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EXECUTIVE SUMMARY 

Awindpower demonstration program was carried out to assess the 

potential of windpower energy for highway uses in Oklahoma. A secondary 

purpose of the program was to provide information for the public on the 

use of windpower for more general applications. 

Windspeed measuring equipment was installed qt the Erick Information 

Center along I-40 in western Oklahoma and at the Oklahoma DOT Maintenance 

Yard at Hydro, west of Oklahoma City. Awindpower generator with a nomi-. . 

nal rating of 25 kw was installed on a 60-ft tower at the Erick site. 

From a reliability standpoint, the windpower generator performed 

satisfactorily. Its availability for the one-year test period was 94%. 

Its annual energy output, however, was less than expected, primarily due 

to the lower than expected windspeed at the Erick site. 
The measured windspeed was approximately 25% lower than predicted 

on the basis of long-term recorded data from the Department of Commerce. 

Further testing and analysis will be required to determine whether the 

low average windspeeds represent an anomaly or a long-term trend that 

differs significantly from earlier Department of Commerce data. 
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INTRODUCTION 

Oklahoma is in the center of one of the windiest regions in the 

United States. It also has an abundant solar potential. At the time 

this program was undertaken, the actual extent to which these rich 

solar and wind resources could be utilized had yet to be determined 

with any degree of accuracy. In a state where sunshine and wind are 

so readily available, little had been done to take advantage of their 
potential. Solar collectors for heat or,domestic hot water were rare, 

and even the faithful old water-pumping windmill had become a relic of 

the pioneer days. In an era of inexpensive and abundant oil and gas 

supplies, there had been no need to develop the state's renewable energy 

resources. 

All that ended in 1973 with the mideastern oil embargo and· the 

organization of the OPEC consortium. Even so, the perceived need for 

alternative energy sources was not matched by wide public acceptance of. 

alternate energy technology. In the case of windpower, for example, 

individual homeowners were unsure of its dependability, discouraged by 

the high initial cost and intimidated by its technology. Utilities were 

dubious of windpower economics, the quality of the power produced and 
its effect on peak demand or base loading. 

Throughout the 1970's, many of the technical and economic questions 

were resolved through the development of second and third generation 

windpower units and by detailed economic studies. In 1978, the PURPA 



regulations provided the legal basis for utility interconnect and for 

the purchase of excess power by the utilities. This Congressional 

action, combined with tax credits at the state and federal level, paved 

the way for wider public use of windpower in both residential and com-

mercial applications. 

The project described in this report was undertaken by the Oklahoma 

Department of Transportation to assess the local wind resource and to 

demonstrate the use of alternate energy for public facilities. Accurate, 

long-term data concerning available windpower was gathered at two sites. 

In particular, diurnal variation of windpower, with its consequent effect 

on peak-power demand,was measured. More importantly, an operating, 

state-of-the-art, wind-electric system was installed at a site with high-

wind potential and maximum public exposure. In this way, utilities would 

be able to assess the dependability of wind-powered generating systems, 

and Oklahoma residents would become more familiar with modern windpower 

technology. 
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SITE SELECTION 

There were several criteria for selection of a site (or sites) for 

installation of data logging and power-generating equipment for this 

project. Since it was to be a demonstration project, a primary require-

ment was visi bi1 ity. In particular, the wind-powered generator was to 

be installed at a site that was accessible to the maximum number of 

Oklahoma residents. The two other major requirements~ which apply to 

every site to be utilized for a wind system, were (1) availability of 

consistent strong winds and {2) sufficient unobstructed area for erec-

tion of the generator and tower. Finally, all the equipment for the pro-

ject was to be located in areas regularly maintained by the funding agency, 

the Oklahoma Department of Transportation. Two types of state-maintained 

sites were considered for placement of project equipment - tourist infor-

mation centers on interstate highways and DOT maintenance yards bordering 

the highways. 

The public access requirement dictated that the wind-powered genera-

ting equipment be placed at one of the Information Centers. The loca-

tions considered were: Blackwell in the north on I-35; Miami in the 

northeast on I-44; Sallisaw in the east on I-40; Thackerville in the 

south on I-35; Erick in the west on I-40; and Guymon in the northwest 

on U.S. Route 54. 

The only consistent information in windspeed for Oklahoma at the 

time this project was undertaken was the U.S. Weather Bureau information 

shown in Figure 1. These data are of limited use in the prediction of 

3 
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wind-generator performance, since they are normally measured at heights 

of 30 ft, and are not necessarily taken at favorable windpower sites. 

Because windspeed increases with elevation above ground level, wind 

generators are usually placed on towers which are at least 60 ft high. 

Nevertheless, the map shows general trends in windpower availability 

throughout the state, and was the basis for eliminating the sites at 

Sallisaw, Thackerville, and Blackwell. Weather Bureau map aside, it 

has been the general perception that Oklahoma winds are highest in the 

western part of the state. The data obtained from this project raise 

some questions about this commonly held view. 

The Miami rest area did not have a suitable location for the gen-

erator. The two remaining sites were Erick and Guymon. Site surveys 

at both of these locations indicated that each had sufficient area for 

placement of a wind generator. The information center at Erick, where 

the average windspeed was thought to be 12 mph, is one of the busiest in 

ttie state while the Guymon Center receives comparatively little traffic. 

Although the Weather Bureau data showed the Guymon area to be a somewhat 

windier region, the Erick Tourist Center was chosen as the site which 

would maximize public exposure to the windpower system and provide the 

most widely useable wind and performance information. 

A wind turbine was installed near the picnic area adjacent to the 

Tourist Information Center building on the south side of 1-40 as shown 

in Figure 2. In order to assess the relationship between windspeed and 

power production, a data logging system to record windspeed and direction 

was installed at the same site. 

5 
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It was also decided to install a second set of recording anemometry 

equipment at a site closer to Oklahoma City. This would permit some 

degree of assessment of variation in windspeed with geography. It would 

also furnish information on windpower po1;ential in the more heavily 

populated central region of the state. The DOT maintenance yard at 

Hydro was selected because of its excellent location on an unobstructed 

ridge and its visibility from I-40. A site even closer to Oklahoma 

City, at Yukon, was rejected because it already contained a solar hot-

water heati~g demonstration unit. 
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EQUIPMENT SELECTION 

WIND GENERATOR 

The wind-powered generator to be installed at Erick was expected 

to supply a significant portion of the power required at the rest facil-

ity. Department of Transportation records were available for the per-

iod from October 1978 to October 1980. Analysis showed that electri-

city consumption at the site averaged 10,700 KWH per month, with peak 

consumption occurring in the period December -March. The maximum 

demand of 18,000 KWH occurred in March 1979. Minimum use of 7750 KWH 

occurred in June 1979. 

Wind velocity increases with height above the ground. The most 

generally accepted method for estimating the magnitude of this increase 

is the power relationship: 

where v1 is the measured velocity at height h1, and v2 is the velocity 

to be calculated at height h2• The exponent, n, is a function of the 

local terrain, including buildings, trees, and the like. In the 

absence of specific information, the exponent is generally assumed· to 

be somewhere between 1/4 and 1/7. 
Based on the Weather Bureau data shown in Figure l, the average 

windspeed at the Erick site at an elevation of 30 ft is approximately 

12 mph. Using an exponent of 1/7, for the power relationship, the 
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average windspeed at an elevation of 60 ft was expected to be 13.5 mph. 

At this windspeed, a moderately efficient windpower generator can 

be expected to operate at an average capacity factor of 25%., which 

means that it will generate an average of 25% of its rated output over 

'an extended period of time. This estimate is based on a Rayleigh distri-

bution of wind velocities throughout the year (the standard recolllllended 

by the American Wind Energy Association) and output versus wind velocity 

data for typical windpower generators. 

A goal of supplying approximately 50% of the Erick electrical 

requirements had been established early in the program. For a monthly 

usage of 10,700 KWH and a capacity factor of 25%, a generator with a 

power rating on the order of 28 kw was required to provide this level 

of output. 

The generator chosen was the Jay Carter Enterprises Model 25 (JCE 25), 

the then-available windpower generator that most closely matched the 

requirement. It is a horizontal axis, two-blade machine wi~h a 32-ft 

rotor diameter, and is mounted on a 60-ft tower. The rotor remains down-

wind from the tower at all times, and overspeed protection is provided 

by a damped-blade pitching mechanism. The generating system consists of 

an induction.motor/generator driven by the rotor through a step-up gear-

box. The motor/generator operates in synchronization with the utility 
power line, so that the generated power is compatible with all electrical 

systems at the Erick facility. Excess generated power can be sold back 

to the supplying utility, Northfork REC. Figure 3 shows the configuration 

of the JCE Model 25 generator. The characteristics of the JCE Model 25 

are described in detail in Appendix A. 
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Although the Carter 25 windpower generator is advertised as having 

a maximum output of 25 kw at a windspeed of 25 mph, the peak measured 

output at the Erick site was 18.7 kw. In discussing this discrepancy 

with the manufacturer, it was learned that the 25 kw rating applied 

only to the three-phase version of the machine. The single-phase unit, 

as installed at the Erick site, has a maximum output rating of 20 kw. 

The single-phase unit was chosen because three-phase utility power is 

not availab1e at Erick. 

ANEMOMETRY 

Windpower data to be compiled at the Erick and Hydro sites, for 

each month, included: 

1. Peak windspeed and maximum 1u11 time, 

2. Average windspeed, 

3. Windspeed/duration i nforma ti on, 

4. Diurnal windspeed, and 

5. Wind direction 

The distance to the anemometry sites dictated that information be 

stored for considerable periods of time. Thus, battery life and storage 

capacity of the wind-data logger were important. Obviously, dependability 

was another important factor. For the Erick site, two Second Wind Model 

AL-2000 data-logging systems were chosen. Windspeed and direction 

sensors for the systems were mounted at heights of 25 and 45 ft.. The AL-

2000 loggers can store up to 13 months of data, and the specification 

battery life was 13 months for the lithium batteries supplied with the 

unit. 
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The sensors supplied with the AL-2000 logger were a Maximum Model 

40, 3-cup, windspeed unit, and a Downeaster wind-direction vane. The 

windspeed sensor is actually a small, wind-powered alternator which pro-

duces an AC signal with a frequency determined by the rotational speed of 

the sensor. The windspeed-frequency relationship is carefully calibrated 

over the windspeed range of 0-140 mph. The wind-direction sensor relies 

on a small, constant DC power source (in this case, the batteries in 

the logger). The direction vane is actually a variable resistor so that 

re-movement in the vane causes a change in the voltage drop across the 

sistive load. 

The AL-2000 logger is calibrated to convert the frequency and volt-

age input data every two seconds to windspeed and direction, respectively. 

A programmed read-only memory chip (PROM) controls the operations which 

sort the data into bins corresponding to monthly, diurnal, and velocity 

distributions. Sorted data are stored on an erasable chi'p (EPROM). from 

which the data can be read by queries entered on a key pad in the logger. 

com-Alternatively, the EPROM chip may be removed and the data read via 

puter interrogation. The EPROM chip may be "erased" and reused. 

For the Hydro site, a Second Wind Model AL-2002 logging system was 

selected. This unit stores data from two sets of speed/direction sen-

sors for up to 13 months. Specification battery life was 9 months. Sen-

sor pairs were mounted at 30 and 45 ft. The former height, although 

different from the lower sensor height at Erick, was chosen because of 

the proximity of a building with a height of 20 ft. 

