.02 1.09 
Wind/Dual 6017 $ 595,683  $ 181,117 $   30.10 1.10 

 

 

Table 46: Direct appraisal between the various supplemental options and the Integrated Design and the 
value of energy based on configuration.  All possibilities are set relative to the value of energy for wind. 
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 If a power plant functioned strictly on a merchant plan, larger transformers would 

be an option that would soon pay for itself as the combined power plant would produce 

more daytime power when the cost of energy, and demand, is highest.  One possible 

storage alternative would be to store all solar power from the first few hours of the day 

when prices are low, then releasing it at a time when prices escalate.  This would require 

an additional inverter and transformer on the storage to be most effective. 
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CHAPTER 14 

 

Conclusion 

 This study examines the performance and economics of combining wind and solar 

photovoltaics into a single renewable power plant.  Wind only, solar only, and combined 

plant models were the basis of comparison.  Given the high-fidelity data afforded by the 

West Texas MesoNet and the Texas Tech University’s 200-meter tower, highly accurate 

wind and solar energy production can be estimated.  By using the 200-meter tower to 

accurately estimate air density and wind speeds at wind turbine hub-height, and 

determining energy production from density and air velocity, highly accurate wind 

energy production was estimated for the year 2009.  Based on data and estimations, a 

wind-only power plant consisting of 1 MW turbines, would have produced approximately 

3,564 MWh per turbine after taking into consideration the associated losses.  Costs were 

valued at $2,211 per kW installed, $2.2 million per MW. A pro-forma analysis was also 

done as a comparison tool for other models.  The estimated PPA used was $57 per MWh. 

Solar production was estimated utilizing five-minute averaged data from the West 

Texas MesoNet’s global-horizontal solar insolation data from the Reese MesoNet site 

located just south of the 200-meter tower.  One MW of AC power was estimated using 

fixed solar panels.  Single- and dual-axis models were also estimated.  For each analysis, 

panel costs were calculated using $2.25 per Watt while non-module costs varied by 

arrangement.  For fixed PV, this was $2.90 per Watt, single-axis PV non-module costs 
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were $2.95 for the added hardware and software, and dual-axis PV used $3.01 for non-

module costs.  In each instance, the currently active Treasure Bill 1630’s 30% cash-back 

incentive would lower costs considerably. 

 For the combined wind-solar plant, several design options were investigated.  The 

Supplementary Option one, limited exportable production to 1 MW as the two power 

sources shared the pad-mount transformer.  For Supplementary Option two, each power 

source was then estimated with its own transformer but functioned on an under-designed 

collection system.  Supplementary option three also functioned on under-designed 

collection but shared a 2 MW transformer.  Lastly, an Integrated Design option was 

utilized and a properly sized collection system and optimized costs were used as well as 

allowing the two technologies to share a 2 MW transformer.  This proved to be the better 

choice as their increased production and summary costs are shown in Table 47. 

 

1 Year 
Compare 

MWh 
Prod. 

Cap 
Factor 

Est. Cost 
w/o         

T-1603 

cost/Watt 
AC w/o 
T-1603 

One-year 
ICC/AEP  

Est. Cost 
with          

T-1603 

cost/Watt 
AC with 
T-1603 

First-year 
ICC/AEP  

Wind- 
Normalized 
ICC/AEP 

Wind 3,564  40.7% $2,120,000 $2.12 $0.60   $0.60 1.00 
Fixed Solar 1,687  19.3% $5,303,750 $5.15 $3.14 $3,712,600 $3.61 $2.20 3.70 
Single-Axis 2,235  25.5% $4,809,090 $4.94 $2.15 $3,366,363 $3.46 $1.51 2.53 

Dual-Axis 2,341  26.7% $4,665,830 $4.95 $1.99 $3,266,081 $3.47 $1.40 2.35 
Wind/Fixed 4,836  55.2% $7,393,715 $3.64 $1.53 $5,832,600 $2.87 $1.21 2.03 

Wind/Single 5,122  58.5% $6,899,090 $3.50 $1.35 $5,486,363 $2.78 $1.07 1.80 
Wind/Dual 5,182  59.2% $6,755,830 $3.48 $1.30 $5,386,081 $2.77 $1.04 1.75 

 

 It was determined that the wind and dual-axis combined systems was the best 

selection for both the Supplemental and Integrated Design options and a pro-forma 

financial analysis was completed for this case. 

Table 47: Summary table of each model’s estimated production, installed costs, and first-year ICC/AEP.   
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 Adding storage to the combined systems in order to increase revenue was the last 

step in this study.  Battery storage was only applied when the 1 MW transformer was the 

limiting factor.  Utilizing solar-specific storage batteries and adjusting the output values 

at which the storage would be used, allowed several possibilities.  Setting the minimum 

power output at a low level reduced the number and duration of night time periods of 

zero-power output.  However, instead of setting the storage output power value at a 

minimum, setting it at a higher level would provide added support at a time when 

outgoing power began to drop.  This would provide additional time for the plant operator 

to make applicable adjustments.   