Specifications for the AL-2000 and AL-2002 are given in Appendix 8, 

while sample data pages are shown in Appendix C. All loggers incorporated 
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an automatic changeover to/from daylight savings time, and this is 

reflected in the diurnal distributions. 
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IMPLEMENTATION 

DATA LOGGING: ERICK 

The loggers at Erick were installed on January 14, 1982. Windspeed 

and direction data, at heights of 25 and 45 ft, were obtained for the 

months through July, but premature battery failure caused the loss of data 

for August. On September 9, 1982, the logging of wind data from the 

upper (45 ft) sensor pair was resumed and continued uninterrupted through 

August 1983. 

The second logger at the Erick site was converted to record the 

power output from the JCE Model 25 generator. An Ohio Semitronics Model 

PCS-35-C, AC watt transducer, installed on the output line from the gener-

ator, monitored the output current from the generator. The linear, 0-10 

VDC output of the transducer was then converted, via a solid-$tate cir-

cuit, to a frequency signal which would be read by the logger as a 11wind-

speed11 signal. For reasons of reliability and accuracy, a background 

frequency was present at all times. This 2.35 Hz background corresponds 

to a 4 mph windspeed, which must be subtracted from the indicated wind-

speed on the logger readout. Each mph increment in windspeed then corre-

sponds to 0.735 kw of generator output power. The equation for converting 

from mph to kw is: 

Power Output (kw) = [windspeed (mph) - 4] x 0.735 

The bin distributions for output power in the logger were 0-1.47, 1.47-

2.94, 2.94-4.41, ... , 23.52-24.99 kw. Diurnal distribution was unaffected, 
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except that indicated output distributions were to be converted accord-

ing to the above equation. The wind-direction circuitry on the power· 

logger was inactive. A schematic for the power output monitoring cir-

cuit is shown in Figure 4, along with a photograph of the Erick installa-

tion. 

Logging of generator power production at Erick was initiated on 

September 9, 1982 and continued through August 1983. 

DATA LOGGING: HYDRO 

The AL-2002 at Hydro was put into operation on January 13, 1983. 

Data were recorded for the sensor pairs at 30 and 45 ft through August· 

1983. Data for May and June 1983 were lost, again due to premature 

battery failure. 

SUMMARY OF DATA 

Monthly windspeeds at Erick and Hydro are plotted in Figure 5. 

Monthly diurnal distributions, as well as monthly histograms showing 

distribution of windspeed versus duration, are shown in Appendix D, 

Figures 01 through 025. In the histograms, 200 hours represent an over-

flow (time .z: 200 hrs) and 39 mph represents an overflow (all velocities 

.z: 39 mph}. A comparison of windspeeds at the various heights and loca-

tions is· shown in Table l. Overall average windspeeds, for the total 

number of days logged at each site are shown in Table 2. 

Monthly power production from the generator at Erick is plotted in 

Figure 6 and is tabulated along with monthly average windspeed (at 45 ft) 

in Table 3. Diurnal distributions of power production for each month are 
shown in Appendix E, Figures El through Ell. 
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Table 1. Average Monthly Wind Speeds at Erick and Hydro 

1982 

1983 

(a)
(b) 

45 ft 
Erick Hvdro 

January 10. 99 --
February 10.49 --
March 10.76 --
April 11.58 --
May 10.43 --
June 8.46 --
July 8. 71 --
August (a) --
September 10.18 --
October 9.68 --
November lo. 15 --
December 9.98 --

January 8.33 8.84 
February 9.76 9.19 I
March 11.89 11.72 
April 10.55 12. 30 l 
May 10.70 (a) 
June 10.09 (a) 
July 10.49 12.43 
August 6.94 9.05 

Loggers down due to battery failure 
Logging discontinued 

25-30 ft 
Erick 

8.44 
8.26 
8.34 
9.15 
8.16 
6.15 

(a) 
(a) 
(b) 

(b) 

(b) 
(b) 

(b) 
(b) 
(b) 
(b) 
{b) 
(b) 
(b) 

(b) 

H.vdro 

7.69 
7.84 

10.42 
10.88 

(a) 
(a) 

10.88 
7.29 
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Table 2. Overall Average Wind Speed at Erick and Hydro
{hours of operation) 

Erick Hvdro 
45' 25' 45' 30' 

Overall Avg Speed 9.99(568) 8.06(172) 10.72(170) 9.29(170} 
Avg for 1/83-4/83; 9.75 --- 10.72 9.297/83-8/83 

Table 3. Power Production and Wind Speed at Erick 

Power Avg Wind Speed
(KWH} (mph) 

.1982 
September 3520 10.18 
October 2069 9.68 
November 2452 10.15 
December 2324 9.98 

1983 
January 1777 8.33 
February 1749 9.76 
March 3249 11.89 

.April 498(a) 10.55 
May (b} 10.70 
June 1733 10.09 
July 1988 10.49 
August 720 6.94 

(a) Generator inactive 4/1 - 4/19
(b) Transducer down due to circuit breaker malfunction 

\ .. 

·~ 
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Monthly peak windspeed and power production are shown in Table 4 

while maximum lull (inactive) time is shown in Table 5. 
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Table 4. Monthly Peak Wind Speed (mph) and Power Output (KW) 

45 ft 25-30 ft 
Erick Hvdro Erick Hvdro Power 

1982 
January 45.5 -- 41.5 -- --
February 41.5 -- 37.5 -- --
March 53.0 -- 46.0 -- --
April 68.5 -- 62.0 -- --
May 58.5 -- 53.0 -- --
June 51.5 -- 44.5 -- --
July 45.5 -- (a) -- --
August (a) -- -- -- --
September (b) -- -- -- 16.5 
October (b) -- -- -- 16.5 
November (b) -- -- -- 18.7 
December (b) -- -- -- 18.4 

1983 

January (b) 41.0 -- 38.0 18.0 
February (b) 41.0 -- 40.5 18.4 
March 51.5 52.0 -- 49.0 18.4 
April 42.0 63.5 -- 59.0 16.9 
May 56.0 (a) -- (a) 17.3 
June 50.0 (a) -- (a) 16.5 
July 54.0 38.5 -- 38.5 15. l 
August 37.5 82.0 -- 72.0 15.8 

(a)
(b) 

logger down due to battery failure 
Data lost · 
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Table 5. Maximum Lull Times for Wind and Power Production 

1982 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

1983 

January 
February 
March 
April 
May 
June 
July 
August 

45 ft 25-30 ft 
Erick Hvdro Erick Hvdro Power 

1 

14 20 
17 20 
16 25 

9 35 

30 39 

33 40 
29 (a) 

(a) (a) 

(b) -- 43 
(b) -- 92 
(b) -- 68 

(b) -- 48 

(b) 103 -- 103 119 
(b) 21 -- 31 73 
17 20 -- 34 46 

11 15 -- 17 (c} 
14 (a) -- (a) (c) 

19 (a) -- {a) 51 
12 13 -- 14 46 
20 17 -- 18 53 

(a) Logger down due to battery failure 
(b) Data not recorded 
(c) Transducer circuit down due to building renovations 
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DISCUSSION OF RESULTS 

GENERATOR 

The major piece of equipment, the generator, performed dependably 

although its output was lower than expected. Part of this low output 

is 'due to the derating of the Model 25 when operating in a single-

phase electrical system. The generator did not, however, reach the 20 

kw maximum which had been specified for the single-phase version. Table 

4 shows that the maximum recorded output from the generator was 18.7 KWH, 

despite the frequency presence of high winds at the Erick site. The only 

significant downtime for the wind turbine occurred during.the period 

April 1 - April 19, 1983 when the out-of-ba1ance brake tripped during a 

violent thunderstorm. The generator was deactivated until it could be 

lowered and the brake reset. Short (5-12 hr) downtimes occurred three 

times when the unit was lowered for periodic service. Two factory main-

tenance calls were required, both under warranty. In one case, the gene-

rator yaw tube was replaced because of defective material in the casting. 

In the second case, the entire generator and gearbox were replaced by 

the manufacturer in order to investigate the noisy operation of the system. 

The availability of the windpower generator for the one-year test 

period was 94%. 

DATA LOGGERS 

The AL-series loggers performed dependably, as expected, except for 

one serious problem. The lifetime of the lithium batteries was much 
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shorter than anticipated. In the case of the AL-2002, the lifetime was 

less than half of th~ design life. This premature battery failure led 

to losses of several months of data. For a logger which is designed to 

function unattended for over one year, this requirement for battery 

replacement at five- or six-month intervals is unacceptable. For this 

reason, the AL-series logger in its present state of development is 

recommended for anemometry at remote sites only if b?ttery life is 

improved. Where frequency service or monitoring is possible, the AL-

series loggers should be quite satisfactory. 

Aside from the battery problem, the loggers functioned well. The 

initialization procedure was simple and well explained, interaction be-

tween the logger and user was logical and concise, and the procedure for 

reading stored data was simple and direct. 

One final comment should be made concerning the 11 directional turbu-

lence11 feature incorporated in the· logger. Each of the windspeed bins 

is further subdivided into 11 slow 11 , 11medium 11 , and 11 fast 11 directional 

change bins. These offer an excellent opportunity t,o quantify the extent 

of turbulence at a site, a factor which could have profound effects on 

the windpower available. Unfortunately, the original criteria for class-

ification of directional change programmed into the data logger resulted 

in almost all wind being grouped into the 11 slow 11 category, so that· 

little comparison of sites could be made. Field reports to the manufac-

turer of the data logger and numerous telephone discussions with the 

·manufacturer's engineers resulted in a design change in the logger to 

, revise the criteria for wind turbulence classification. The data logger 

at the Hydro site incorporated this change. As a consequence, this 
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feature should provide useful information in the future. 

WINDSPEED 

The outstanding feature of the data logging phase of the project 

was the observation of average windspeeds far below those which were 

expected on the basis of regional distribution data from earlier surveys 

by the Department of Commerce. As seen from Table 1, there were only 

two months during the study when average windspeed exceeded 11 mph. The 

·average for_August 1983 at Erick is lower than any monthly mean which has 

been found for Oklahoma City, where the anemometer height is only 20 ft. 

The overall average windspeeds at both Hydro and Erick, as shown i"n Table 

2, are well .below those recorded at Oklahoma City for the years 1970-79 

{anemometer height) (Refs. 1, 2, 3] and even further below the average 

recorded during the period 1946-51 at Oklahoma City, when the average 
windspeed was 14.9 mph (Ref. 4]. It seems clear that the study period 

for this project was one in which the windspeed was remarkably low. 

Both Erick and Hydro are located in regions of Oklahoma which tradition-

a1ly experience higher winds than Oklahoma City. Both anemometer towers 

were located in good sites for wind optimization. The data presented 

should serve, therefore, as an indication of the low end of the range of 

wind energy available in the western regions of the state. More accurate 

assessment of the normal windpower available at the Erick site will re-

quire continuation of the monitoring program through a more typical per-

iod of wind activity. 

An examination of the data presented in Table 1 shows that the Hydro 

site is apparently superior to the Erick location for windpower utiliza-

tion. The observed difference of one mph could be due, however, to 
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variations in local terrain and should not be considered significant at 

this time. Rather it appears that the entire west-central region of the 

state receives winds of similar velocity. 

The standard "power law" equation for variation of windspeed with 

elevation above ground was shown in the EQUIPMENT section. The value of 
11 11 11the exponent depends primarily on the topography and surface charac-

teristics of the region. Using the data of Table 3, the value of at11 n11 

11 n11Erick is .37, while at Hydro is .35. These values are relatively 

high when compared to the generally accepted range of values from 1/4 

(.25) to 1/7 (.14). The implication of this higher value is that the 

increase in windspeed with altitude is greater at these two sites than 

might be expected from conventional information on wind gradients. 

The presence of trees at the Erick site and the buildings at Hydro 

were c1early major factors in this unexpected result. Nevertheless, 

since most recorded wind data for the United States has been obtained 

from standard 30 ft weather stations~ further investigation of velocity 

gradient with height would appear to be indicated. 

WIND DIRECTION 

In winter months, the principal direction for power winds (wind-

speed .;:. 18 mph) is from the north with a significant contribution from 

the southeast. In spring, the higher-speed winds change to primarily 

southeast, where they remain until mid-autumn. East or west winds are 

not frequently observed. Table 6 summarizes the principal directional 

trend. 
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Table 6. Duration of High-Speed Winds from the 
Principal Directions at Erick, Oklahoma 

Month 

January 
February 
March 
April 
May 
June 
July 
August 

N.E. to N.W. 

18-24 mph 

32 hr 
33 
22 
31 
18 
9 

l 

1 

.:: 25 mph 

14 hr 
10 

7 
20 

6 
2 
0 
0 

S.E. to S.W. 

18-24 mph 

17 hr 
27 
50 
52 
65 
26 
50 
11 

.:: 24 mph 

9 hr 
6 

22 
13 
17 

5 
4 
l 

POWER PRODUCTION 

A comparison of the electric use at the Erick site before and after 

the installation of the wind generator is informatiye. Table 7 details 

the electric usage at the site in the 12 months following the installation 

of the generator as compared to an average for the three years preceding 

the installation. Total usage increased 11.6%, but production from the 

generator resulted in an 8.2% reduction in power purchased from the. 

utility. 

The observed power production was not as high as had been expected. 

As noted before, two factors account for this discrepancy. The first 

has to do with the reduced output of the single-phase Carter 25 windpower 

generator. The second, and more important factor, was the lower-than-

expected average windspeeds at the Erick site. 

The effects of 1ow windspeed on power production are profound, 
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Table 7. Electric Usage at the Erick Tourist Information Center Before 
and After Installation of Wind Generator (KWH) 

BEFORE WINDPOWER AFTER WINDPOWER 
UTILITY UTILITY WINDPOWER TOTAL 

PURCHASE1 PURCHASE GENERATED USED 

January l 0 ,420 13,090 1780 14,870 
February 13 '160 12,360 1750 14,110 
March 15, 940 14,800 3250 18,050 
Apri1 10,010 9,750 -- --
May 9,170 -- -- --
June 8,360 8,050 1730 9~780 

July 8,660 6,720 1990 8,710 
August 10,390 9,740 720 10,460 
September 10,810 7,130 3520 10,650 
October 9' 140 8,200 2070 10,270 
November 8,360 -- 2450 --
December 9,370 8,200 2320 10,520 

EXCLUDING 96,250 88,290 19,130 107,420
APR, MAY 
NOV 

1 Three-year average 
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since the amount of power in the wind varies as the third power of the 

wind velocity. For example, an increase in average windspeed of only 

25% can nearly double the output of a windpower generator. 

At the Erick site, the power production data given in 1able 3 show 

that the average monthly output for the JCE 25 was approximately 2000 

kwh, well below the expected 4000 kwh monthly average. Furthermore, 

the generator produced more than 3000 kwh in only two months during the 

study, September 1982 and March 1983. 

The average annual windspeed at Erick (measured at the 45~ft height) 

was 9.9 mph for the twelve-month test period. When this result is cor-

rected for the 60-ft hub height of the JCE 25 machine, using an exponent 

of .35, the average windspeed available for power production is 10.9 mph. 

This is approximately 25% less than the expected 13.5 mph. The corre-

sponding reduction in output using the third~power relationship, would 

be 47%. 

This result is generally consistent with the original expectations 

and the goa1s of the program. Specifically, if the assumed 60-ft wind-

speed average of 13.5 mph had been attained, the average monthly output 

would have been approximately 3800 kwh. If, in addition, an allowance 

is made for the lower rating of the single-phase version of the JCE 25, 

the average monthly output would have been approximately 4500 kwh; or 

44% of the average electrical needs of the Erick Tourist Center. 

Looked at another way, the actual capacity factor (C.f.) for the 

windpower generator can be calculated as: 

C F = 2000(12 100 = 13 7%
• • 20 8760 • 0 

31 



which is considerably less than the 25% C.F. assumed during the defini-

tion phase of the study. On the other hand, when corrected for the 

expected average windspeed, 13.5 mph, the C.F. would.be 26%, approxi-

mately the same as anticipated. 

Thus, the program results, insofar as power production is concerned, 

lead to mixed conclusions. 

l. The JCE 25 performed reliably. The average availability was 

94.5%. 

2. The annual• output of the JCE 25 was cons.istent with its rated 

power and the measured average windspeed. 

3. The actual energy output and its contribution to the electrical 

needs of the Erick Tourist Center were only 50% of those 

estimated at the start of the study. 

It is clear that the sensitivity of power production to changes 

in average windspeed requires that accurate wind data be used for est1-

mating the economic benefit of windpower generators at a specific site. 

A decision on the ultimate value of windpower generators in Oklahoma will 

benefit from continued monitoring of windspeed and power production at 

the Erick site. 
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W!NDPOWER ECONOMICS 

The cost of windpower is influenced by such a variety of techni-

cal and economic factors that there is no single (or simple) answer to 

the question, "Does windpower pay off? 11 

For business and home applications, it is generally agreed that 

installed costs on the order of $2000 per installed kilowatt will result 

in payback periods that range from 1ess than four years to about eight 

years~ depending on the application. These favorable pay-back periods 

are the result of generous federal and state tax credits, p1us the 

rising cost of utility-generated electricity. They are also more likely 

to occur in those parts of the country that have better than average 

wind resources. 

A cash flow analysis for a typical Oklahoma homeowner purchase of 

a 10-kw WECS with an installed cost of $20,000 is shown in Table 8. 

This 10-kw unit has been chosen because it represents a near optimum 

generator size for a typical home in Oklahoma. 

An analysis for the business purchase of a 20-kw unit (the approxi-

mate size of the unit installed at the Erick site) is shown in Table 9. 

Finally, an analysis for a government purchase of the JCE 25 unit 

is shown in Table 10. In this calculation, it is assumed that the ori-

ginal capital cost of the windpower generator comes from appropriations 

and that no interest is paid on the money involved. 
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Critical factors in calculating the cash flow are: 

1. ANNUAL ENERGY OUTPUT. For the example cases, annual energy 

outputs were assumed to be 18,000 KWH/yr and 36,000 KWH/yr, 

respectively. This corresponds to a capacity factor of 

approximately 20%, which appears to be a reasonable value 

for the Great Plains region. 

2. INITIAL COST OF ELECTRICITY. During the period 1983/1984, 

the average cost of electricity, including the fuel adjust-

ment addition, in Oklahoma ranged from $0.06/KWH to $0.10/KWH. 

An average value of $0.08 KWH was assumed for the example cal-

culations. 

3. FUTURE COST OF ELECTRICITY. The inflation rate for electricity 

in Oklahoma over the past 10 years has been about 15% per year. 

There is some evidence that this inflation rate will moderate 

in the future. A rate of 12% was assumed. 

4. TAX BRACKET OF OWNER. If the purchase price is borrowed, the 

interest expenses may be deducted from taxable income by both 

the business' owner and the homeowner, the former as a tax 

credit, the latter as a cost of doing business. In the case 

of the business purchase, the value of the energy produced 

must be discounted by the amount of tax on the increased pro-

fit. In both cases, it has been assumed that the total tax 

bracket is 50%, including both state and federal taxes. 

5. FEDERAL TAX CREDITS. The federal tax credit for homeowner 

purchases of windpower generators is 40% of the first $10,000 

invested. The federal Business Energy Investment Credit (BEIC) 
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is 15% of the purchase price, without upper limit. In addition, 

business-related purchases may use the federal Investment Tax 

Credit of 10%. 

6. STATE TAX CREDITS. Many states have followed the federal 

government in providing tax credits that may be added to the 

federal credits. Oklahoma, for example, provides a homeowner 

tax credit of 35% of the first $10,000 invested and a business 

tax credit of 30% of the total investment. 

7. ACCELERATED DEPRECIATION. Business purchasers of WECS may 

depreciate their investment (minus one-half the claimed 

federal tax credits) over a five-year period at the rate of 15% 

for the first year, 22% for the second year, and 21% for each 

of the next three years. 

8. INTEREST RATES. The assumed interest rates for borrowed money 

are 12% for business loans and 14% for homeowner loans. 

Table 8 shows that the payback period for a homeowner purchase is 

just over eight years. Because of the more generous tax credits avail .. 

able for businesses, the payback period for a business purchase is 

approximately four years as shown in Table 9. It is clear that these 

favorable payback periods are possible largely because of the tax. credits 

and accelerated depreciation. 

Unfortunately~ these tax benefits are not available to government 

agencies .. Thus, the economics of private-sector windpower do not apply 

when WECS are purchased directly by government entities for their own 

use. Even so, with the assumptions noted previously, the payback period 
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CASH FLOW ANALYSIS 

Table 8. Homeowner Purchase of 10-KW Windpower Generator 

YEAR l 
Interest Expense
Federal Solar Tax Credit 
State Solar Tax Credit 
Interest Tax Savings
Energy Production 

YEAR 2 
Interest Expense
Interest Tax Savings
Energy Production 

YEAR 3 
Interest Expense
Interest Tax Savings
Energy Production 

YEAR 4 

YEAR 5 

YEAR 6 

YEAR 7 

YEAR 8 

YEAR 9 

1. Assumes 3 year warranty. 

Cash Flow 
Available for Outstanding
Debt Service Balance 

($2,800)
4,000 
3,500
1,400

" 1 ,440 

$7,540 $12,460 

($1,744) 
872 

"1 ,613 
$ 750 $11,719 

($1,640) 
820 

1,806 
$ 986 $10,733 

$1,072 $9,661 

$1,394 $8,267 

$1, 768 $6.499 

$2,199 $4,300 

$2,699 $1 ,601 

$3,040 $1,439 
" 

2. Operation and maintenance costs are assumed to be $200 in 
the fourthyear, increasing annually at a 5% rate. 

3. Calculated for Oklahoma State Tax Credits 
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CASH FLOW ANALYSIS 

Table 9. Business Purchase of 20-KW Windpower Generator 

YEAR l 
Interest Expense
Federal ITC 
Federal BEIC 
State So1ar Tax Credit 
Tax Savings from Depree
Interest Tax Savings
Energy Production 

YEAR 2 
Interest Expense
Tax Savings from Depree
Interest Tax Savings
Energy Production 
Operation &Maintenance 

YEAR 3 
Interest Expense
Tax Savings from Depree
Interest Tax Savings
Energy Production 
Operation &Maintenance 

YEAR 4 
Interest Expense
Tax Savings from Depree
Interest Tax Savings
Energy Production 
Operation & Maintenance 

Cash Flow 
Available for Outstanding

Debt Service Balance 

($ 4,080)
3,400
5, 100 

10,200
2,231
2,040
1,440 

$20,331 $13,669 

($1,640)
3,273

820 
l ,613 

{400) 
$3,666 $10,003 

($1, 152)
3, 124 

576 
1,806

{420i 
$3,934 $6,069 

($ 630)
3, 124 

315 
2,203 

{44ll 
$4,391 $1,678 

1. Energy production is net of tax on increased production due to 
wind-generated power.

2. Warranty assumed to be 1 year. 
3. Calculated for Oklahoma State Tax Credits 
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for an annual output of 36,000 KWH/yr (typical for an annual average 

windspeed of 12 mph) is slightly less than eight years .. For a pro-

duction rate consistent with the observed output at the Er1ck site 

during the test period (approximately 24,000 KWH/hr), the payback per-

iod is still less than 10 years. 