 The final possibility is operating under a merchant plan, where a plant operates 

without a PPA contract and supplies power at the current market clearing price of energy 

rate.  This creates considerable risk for the plant operator, but can reap substantial 

rewards for short periods of time.  

 By applying the marginal clearing price of energy (MCPE) of the northern region 

of ERCOT to each model, the estimated annual revenue was calculated.  Due to there 

being so many possibilities of varying systems and transformer sizes, only a few were 

compiled in chart form and can be seen in Table 48. 
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1 Year 
Compare 

MWh 
Delivered $57/MWh $99/MWh $165/MWh 

Merchant 
Plan 

Average 
MCPE/MWh 

Wind 3,564 $ 203,148   $     97,767 $     27.43 
Fixed Solar 1,687 $   96,159  $ 278,355 $     58,447 $     34.65 
Single-Axis 2,235 $ 127,395  $ 368,775 $     76,299 $     34.14 

Dual-Axis 2,341 $ 133,437  $ 386,265 $     79,254 $     33.85 
Wind/Fixed 4,836 $ 275,652 $ 478,764  $   148,017 $     30.61 
Wind/Single 5,122 $ 291,954 $ 507,078  $   153,508 $     29.97 

Wind/Dual 5,182 $ 295,374 $ 513,018  $   155,283 $     29.97 
W/DA Storage 5,198 $ 296,286 $ 514,602  $   155,775 $     29.97 

Early Use 5,262 $ 299,934 $ 520,938  $   157,992 $     30.02 
       
       
2.0 MW 
Trans MWh $57/MWh $99/MWh $165/MWh Merchant 

Average 
MCPE/MWh 

Wind/Fixed 5363  $530,937  $   159,925 $     29.82 
Wind/Single 5904  $584,496  $   177,183 $     30.01 

Wind/Dual 6005  $594,495  $   180,125 $     29.99 
 

 Selling power under a merchant plan is a difficult process as price agreements 

must be made every fifteen minutes.  Under the “smart grid” and the nodal system, this 

could increase to every five minutes making it an arduous process.   

 If storage were used under a merchant plan, significant amounts of stored power 

could be made available during the evening or early morning.  When prices escalate for 

short time periods, the stored energy could be released at a significantly higher price.  

One thousand $400 batteries could be set aside and used specifically for this purpose, 

storing 2.9 MWh of energy.  When demand increases causing prices to jump to $500 or 

more per MWh, the batteries could release their energy at substantial revenue to the 

power plant, paying for themselves at a faster rate than under any of the combined 

systems mentioned above. 

Table 48: Summary of energy models operating under a merchant plan and the associated average cost of energy. 
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 Based on all options and models above, the best hybrid power production plant is 

to combine wind with dual-axis PV on a shared 2 MW transformer.  This can be 

implemented in currently operating wind farms (Supplementary option) as the solar 

panels and hardware are placed to the south of each turbine.  Each array would have its 

own inverter and then tied into the existing collection system.  The dual-axis system 

would be most beneficial in higher latitudes as the sun rises earlier and sets much later 

during the summer months, creating more opportunities for power production.  A plant 

operator using the Supplemental Option would need to carefully curtail wind power 

output when the combined power production exceeds the carrying capacity of the 

collection system or sub-station.  Unless specific software is developed allowing 

significant discharge when prices are high, storage has a high cost-to-benefit value.  At 

the 2009 pricing, the Merchant Plan is not a viable option.  It is recommended that a PPA 

is established.  For a currently active wind plant adding solar to firm its delivery of 

power, it must be able to renegotiate its current PPA at a higher price or the added solar 

will become a detriment financially to the plant instead of an asset. 

 If plans are being prepared for new wind power facility, early changes in the 

collection system and sub-station could substantially increase revenue far beyond just the 

addition of solar to an existing wind farm.  Estimated revenue for the Integrated Design 

increased 16% over Supplemental Option one. 
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APPENDIX A 

 

Pro-Forma spreadsheets for Wind only, Dual-Axis Solar only, and the combined wind 

and dual-axis Integrated Design systems.  For Wind, a twenty-year analysis was 

performed as this is the design life of modern turbines.  For Solar, the pro-forma analysis 

was carried to 30 years with little operation and maintenance performed until after the 

20th year.  For the combined analysis, the pro-forma was again only carried out to the 

wind turbine designed lifespan of 20 years. 
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APPENDIX B 

 

MilSoft (WindMil) voltage drop reports for the Supplemental and Integrated Design 

options.  Line sizes were estimated based on the economic value of line losses and set at 

pro-forma PPA prices in cents/kWh.  The first set is the Supplemental Option with the 

second being the Integrated Design option values. 
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WIND ONLY 
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SUPPLEMENTARY OPTION (1 MW) 
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SUPPLEMENTARY OPTION (1 MW) 
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INTEGRATED DESIGN OPTION (2 MW) 
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APPENDIX C 

 

Sub-station data from SGS Engineering, LLC.  The data shown is for an 80 MW sub-

station which was later converted into a 160 MW sub-station.  Costs were estimated in 

2009 for the first station and 2010 prices used in the second, rebuild estimate. 
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