To reduce utility costs even further, government agencies could 

contract for the purchase of wind-generated electricity from private 

corporations or investor groups. The benefits of tax credits available 

to these private investors would be passed on to the government agency 

as reduced utility rates. 
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CASH FLOW ANALYSIS 

Table 10. Carter 25 Windpower Generator Installed at Erick~ OK 
for Oklahoma Department of Transportation 

Initial Cost (Installed) $26,800
Energy Production (Vw = 9. 9 mph) 26000 kwh/yr
Energy Production (Vw= 12.0 mph) 36000 kwh/yr
No Tax Credits Available 

26,000 kwh/vr 36.000 kwh/vr 
Year Energy Outstanding Energy Outstanding

Value O&M Balance Value O&M Balance 

1 $2080 -0- $(24,720) $2880 -0- ${23,920) 
2 2330 $400 (22,790) 3226 $400 (21,094) 
3 2609 420 (20,601) 3613 420 (17 ,901) 
4 2922 441 (18'120) 4046 441 (14,296) 
5 3273 463 (15,310) 4532 463 (10,227) 
6 3666 486 (12,130) 5076 486 (5,637) 
7 4106 511 (8,535) '5685 511 (463) 
8 4598 536 (4,473) 6367 536 + 5,368 
9 5150 563 + 114 

10 5768 591 

l. Warranty assumed to be l year. 
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PUBLIC AWARENESS 

One of the major goals of the Windpower Demonstration Project was 

to provide a windpower installation with high public visibility. This 

purpose was served by siting the windpower generator at the Oklahoma 

DOT Tourist Information Center at Erick. As noted before, the Erick 

site was particularly attractive because of its location along the 

major east-west highway, I-40, and was in the extreme western part of 

Oklahoma, where the winds were expected to be highest. The windpower 

generator is visible from both approaches to the Tourist Center. 

An information panel was developed and fabricated by DOT personnel 

and insta11ed on an outside wall of the Tourist Center, as shown in 

Figure 7. In addition, an inside display shows wind direction and 

velocity, plus power output.from the windpower generator. The inside 

display is shown in Figure 8. 

In response to the high level of visitor interest, a printed data 

sheet on the machine and its installation was prepared by DOT for dis-

tribution by Center personnel. The data sheet is reproduced in Appendix 

F. 

Over the past two years, the windpower generator has been featured 

on Public Television and in various newspaper articles. 
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Figure 7a. Display Panel Installed at Erick Site 
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Figure 7b. Typical Visitor Interest in Display Pane1 

41 



. 

/-:~,, 
. ·~ ~!'..... •-

.. ~,. ' 

>I~·•" 
"" 

/"-,, ".!; .,,, 

..,::. 
N 

.. 
" . 

Figure Ba. Inside Display at Erick Site Showing Wind 
Speed, Wind Direction and Instantaneous 
Windpower Output. " 
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Figure 8b. location of Inside Display Near Information Desk 



CONCLUSIONS AND RECOMMENDATIONS 

On the basis of the Windpower Demonstration Project described in this 

report, the following Conclusions and Recommendations are presented: 

CONCLUSIONS 

1. Although the availability of the windpower generator was a commend-

able 94.5%, the capacity factor {the ratio of the actual output to 

the theoretical maximum output) was only 13.7%, much lower than the 

expected 25%. 

2. A major reason for the low output was the very low average wind 

speed measured at the Erick site, approximately 25% less than had 

been predicted from long-term climatological data. 

3. The output of the windpower was consistent with its power curve 

and the measured average wind speed. 

4. The anemometry data are.not adequate to establish whether the 

lower-than-expected average wind speed was due to site-specific 

terrain· effects, a short term anomaly limited to the test period, 

or a long term trend toward lower average wind speeds than those 

previously recorded in western Oklahoma. 

5. The sensitivity of power production to variations in average wind 

speed emphasizes the importance of accurate wind data when estim-

ating the economic benefit of windpower generators at specific 

locations. 

6. The Oklahoma Department of Transportation presently believes that 
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windpower generators are not a cost effective source of electric 

power for government agencies that cannot benefit from available 

tax credits. 

RECOMMENDATIONS 

1. Continue to monitor wind velocity, power production, availability 

and maintenance costs for the wind system at the Erick site. 

Factor the results into payback analyses for residential, business, 

and government users. 

2. Broaden the scope of the-wind monitoring program by installing 

anemometry equipment at other sites in western Oklahoma. 

3. Compare the economics of windpower with those for the solar thermal 

systems installed an9 monitored at Yukon and Clinton. 

4. Insulate the facilities at Erick to reduce the very high electric 

loads during the summer and winter temperature extremes. Compare 

electric consumption before and after insulation. 
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APPENDIX A 

DESCRIPTION OF 
CARTER WINOPOWER GENERATOR 
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DESCRIPTION OF CARTER WINO?OWER GENERATOR 

The windpower generator installed at the Erick Information Center 

site is manufactured by J. Carter Enterprises, Inc. in Burkburnett, TX. 

Its output is 20 kw in a 25 mph wind. 

The following specificatic~s describe the construction and perform-

ance of the Carter 25 windpower generator. 

RATED OUTPUT: 20 kw @ a rated windspeed of 25 mph 

OUTPUT VOLTAGE: 22 v, 60-cycle, single-phase 

ROTOR DIAMETER: 32 ft 

NUMBER OF BLADES: 2 (downwind} 

BLADE CONSTRUCTION: Fiberglas and PVC foam. The blade spar
is a continuous filament-wound unidirectional 
glass structure. 

STARTUP WINDSPEEO: 7.5 mph 

SURVIVAL WINOSPEED: 125 mph 

HIGH-WIND PROTECTION: Blade pitch/stall overspeed protection and 
out-of-plane blade flexibility. Disc brake 
for out-of-balance control. 

GENERATOR: Induction generator energized by the utility 
power connection. 

TOWER: Single 56-ft galvanized pole restrained by
four guy wires. 

SERVICE LIFE: 25-30 years 

PRICE: $22,000
$26,800 installed 
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MODEL 25 SPECIFICATIONS Yaw Control 
Free yawwith dampening. A passive system requiring no 

Output yaw seivo system ordevices for monitoring and evaluating
Minimum output • 7YI mph wind Wind direction and then controlling servo system.
Rated output • 25 kw In 26 mph wind 
Max. output • 30 kw In approx. 30-40 mph wind Ovelload control 

Blades automatically stall in high winds lo prevent over· -UMll load on generator. but still generate electricity in winds of
K• SU... --40 100 mph. A passive system requiring no pitch change 

' I j servo, pitch change bearings, monitoring equipment to de­
termine operator rpm, wind speed or Kw output.301-'-. ·ik.. -Sjleod ,, - • 
Ovenpeed control 

Inherent design characteristics of spar and blade cause 
the blade to pitch up and staft in an overspeed condition lo 
Nmil maximum rpm. If lhe overspeed was due to the utility 

aol----1=-~t-~l----
, I 

10~ . ·I ... lne being down, which causes the generator to tum off, 
then the generator wiU automatically reset and come back 
on when power is restored to the ine. This passive control 

10 1$ 25 30 35 also does not require a servo system that has a.batteiy 
backup or a pressure accumulator, so the pitch can be---·30·,,., changed in the event of a loss of utility line power. If re­
quires no monitoring equipment to determine if the rotor is K~~•Jyt,Q,-.~-,,.--,.--..,-~-,,.--~.-~-,~,,__, in an overspeed. 

High wind protection 
Extreme ftexibitity and high strength ol spar enables 

blades to cone to 45 degrees and unload itself in a non­
rotaling condition in winds of 125 mph. 

Out or batanee control 
.i::. System has a 100% mechanical control which operatesco a powerful disc brake capable of stopping the rotor in any 

wind under any rpm cbnditlon Should out ol balance forces 
everbec;ome too high. The generator can also be manually 

10 ...-,s -.. -.. ·20--..-u--30 'stopped from the ground. 
Blade eonstruetfonA.enioe--- @30' .... Blade Is made primarily from fiberglass and PVC loam. 

Voltege and current type The spar is a continuous filament wound unidirectional 
220 or 440 volt 60 cycle single or 3-phase AC current glass structure with a 25 to 1 safety factor. 

Gorbox 
Storage aystem The gear box has double reduction gears and is made 

None except lie in with utiUty line from Tenzaloy aluminum alloy with cast in place steel in· 
serts for bearing supports. The gears are hetical and hard· 

Power generation ened to insure the ultimate ln long life and quietness. 
Electric Induction generator with control system so that 

excess power can be sold back to utility company Speciftcalion may be changed without notice. 

Rotor Diameter Multiple Patents Pending.
32feet 

Blade chord GUARANTEE 
13 inches al lip, 42 inches at root The Carter Wind Generator Model 25 carries an uncondi· 

tlonill guarantee forone year after date of installation cover· 
Tower ing materials, and workmanship. Guarantee does not cover 

60 feet high galvanized pole supported with four guy abuse, misuse, vandaHsm or acts of God. Acts of God 
wires, capable of being erected and serviced without a include hurricanes, tornadoes, lightning, winds in excess of 
crane. 100 mph and hall greater than .,. inch diameter. 

Figure A-1. Carter Model 25 Specifications 

( ( ( ( f 
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APPENDIX B 

DESCRIPTION Of DATA LOGGERS FOR RECORDING 
WINO RESOURCE INFORMATION 
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DESCRIPTION OF DATA LOGGERS 

The AL-2000 and AL-2002 data loggers installed at Erick and Norman, 

respectively, are manufactured by Second Wind, Inc. in Somerville, MA. 

The following specifications describe the operation of the data loggers. 

NUMBER OF SENSORS: AL-2000: One pair - one anemometer 
one direction vane 

AL-2002: Two pair - two anemometers 
two direction vanes 

WINDSPEED 
Range: 0 to 255.5 mph
Accuracy: + 0. 5, - 0 mph 

WIND DIRECTION 
Accuracy: 20 
Compass Points: 8 

DATA STORAGE: AL-2000: 2516/2716 EPROM 
AL-2002: 2532 EPROM 
13 months data storage 

TIME KEEPING: Daylight savings correction user selectable. 
Non-Julian calender. 

BATTERY LIFE: AL-2000: One year
AL-2002: Nine months 

ANEMOMETER SENSOR: Maximum~ Inc. Model 40, three-cup 

WIND-DIRECTION SENSOR: Downeaster Mfg. Co. Model TRX-WD 
potentiometer type 
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FUNCTIONS 
Velocity Distribution: 

Wind Rose: 

Diurnal Distribution: 

Peak Windspeed: 

Lul 1: 

PRICE: 

Two-mph intervals subdivided into total, 
11 fast 11 , "medium", and "slow" yaw rates. 
four windspeed ranges per compass point 
(6-12, 12-18, 18-24, >24) 
One average windspeed and standard 
deviation per 2-hour period. 
Records speed and time of occurrence (day,
hour, minute) for each month. Updated 
every 2 seconds. 
Moving average updated every minute. End 
of 1u11 occurs when average > 6 mph.
Records maximum lull duration and time lull 
ends (day, hour, minute) for each month. 

AL-2000: $1,350.00
AL-2002: $2,150.00 
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AL-2000 DATA COLLECTION SHEET 

SITE: RECORDED BY: 
~~~~~~~~~~~~~~ 

TODAYS DATE:_/_/_ DATA FOR MONTH OF: , YEAR:_.-·---~ 
(use other side for comments) 

I) PEAK/LULL: 

PEAK WIND SPEED WAS ---- MPH, OCCURRING AT _____/_____./____ 

LONGEST LULL WAS HOURS LONG, ENDING AT / /____ 
day hour minute 

II) VELOCITY DISTRIBUTIONS: (in hours) 

RANGE: 
(MPH) 

00-
06 

06-
08 

08-
10 

10-
12 

12-
14 

14-
16 

16-
18 

18-
20 

20-
22 

22-
24 

24-
26 

26-
28 

28-
30 

30-
32 

32-
34 

34-
36 

36-
38 

38-
» 

TOTAL: 

SLOWA0/At: 

MED. t. 0/At: 

FAST A0/At: 

III) WIND ROSE: (in hours) 

RANGE: 
(MPH) 06-12 12-18 18-24 24-» 

NORTH: 

NOREAST: 

EAST: 

SOUEAST: 

SOUTH: 

SOUWEST: 

WEST: 

NORWEST: 

IV) DIURNAL: (in MPH) 

TIME: 
(O'CLOCK) 00-02 02-04 04-06 06-08 08-10 10-12 12-14 14-16 16-18 18-20 20-22 22 

AVERAGE: 

STD. DEV. 

Figure B-1. AL 2000 Data Collection Sheet 
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APPENDIX C 

TYPICAL ANEMOMETER 
DATA SHEETS 
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TYPICAL ANEMOMETER DATA SHEETS 

The data recorded in the Al 2000/2002 memory chips may be collected 

either by writing the data from the front panel onto a data collection 

sheet or by mailing the memory chip to the manufacturer for a print-out. 
of the data. 

For the purposes of this program, it was generally more convenient 

to collect the data manually. Although this was done for a majority of 

the data points, the battery failures made direct readout impossible 

after the failure had occurred. On those occasions, the chips were sent 

back to Second Wind for readout. 

Typical anemometer data sheets are shown for both the print-out and 

·manual methods for recording the anemometry data. 

54 



SITE : _ __..!E.-.~=~;.;.;;;;;;...--(/J""-~-"~-1.~:i::::=---- RECORDED BY: .._...4~=-='C+l--""/:',"""'6~,_.7j_./tJ-"'----­

TODAYS DATE:_/_;~ J.3_ DATA FOR MONTH Of : __....f"""(J""'A..},""'~'-..____, YEAR: /'fJ. q 
(use other side for comments) 

p PEAK(LULL: 

PEAK WJ;NO SPEED WAS RJ<O MPH, OCCURRING AT Z7 I zz I ~:i 
LONGEST LULL WAS !f HOURS LONG, ENDING AT lf I c.r 

hour 
I z:! 

minutE 

'I:q VELOCITY DISTRIBUTIONS: (in hours) 

+------+---+---+---+---+---+---+---+---+---+---+--··---+---+---+---+---+---+--~llNGE• •oo-•os-'os-•10-•12-•14-•1s-•u-•20-•22-•24-•26- 1 2s-•30-•32-•J4-'36·'3S· 
(MPH) •oe-•os-•10-•12 •u '16 •is •20 •22 •24 '26 •2s •30 '32 •34 '36 •3s '>> 

+------+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---
'!~~!_;Jff:1.L:fL:1'-:J..4:§J..'+1:Z:JJ..!...t..L+JJ..:_z...._1_:_?_:_L:_f'_:_q_:_c:._:9... 
SLOW 4~/4t::~;.!.tf:.l.£:_~::?..z:1.1::.;1_:!.'2:11_;_z_:_1::_~~-!-:_g_:_~~-'2-: 
MED. A<%>/ At:. t. ,, . .J . .J • .J I~ • 2' I. I ' 0' 0 • () t 0 t 0 . 0. 0 ' 

+---+---+---+---+---+---+---+---+-~-+---+--7+---+---+---+---+---+ 
FAST 4<%)/4t::_f_:_L_:_t_:_t_:_f'_:_e::>_:_~_:_<?._:_~;_t;?..;_~:f?_:_f2~-~~-S'-:~-: 

I!!) .WIND ROSE: (in hou.rs:) 

+--~------+-------+-------+-------+-------+'RANGE: 
• (MPS) I 06-12 • 12-lS • 18-24 • 24->> • 

+---------+-------+-------+-------+-------+
'NORTH: • 2 7 . zI ' 4 ' I . 
+---------+-------+-------+-------+-------+ 
:~~~:::_:__z..z__:__Jf___:___~___:__f'.2___: 
:~::____; __~L__: __!~--:--~--_:__.L,___: 
:~~~~:::_:__ ~_:,___.,?'.L_:__,?.:~__: __,7-___: 
:~~~~: ___;__~__:_.:tz.__:__~--:--~---: 
::~:::_:___,Z.r__:_~.f..__:__.t.L.__: __~___: 
'WEST: • l . I . 0 f 0 • 
+---------+-------+-------+-------+-------+ 
:~~~~~::_:__~~-:___1___:___!..__:___;?__: 

--~-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+--·' • • 'TIME ; • ' • I ' • I • 

(O'CLOCl':}'00-02'02-04'04-06'06-08'08-lO'lO-l2'l2•l4'l4-l6'l6-l8'lS-20'20-22'22· 

---------+-----+-----+-----+-----+-----+-----+-----+-----+-~---+-----+-----+--·
~':!:.~:::.._:_'f~t-:_1~1_:_g!l.:.f_~~-:-~1_;_1J...f_:11:'.?._:_l~t_:1..J...f!.:l?;!..:11~1-:1e 
~~:-~~~::_.2:,g_:_~.r.::.:t-JZ_::1f_q_:~-q_:_~Q.:_.?:9-:~q_:_1tf..:.:.t..r..:_~~:-~ . 

Figure C-1. Wind Data Collection Sheet - Manual Readout, June, 1983 
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A!.-2000 DATA C0LL:E:CTION :.::::r::::: 

R.EcoRo:::o BY =__t:_c.....,r-1-K_,.,,_...S.,L.;--JZ'-'"N'-='-----
TooAYs DATE:_£_;.2&ilL.l. DATA FOR MONTH OF: _.,.,.,....,lr.....1....,,....,y,____ , YEAR: /'fJ3 

(use other side for comments) 
I) PEAK/LULL: 

PEAK WIND SPEED WAS 51 MPH, OCCORRING AT _ .........f _ _.1__2_0_ _,/ ( $ 
LONGEST LOLL WAS /'Z HOURS LONG, ENDING AT ..2f / /$ / #. 

day hour minute 
II) VELOCITY DISTRIBUTIONS: (in hours) 

+------+---+---+---+---+---+---+---+---+---+---+---+--~+---+---+---+---+---+---RANGE: '00-'06-'08-'l0-'l2-'l4-'16-'l8-'20-'22-'24-'26-'28-'JO-'J2-'34-'36-'38-
(MPH) '06-'0B-'l0-'12 'l4 '16 '18 '20 '22 '24 '26 '28 '30 '32 '34 '36 '38 '>> 
+------+---+---+---+---+---+---+---+---+---+---+---+---+---+-~+---+---+---+---
;~::~.:-~1~liJ...~LQg~{~~qp_~j_q~1::t..:1L:£1'.2:l'.'.?_~_7_~A-~-1-~_L_:_Q~_Q_:_q_~Q­
SLOW A¢>/4 t:' f1'1'7'1S"' f4' 06'4C-'3o' 11' !l' 7 '4' 2' I' 0 'CJ • C;'+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+ 
MED. 4~/4t=:_G::~-:-~:_?.:.~_1.:':_~:_.?_:_L_:_c_:_~-~-'2-~_<?_:_t?_~f:?-~_-?_~f2-: 
FAST .c.<!>/.c.t:. I ' I ' I ' I • I . 0 ' () f 0 • 0 ' 0' (). 0' 0 ' 0 '0 • 0'+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+ 
III) .WIND ROSE: (in hours:) 

+--~------+-------+-------+-------+-------+ 
'RANGE: 
'(MPS) • 06-12 '12-18 18-24 • 24->> 'I 

+---------+-------+-------+-------+-------+ 
:~~~:~:---~--~---:___L ___: ___.{__~--~---: 
'NOREAST: ' /} ' .t.f ' J ' / ' +---------+-------+-------+-------+-------+ 
~~::____;__=e~_: __,?'.,l.__:_~____:_(_____~ 
::~~~=::_: __1.:,~--~--~~--:--~~---:_;Z____: 
'SOUTH: • (:;~. S"I • If • 4- .+---------+-------+-------+-------+-------+ •SOUWEST: • 'I . # ' If I 5 ' +---------+-------+-------+-------+-------+ 
:~::: ____:___J..2._:___-1:__:___~--:--~---~ 
:~~~~~::_: ___~__:__.l___:---~--:--~---: 

IV) DIURNAL: (in MPH) 

---------+-----+----.....-----+-----+-----+-----+-----+-----+-----+-----+-----+---TIME: t • ' ' ' e ' ' '• ' 
(O'CLOCKt'00-02'02-04'04-06'06-0S'OS-lO'l0-12'12-14'14-16'16-18'18-20'20-22'22· 
---------+-----+-----+-----+--~--+-----+-----+-----+-----+-----+-----+-----+--· .~~~:~.:._:.;_qf_:._4I...:_~:..~t:.fQ~_t/.::L:JE.i~tq:f_:1J.:.t~f..f:..1:.:1~1...:!At..:~~-c 
~=~:-~~:~-~t2~_:.t,g_:_1~:.J..J.:."_:~.I:-~~p__:_~f'_:_~~-:~-l2-~~-q-~:t-~~-:~~ 

Figure C-2. Wind Data Collection Sheet - Manual Readout, July, 1983. 
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f:C=20(i'"()"c.;;.h C.)LL~CTI::.~< .:1;_:·::: 

SITE: f3/Z./C/:: - (JR,P£fZ ?.ECORD:::D BY: f::::C f:;fi TAJ 
1 

TODAYS DATE: ...i.../_.1.W1J DATA FOR MONTH OF: JJ6 , ~EAR: /'fJ. ; 
(use other side for comments) 

I) PEAK/LULL: 

PEAK WINO SPEED WAS MPH, OCCUR.RING AT _..._11=+.---'/_.._.ff_ _./ . O![;;' 

HOURS LONG, ENDING AT 11= I 16 I 58LONGEST LULL WAS ;?C? hour minute~d~a-y..,___. 

I!) VELOCITY DISTRIBUTIONS; (in hours) 

+------+---+---+---+---+---+~-+---+---+---+---+---+---+---+---+---+---+---+---+RANGE: '00-'06-'0S-'l0-'l2-'l4-'l6-'l8-'20-'22-'24-'26-'28-'30-'32-'34-'36-'38-'
(MPH) '06-'0S-'l0-'12 '14 '16 '18 '20 '22 '24 '26 '28 '30 '32 '34 '36 '38 '» '

+------~+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+
:~:~.:.-~lll.:Ltfd~li.~~:21-:~±:1s..:_s_:_~:_g._~_L:_f'_:_q_~_12_:_~_:_Cl_:_<?_:9.._: 

SLOW 1;.¢1/At: :tQ.f~J1::s:.f:)_k:_?l-:1.t:_z_:_1.::_-E_:_L_:_~-:~_:f2_:_'_?_:_9_.:_9_: 

MED. Afl>/ At:' J ' 3 ' JJ 1 Z ' / ' / ' () ' CJ '0 ' 0 ' C) ' 0 '0 '0 1 0 '0 '
+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+

nnAW~:· Z'Z'I ·1 ·o·o·o·o·o·o·o·o·o·o·o·o·
+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+

III) .WIND ROSE: {in hours:)

+---------+-------+-------+-------+-------+
'RANGE:
'(MPH) '06-12 ' 12-18 '18-24 '24->> '
+---------+-------+-------+-------+-------+
'NORTH: G I 0 0
+---------+-------+-------+-------+-------+
'NOR.EAST: • 20 . 5 . I . 0 '
+---------+-------+-------+-------+-------+''EAST: ' .{;,"f ' 20 ' 2 ' 0
+---------+-------+-------+-------+-------+
:=~~~=:.:._:__~'7__:_;.r~__:_~____:__./..___~ 
~=~~:~~---:--~J__:__(~___:_~____:__e:>____: 
'SO!JWEST: • JJ I // • 2 ' 0 '
+---------+-------+-------+-------+-------+
'WEST: ' 7 . I . 0 . 0 .
·---------·-------·-------·-------+-------·
'NORWEST: • I 0 0 ...
+---------+-------+-------·-------+-------+

IV) »IURNAL: {in MPH) 

I •---------+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+----
TIME: • • ' • '
(O'CLOCK)·'00-02'02-04'04-06'06-0S'OB-lO'lO-l2'l2-l4'l4-l6'l6-lS'lS-20'20-22'22-;

--------...+-----+-----+-----+--..--+-----+-----+-----+-----+---... -+-----+-----+---·
~:::~:~.:_;_~:t_:_~£:_1£_:_~:.€_:_~?..:_~.:f_:_7:J_:_czg_;JE..f!.:_lG_t..;_z._f..;!_f..

~=~.:-~~.::J:_~_;_t.Q_:...t~~-:J.:~_;_J~_:.J~~-~-J~9_;4£_:.J~Q_:_J:_.f_:_~;.f:1.f 

Figure C-3. Wind Data Collection Sheet - Manual Readout~ August, 1985 
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• • 
• • 

• • 
• 

• 
• • 

SITING DATA FOR: •<en Crai~hlJrtiversitY Ctf OWIAhOIY);a; 

SITING LOCATION: Site 11 U" 

DATA FOR MONTH 6/1982 FOR RF.NSOR A 

PEAK WIND SPEED OF: 51. 5 MPH ON DAY 11 Fff 1:50 

LONGEST ENERGY LULL OF 33 HOIJRS ENDINl'3 ON DAY 29 1-lT 10:18 

VELOCITY DISTRIBUTIONS FOR THIS MONTH: <HOURS> 
RN!: 01AO :81-e&:B&-eS:e&-t8:11-12U2-1AU4-16:t6-t8: 19-3:21-22:22-24124-26:26-28:1B·Jlt31-32:32-34:34-36:30-38: )) 38: 
lUTIU I 255 : 187 I 95 : 79 : 61 : 45 I 31 I 18 J 11 I 7 I A: 2 : j I t : 8 : g : 8 I I : 
SJll 08/DT: I 186 I 95 I 78 I 61 : 64 J 38 I 18 : 11 t 1 I 4 : 2 l l : 1 : 8 : P l I : 
1£Dill1 10/DT: : 1 : 1 : I : I : • : a : " : I J • : I : • : a : I : I : ' = I : 
FBSTDl/DTt : I: I: I: a: I: I I a: I: I: I: I: a: I: 8: 9: I: 

Note: '255' re-Presents An overflow. 

WIND ROSE DATA: <HOURS> 
RANGE: (MPH>: 06-12 : 12-18 : 18-24 ; ))24 : 
NORTH: • 54 : 20 • 5 1 : 
NOREAST: : 37 • J3 •• 2 :' ff •
EAST: : 47 I J2 •• 1 I 0 : 
SOUEAST: • 70 • ei2 I 17 J 3 : 
SOUTH: 32 : 24 • B : 2 ••
SOUWEST: . : l3 • 5 : 1 •• 0 : .WEST: : 7 : 2 • 1. • 1 •
NORWEST: : 23 I 7 : j: : 1 : 

DIURNAL DATA: <MPH> 
TIHE: co:a.nco : llH!2 : 12-a : BA-86 : IHS : aa-te : 1a-12 ' t2-t4 : 14·16 : 1s-1a : 1e-21 : 21-22 : 2?-2" : 
RERl3E: : S.l75t 6.375: 6.125: 6.125: S.&: 9. 251: 9.875: 18.125: 10.375: 9.875: R.125t 8. 875: 
SRMARI JlVIATIOtO : 4.5 : 3.5 t 3.5 a 3.5 : 4.1 s 4.5 1 5.1 5.8 : 4.5 : 5.9 : A.S : 5.8 : 

MONTHLY AVERAGE WINDSPEED: 8.46 MPH 

Second Wind rnc. 
7 l>av is Sc:iuare 

SoMervilte MassAchu•etts ~2144 
,. 61 7) 776-8520 

Figure C·4. Wind Data Collection Sheet - Automatic Printout, June, 1982 
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SITING DATA FOR: Ken Crai<.3,IJniv&rsitY of OktahOfT}a 

SITING LOCATION: Site 11 U" 

DATA FOR MONTH 7/1982 FOR SENSOR A 

PEAK WIND SPEED OF: 45.5 MPH ON DAY l.0 !'4T 2:21 

LONGEST ENERGY LULL OF 29 HOURS ENDING ON DAY 31 AT 15:52 

VELOCITY DISTRIBUTIONS FOR THIS MONTH: <HOURS) 
Allll!'.2 mPH> :~:e6-ia:aa...1eu•12112-ui:tA-1s: 1s-1s: Ur·21:21-22:zc..2tt:24-26:26-28: 28-361:31-32:32-34:34-36:36-38: >>38 
TllT~: : 255 I 112 : 81 I 75 : 65 : 52 : 39 : 27 : 16 : 8 : A: 1 : 0 l 0 1 8 : 9 : I : I 
9.0W 09/DT: : UU i 86 t 75 I 65 : 52 : 39 : 21 : 16 : 8 : 4 :· 1 : 0 : 0 : 8 : I : I : 
!'£0111 !!Billi: 1 : e I 8 I I : ' : I : 0 : 0 : g : 8 : e : 9 : e : I : e : 0 J 

FASTD9JDT: : I: 0: e: I= e: I: B: B: I: 0: 8: ~: B: 8: g: I: 

WIND ROSE DATA: 
RANGE: (MPH):.NORTH: • 
NOREAST: • 
EAST: : 
SOUEAST: ".. 
SOUTH: .SOUWEST: • 
WEST: : 
NORWEST: 

Note: '255' represents an overflow. 

(HOURS)
06-12 : 12-18 • 18-24 )) 24 .11 • 1 • 0 0 

14 .• 3 .• 1 0 : 5 
32 . ' 6 . 0 0 

120 76 .. 19 : 1" ..S7 • 64 • 30 •• 3 •.13 . 4 1 • '1 . " 
7 • 1 0 . 0 . . 

§9 • 2 . 0 . 0 

DIURNRL-DRTR: (MPHl 
TIHE: rn:a.oc10 : ~ : 92-94 : 04-e6 : QG-eS : 98-10 ; H'H2 : 12-14 : lA-16 : 16-18 : UJ-29 : 2t-22 : 22-24 ; 
me'.RfGE: : 8.250: 6.Sl:!l0: 6.125: S. 158: S.375: 9.,375: !0.258: Ul.5110: HI. 750: 11.000: S.875: 8. 758: 
smtMRt ~IATI!l"U : 4.9 : 3.1 : 3.0 : 3.5 : 5.8 s 5.5 : A.5 : 5.5 : 5.5 : S.5.: i.S ; 6.5 

MONTHLY AVERAGE WINOSPEED: B.71 MPH 

Secor1d Wind Inc. 
7 Ha.vis Sciuare 

SoMerville Ma.ssa.chusetts ~2144 
(617) 776-8520 

Figure C-5. Wind Data Collection Sheet - Automatic Printout, July, 1982 

59 



APPENDIX D 

WINDSPEED DISTRIBUTIONS 

60 



WINDSPEED DISTRIBUTIONS 

Windspeed distributions are presented in two forms, average diurnal 

values and histograms of windspeed versus total hours. The latter 

represents the number of hours during which the ~indspeed was within each 

of the velocity distribution "bins" recorded on the AL-2000 Data Collect-

ion Sheets (Appendix C). 

The time scale for the diurnal values is shown in two hour intervals, 

with the initial (left hand) value corresponding to 2:00 AM and the final 

(right hand) value corresponding to midnight. Thus, the abscissa values 

may be multiplied by two in order to obtain the correct hour on the 

24-hour clock. 

Because of utility requirements for peak loading, it is sometimes 

valuable to distinguish between daylight (0800-2000) and night-time 

(2000-0800) average wind velocities. Figure Dla has been marked to show 

the daylight period for January, 1982. The average daytime windspeed 

at the upper station was 13.0 mph, while the average night-time windspeed 

was 9.0 mph. Based on the kinetic energy in the wind. a function of v3, 

the daytime output of the windpower generator could be as much as three 

times that of the night-time output. 
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Figure 023. Windspeed Distribution - Hydro Site - APRIL, 1983 
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DIURNAL POWER PRODUCTION 

Diurnal power production is shown on the same time scale as the 

diurnal windspeed distribution of Appendix O. · Thus, the abscissa values 

may be multiplied by two in order to obtain the correct hour on the 

24-hour clock. 

In general, the output of the windpower generator tracked the 

average windspeed very closely. Furthermore, the power output data 

tended to verify the power curve for the Carter Model 25 shown in Figure 

A-1. For example, the average daytime windspeed during November, 1982, 

was 11.3 mph. The average night-time windspeed was 9.0 mph. The 

average daytime output of the windpower generator was 4.3 kw and the 

average night-time output was 2.5 kw. When annualized by multiplying 

by 8760 (hours/year) there is good agreement between the annual output 

and average windspeed curve of Figure A-1. 

Further analyses of the windspeed and power output data indicate 

that power output does not follow the same cubic relationship that 

describes the increase in kinetic energy of the wind with an increase 

in velocity. It appears that the power output exponent may vary 

between 2.0 and 2.5. 
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Maintt'nantt 1fltdd~ ..........The 60 loot tower ha• four 11ur wlrM and ran he 
lowered for mainlrnantc by u•lng a pulley and 11in 
pole •yttem at"tivated by 1he pull of a tr11ek. Two The Re•enth Oit"i•ion of tht' Olo.lahoma Oeparl· 
people ran lowenhetower and the IOOOlh. 11rnerator men I of T~an•portation e•perl• lht'toot erferti>t'nt'.. 

•tudi· of I he Eritlo. wind 11enerator lo be tompleted inIn n~.. 10 18 minuleo. 
198~. Early re•uh• fodiratr: 

I. 'I' ind •peed ha• ltec:n '"""'than <'•J•erted, with 
monthly a•·era11e• hrtwe•·n 8.3 and 11.9 mph. 
for the firol quartrr of 1983, the a•era11e wind 
•rln1·il)· wa• 10 mph. f.'ur the torr.,.pondint: 
P"riod In 1982. the a•erafiie wa• 10.8 mph. indi· 
ratin11 that the abnormally low wind•!"""'" are 
rontinuinjl.

~~.I 
2. The wind •·.,loeity intrH•e• with dention 

alto~" the r;round. for "•ample, if ih., wind 
•pffd at 30 ft. h 19 mph. th" •pe"d al 60 ft. i• 
approximately 11.S mph. Linder the:.., romfi· ~ lion•. a wind 11ent'ralor at 60 ft. would produce 
about fifty perrrnt _,., powt'r than a •imilar 
mathine at 39 ft. 

3. The oulp11I of th., wind tc•merator i• •en.iiht' to 
•mall thanf[t'M in wind •pCt'd. Output raniced 

l.O from 1750 KWH in Felmtary, 1983 (when th<' 

°' a•·eratce wind •peed w&M 9.1 mph) lo 3260 KWH 
in Mareh. 1983 (a\eratce wind •p«d U.9 m11h). 
for lhe period S..ptember, 1911210 Manh. 1983, 
the monthly power prodt1rlion a•·<'raited 24SO 
KWH and provided one fourth the .,1....1ritlt)· 
nt'eded by the'""' area. 

for fort her information on wind 11eneratnr. eonla<'t: 
Ameriran Wind EnertcY A""°rialinn 
2010 Ma••••·hu•ell• AH·mu" NW 
W..hin11tc1n. I){; 20036 
202-775·8910 

l'tlnti"' •nd dhttriftuti«t11 of tt.i• ,...ww.1.ioo ,., th" O\.t.fwm• 
~P•l'1WWOI ofTr•fl"JHH'latHtn ••"•Hthori~ a., II. A. Wtnl~ Dirtt• 
iM/f:t.J.-f F..aJinttf'. Appto•iMatrt, t.OOOroptn ft.,•httn pr~ 
at• t'f.Nlt to tht' ta.-,C"ni of tll.tth:oma of 16$.5!1. 

Figure F-1.. Data Sheet Prepared and Distributed by the Oklahoma Departme~t of Transportation. 
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11/Uu{, t.:~ 

The •l•te •ong. "Oklahoma~ tell• ol the "wind 
1'Weepin' down the- plain.~ Now Oklahoma..• wind is 
bein~ harnc.!ised •• a promil4in11 alternate ener~y 
•ourec. The 1·40 re•I aru al Erirk l• lo~ated in the 
windie11t parl of the al ate whh an •''er1ge wind speed 
of 13 mph and in IH2 wa< •derted ••the •ile for an 
Oklahoma Oepuunenl of Tran•porlalion ~Ol>OT) 
re•uri·h •tudy. The pvojecl e.plorcd the u•e of ,.;nd 
J>owt'r aH • mean11 of rt'durinp:: clc.-tric bifh. at rest 
are.as and oth"t tr•n~1>urlation ladfitic~ throu,:hout 
the 111late. 

'irind hat>1 hccn us.ed for thou~andN of )·eau lo mill 
1troin, 1lrhe marhiner)··and powerboat•. Allhouith ii 
.... di•plaeed by rhe•p ro..;1 fuel• be~inninit in the 
19th century,. wind power ha.IC alwa)'t been an impor4 

tant MOUn·e ur cner~y in r.emoh: localiona. Water·l.D 
........ pumping windmill. enable ranchers through· 

out the world lo •upporl cattle al great di•l•nee• from 
naturally o~curring water 14UppliH. With the -Koarin1: 
t."Ottt of en«'rgy .. windpowe-r h1 makinp; a i'ltrontt t:ome.. 
bad<.. 

Projeel Monilorin~ 

Pro(e•.Or K•rl Bergey.of the Aermpareand Mc,•hani· 
ul Enitineerin~ School at the Unheroily ol Okla· 
hom•~ was awarded 1 t"ontrart b)· the Ret111.•11Hh antf 
De•·elopmenl Oivi•ion of the Oklahom• Deportment 
of Tr•n111portation to Keittt, monitor and e\·aluate • 20 
KW wind poweredele<lri< ~enerator. ltewa..••i•ted 
by Ken Cr•ifi!, OU gudual• •tt1den1. The proje('t 
received partial fundinF lrom • Federal lli~hway 
Adminifltration $rant. The monitt>rini program in~ 
dud~ m:e1,11urement of lof'-at wind "JH:oecl .at lie\ erat 
helghh -and eompiliri~un with ~enerator outpu1. A 
digital data logger record• the information from 
direetionai \'anes and anemometer~ for later analy•i!$ 
al !he Unh·eroily of Oklabom•. 

The 521.000 wind (l:Clleralor wa• ererled by the 
manutarlurer, Joy Carter Enterpri•.,., lnr.. of Burk· 
burnetl, Teu•. in Moy, 1982. The equipment WH 

•elected on the lia.i• of ih bein11 able to •upply 
appruximalcl)· halfohhe 10.000 K Wll a•·era~e month· 
ly rlertriril) needed for the South re•I area. 

The Carter Model 25 use• •11 ind11~1lon ft"nerator 
whi,h produce• efectrit f>Ow«r tbat i• t'Ompatible 
with and can be led intu 1he loul Northfork Eh,<lrir 
C'.ooperathe f;rid. Wliene•er the wind i• blowin~ llO 

hard ·that the wind generator ii\ produdn~ more elec­
tricity than tan be <'onsumed~ the iC'l.lra eiet'trkity h 
fed into tht' line and thenedil iuerorded by a •eeond 
wall·hour meter. \'t'hen the wind i• not blowin,: bard 
enou~h lo •llppl)· all 1be eleetri<it)· needed, the re•I 
tue• m1e14 the wind ,:enerator'N- eledri~i:ly fin·t •nd 
only then buy• the differen.-e lrom !he utilit)· com• 
pany. Thi• flow of power i• done automatirally with· 
uut any noticeable efferh 1-tuth 111 a dimmlnp; of the 
li~hto. The output \Ohaiteofthcwiml generator i• 220 
V, 60 eyd.:, •in~le ph••e AC. 

The Model 25 ienerator he~in• operatin~ in a 7 112 
mph wind and h•~ a rated output ol 20 KW in a 26 
mph wind. The ideal local ion i• on the lop of a ~entle 
ril'lin1t hill ¥i·ith no treeg or hi~h hu.ildin~s to di:!f.rupl 
the flow of air inlo the it-enera1or. 

,..' 

T'he wind ~enerator ha• blade pilch/atall ou,r· 
•peed protect ion. If the wind ri•e• to 125 mph the 
blade• •toll b) bendin~ lo a 45 de~""' an,le in a 
non~rotatintt po~ition thu" protectintt the ~nerator 
from OH.."rloadinp;. 

An OUI or balance ronlrol "••.di•< brake for •IOp· 
pin1t tht> rotor in any wind condition. The ttent>rator 
ol•o un lie •lopped manually from lhe ~round. The 
mrnin(l:·diameler of the fiher~I••• blad.,. i• 32 fnt. 

Data Sheet (Continued) 
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	Figure
	EXECUTIVE SUMMARY 
	Awindpower demonstration program was carried out to assess the potential of windpower energy for highway uses in Oklahoma. A secondary purpose of the program was to provide information for the public on the use of windpower for more general applications. 
	Windspeed measuring equipment was installed qt the Erick Information Center along I-40 in western Oklahoma and at the Oklahoma DOT Maintenance Yard at Hydro, west of Oklahoma City. Awindpower generator with a nomi
	-

	. . 
	nal rating of 25 kw was installed on a 60-ft tower at the Erick site. 
	From a reliability standpoint, the windpower generator performed satisfactorily. Its availability for the one-year test period was 94%. Its annual energy output, however, was less than expected, primarily due to the lower than expected windspeed at the Erick site. 
	The measured windspeed was approximately 25% lower than predicted on the basis of long-term recorded data from the Department of Commerce. Further testing and analysis will be required to determine whether the low average windspeeds represent an anomaly or a long-term trend that differs significantly from earlier Department of Commerce data. 
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	Figure
	INTRODUCTION 
	Oklahoma is in the center of one of the windiest regions in the United States. It also has an abundant solar potential. At the time this program was undertaken, the actual extent to which these rich solar and wind resources could be utilized had yet to be determined with any degree of accuracy. In a state where sunshine and wind are so readily available, little had been done to take advantage of their potential. Solar collectors for heat or,domestic hot water were rare, and even the faithful old water-pumpi
	All that ended in 1973 with the mideastern oil embargo and· the organization of the OPEC consortium. Even so, the perceived need for alternative energy sources was not matched by wide public acceptance of. alternate energy technology. In the case of windpower, for example, individual homeowners were unsure of its dependability, discouraged by the high initial cost and intimidated by its technology. Utilities were dubious of windpower economics, the quality of the power produced and its effect on peak demand
	Throughout the 1970's, many of the technical and economic questions were resolved through the development of second and third generation windpower units and by detailed economic studies. In 1978, the PURPA 
	Throughout the 1970's, many of the technical and economic questions were resolved through the development of second and third generation windpower units and by detailed economic studies. In 1978, the PURPA 
	regulations provided the legal basis for utility interconnect and for the purchase of excess power by the utilities. This Congressional action, combined with tax credits at the state and federal level, paved the way for wider public use of windpower in both residential and commercial applications. 
	-


	The project described in this report was undertaken by the Oklahoma Department of Transportation to assess the local wind resource and to demonstrate the use of alternate energy for public facilities. Accurate, long-term data concerning available windpower was gathered at two sites. In particular, diurnal variation of windpower, with its consequent effect on peak-power demand,was measured. More importantly, an operating, state-of-the-art, wind-electric system was installed at a site with high-wind potential
	2 
	SITE SELECTION 
	There were several criteria for selection of a site (or sites) for installation of data logging and power-generating equipment for this project. Since it was to be a demonstration project, a primary requirement was visi bi1 ity. In particular, the wind-powered generator was to be installed at a site that was accessible to the maximum number of requirements~ which apply to every site to be utilized for a wind system, were (1) availability of consistent strong winds and {2) sufficient unobstructed area for er
	-
	Oklahoma residents. The two other major 
	-
	-
	-

	The public access requirement dictated that the wind-powered generating equipment be placed at one of the Information Centers. The locations considered were: Blackwell in the north on I-35; Miami in the northeast on I-44; Sallisaw in the east on I-40; Thackerville in the south on I-35; Erick in the west on I-40; and Guymon in the northwest on U.S. Route 54. 
	-
	-

	The only consistent information in windspeed for Oklahoma at the time this project was undertaken was the U.S. Weather Bureau information shown in Figure 1. These data are of limited use in the prediction of 
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	Figure 1. Weather Bureau Wind Data for Oklahoma 
	wind-generator performance, since they are normally measured of 30 ft, and are not necessarily taken at favorable windpower sites. Because windspeed increases with elevation above ground level, wind generators are usually placed on towers which are at least Nevertheless, the map shows general trends in windpower availability throughout the state, and was the basis for eliminating the sites at Sallisaw, Thackerville, and Blackwell. Weather Bureau map aside, it has been the general perception that Oklahoma wi
	at 
	heights 
	60 
	ft 
	high. 

	The Miami rest area did not have a suitable location for the generator. The two remaining sites were Erick and Guymon. Site surveys at both of these locations indicated that each had sufficient area for placement of a wind generator. The information center at Erick, where the average windspeed was thought to be 12 mph, is one of the busiest in ttie state while the Guymon Center receives comparatively little traffic. the Weather Bureau data showed the Guymon area to be a somewhat windier region, the Erick To
	-
	Although 

	A wind turbine was installed near the picnic area adjacent to the Tourist Information Center building on the south side of 1-40 as shown in Figure 2. In order to assess the relationship between windspeed and power production, a data logging system to record windspeed and direction was installed at the same site. 
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	Figure 2. Location of Windpower Generator at Erick Information Center. 
	It was also decided to install a second set of recording anemometry equipment at a site closer to Oklahoma City. This would permit some degree of assessment of variation in windspeed with geography. It would also furnish information on windpower po1;ential in the more heavily populated central region of the state. The DOT maintenance yard at Hydro was selected because of its excellent location on an unobstructed ridge and its visibility from I-40. A site even closer to Oklahoma City, at Yukon, was rejected 
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	EQUIPMENT SELECTION 
	WIND GENERATOR 
	The wind-powered generator to be installed at Erick was expected to supply a significant portion of the power required at the rest facility. Department of Transportation records were available for the period from October 1978 to October 1980. Analysis showed that electricity consumption at the site averaged 10,700 KWH per month, with peak consumption occurring in the period December -March. The maximum demand of 18,000 KWH occurred in March 1979. Minimum use of 7750 KWH occurred in June 1979. 
	-
	-
	-

	Wind velocity increases with height above the ground. The most generally accepted method for estimating the magnitude of this increase is the power relationship: 
	where vis the measured velocity at height h, and vis the velocity to be calculated at height h• The exponent, n, is a function of the local terrain, including buildings, trees, and the like. In the absence of specific information, the exponent is generally assumed· to be somewhere between 1/4 and 1/7. 
	1 
	1
	2 
	2

	Based on the Weather Bureau data shown in Figure l, the average windspeed at the Erick site at an elevation of 30 ft is approximately 12 mph. Using an exponent of 1/7, for the power relationship, the 
	8 
	average windspeed at an elevation of 60 ft was expected to be 13.5 mph. 
	At this windspeed, a moderately efficient windpower generator can be expected to operate at an average capacity factor of 25%., which means that it will generate an average of 25% of its rated output over 'an extended period of time. This estimate is based on a Rayleigh distribution of wind velocities throughout the year (the standard recolllllended by the American Wind Energy Association) and output versus wind velocity data for typical windpower generators. 
	-

	A goal of supplying approximately 50% of the Erick electrical requirements had been established early in the program. For a monthly usage of 10,700 KWH and a capacity factor of 25%, a generator with a power rating on the order of 28 kw was required to provide this level of output. 
	The generator chosen was the Jay Carter Enterprises Model 25 (JCE 25), the then-available windpower generator that most closely matched the wi~h a 32-ft rotor diameter, and is mounted on a 60-ft tower. The rotor remains downwind from the tower at all times, and overspeed protection is provided by a damped-blade pitching mechanism. The generating system consists of an induction.motor/generator driven by the rotor through a step-up gearbox. The motor/generator operates in synchronization with the utility powe
	requirement. It is a horizontal axis, two-blade machine 
	-
	-
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	Figure 3a. Windpower Generator Installed on Tilt-up Tower 
	Figure 3b. Windpower Generator in Place 
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	Figure 3c. Powerhead and Inboard Blade of Windpower Figure 3d. Electrical Control Box at Base of
	Generator Tower· 
	Although the Carter 25 windpower generator is advertised as having a maximum output of 25 kw at a windspeed of 25 mph, the peak measured output at the Erick site was 18.7 kw. In discussing this discrepancy with the manufacturer, it was learned that the 25 kw rating applied only to the three-phase version of the machine. The single-phase unit, as installed at the Erick site, has a maximum output rating of 20 kw. The single-phase unit was chosen because three-phase utility power is not availab1e at Erick. 
	ANEMOMETRY 
	Windpower data to be compiled at the Erick and Hydro sites, for each month, included: 
	1. 
	1. 
	1. 
	Peak windspeed and maximum 1u11 time, 

	2. 
	2. 
	Average windspeed, 

	3. 
	3. 
	Windspeed/duration i nforma ti on, 

	4. 
	4. 
	Diurnal windspeed, and 

	5. 
	5. 
	Wind direction 


	The distance to the anemometry sites dictated that information be stored for considerable periods of time. Thus, battery life and storage capacity of the wind-data logger were important. Obviously, dependability was another important factor. For the Erick site, two Second Wind Model AL-2000 data-logging systems were chosen. Windspeed and direction sensors for the systems were mounted at heights of 25 and 45 ft.. The AL2000 loggers can store up to 13 months of data, and the specification battery life was 13 
	-

	12 
	The sensors supplied with the AL-2000 logger were a Maximum 40, 3-cup, windspeed unit, and a Downeaster wind-direction vane. The windspeed sensor is actually a small, wind-powered alternator which pro
	Model 
	-

	duces an AC signal with a frequency determined the sensor. The windspeed-frequency relationship is carefully over the windspeed range of 0-140 mph. The wind-direction sensor relies constant DC power source (in this case, the batteries in 
	by 
	the 
	rotational 
	speed 
	of 
	calibrated 
	on 
	a 
	small, 

	the logger). The direction vane is actually a variable resistor re-
	so 
	that 

	movement in the vane causes a change in the voltage sistive load. The AL-2000 logger is calibrated to convert the frequency and volttwo seconds to windspeed and direction, respectively. 
	drop 
	across 
	the 
	-
	age 
	input 
	data 
	every 

	A programmed read-only memory chip (PROM) controls sort the data into bins corresponding to monthly, diurnal, and velocity distributions. Sorted data are stored on an read by queries entered on a key pad in the logger. 
	the 
	operations 
	which 
	erasable 
	chi'p 
	(EPROM). 
	from 
	which 
	the 
	data 
	can 
	be 

	com-
	Alternatively, the EPROM chip may be removed 
	and 
	the 
	data 
	read 
	via 

	puter interrogation. The EPROM chip may be "erased" 
	and 
	reused. 

	For the Hydro site, a Second Wind Model AL-2002 logging system was This unit stores data from two sets of speed/direction sensors for up to 13 months. Specification battery life was 9 months. Senat 30 and 45 ft. The former height, although 
	selected. 
	-
	-
	sor 
	pairs 
	were 
	mounted 

	different from the lower sensor height at Erick, the proximity of a building with a height of 20 ft. Specifications for the AL-2000 and AL-2002 are pages are shown in Appendix C. All loggers incorporated 
	was 
	chosen 
	because 
	of 
	given 
	in 
	Appendix 
	8, 
	while 
	sample 
	data 
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	an automatic changeover to/from daylight savings time, and this is reflected in the diurnal distributions. 
	14 
	IMPLEMENTATION 
	DATA LOGGING: ERICK 
	The loggers at Erick were installed on January 14, 1982. Windspeed and direction data, at heights of 25 and 45 ft, were obtained for the months through July, but premature battery failure caused the loss of data for August. On September 9, 1982, the logging of wind data from the upper (45 ft) sensor pair was resumed and continued uninterrupted through August 1983. 
	The second logger at the Erick site was converted to record the power output from the JCE Model 25 generator. An Ohio Semitronics Model PCS-35-C, AC watt transducer, installed on the output line from the generator, monitored the output current from the generator. The linear, 0-10 VDC output of the transducer was then converted, via a solid-$tate circuit, to a frequency signal which would be read by the logger as a windspeed11 signal. For reasons of reliability and accuracy, a background frequency was presen
	-
	-
	11
	-
	-

	Power Output (kw) = [windspeed (mph) -4] x 0.735 The bin distributions for output power in the logger were 0-1.47, 1.472.94, , ... , kw. Diurnal distribution was unaffected, 
	-
	2.94-4.41
	23.52-24.99 

	15 
	except that indicated output distributions were to be converted according to the above equation. The wind-direction circuitry on the power· logger was inactive. A schematic for the power output monitoring circuit is shown in Figure 4, along with a photograph of the Erick installation. 
	-
	-
	-

	Logging of generator power production at Erick was initiated on September 9, 1982 and continued through August 1983. 
	DATA LOGGING: HYDRO 
	The AL-2002 at Hydro was put into operation on January 13, 1983. Data were recorded for the sensor pairs at 30 and 45 ft through August· 1983. Data for May and June 1983 were lost, again due to premature battery failure. 
	SUMMARY OF DATA 
	Monthly windspeeds at Erick and Hydro are plotted in Figure 5. Monthly diurnal distributions, as well as monthly histograms showing distribution of windspeed versus duration, are shown in Appendix D, Figures 01 through 025. In the histograms, 200 hours represent an overflow (time .z: 200 hrs) and 39 mph represents an overflow (all velocities .z: 39 mph}. A comparison of windspeeds at the various heights and locations is· shown in Table l. Overall average windspeeds, for the total number of days logged at ea
	-
	-

	Monthly power production from the generator at Erick is plotted in Figure 6 and is tabulated along with monthly average windspeed (at 45 ft) in Table 3. Diurnal distributions of power production for each month are shown in Appendix E, Figures El through Ell. 
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	Figure 4b. AL-2000 Installation at Erick Site 
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	Table 1. Average Monthly Wind Speeds at Erick and Hydro 
	1982 
	1983 
	(a)(b) 
	45 ft Erick Hvdro 
	January 10. 99 -February 10.49 -March 10.76 -April 11.58 -May 10.43 -June 8.46 -July 8. 71 -August (a) -September 10.18 -October 9.68 -November lo. 15 -December 9.98 -
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	January 8.33 8.84 February 9.76 9.19 
	I
	March 11.89 11.72 April 10.55 12. 30 l May 10.70 (a) June 10.09 (a) July 10.49 12.43 August 6.94 9.05 
	Loggers down due to battery failure 
	Logging discontinued 
	25-30 ft 
	Erick 
	8.44 8.26 8.34 9.15 8.16 6.15 (a) (a) 
	(b) 
	(b) (b) (b) 
	(b) (b) (b) (b) {b) (b) 
	(b) (b) 
	H.vdro 
	7.69 7.84 10.42 10.88 (a) (a) 10.88 7.29 
	19 
	Table 2. Overall Average Wind Speed at Erick and Hydro{hours of operation) 
	Erick Hvdro 45' 25' 45' 30' 
	Overall Avg Speed 9.99(568) 8.06(172) 10.72(170) 9.29(170} Avg for 1/83-4/83; 
	9.75 ---10.72 9.29
	7/83-8/83 
	Table 3. Power Production and Wind Speed at Erick 
	Power Avg Wind Speed(KWH} (mph) 
	.
	1982 September 3520 10.18 October 2069 9.68 November 2452 10.15 December 2324 9.98 
	1983 January 1777 8.33 February 1749 9.76 March 3249 11.89 
	.
	April 498(a) 10.55 May (b} 10.70 June 1733 10.09 July 1988 10.49 August 720 6.94 
	(a) Generator inactive 4/1 -4/19
	(b) Transducer down due to circuit breaker malfunction 
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	Figure 6. Monthly Power Production -Erick Site -SEPTEMBER, 1982 through AUGUST, 1983 
	Monthly peak windspeed and power production are shown in Table 4 while maximum lull (inactive) time is shown in Table 5. 
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	Table 4. Monthly Peak Wind Speed (mph) and Power Output (KW) 
	45 ft 
	45 ft 
	45 ft 
	25-30 ft 

	Erick 
	Erick 
	Hvdro 
	Erick 
	Hvdro 
	Power 

	1982 
	1982 

	January 
	January 
	45.5 
	-
	-

	41.5 
	-
	-

	-
	-


	February 
	February 
	41.5 
	-
	-

	37.5 
	-
	-

	-
	-


	March 
	March 
	53.0 
	-
	-

	46.0 
	-
	-

	-
	-


	April 
	April 
	68.5 
	-
	-

	62.0 
	-
	-

	-
	-


	May 
	May 
	58.5 
	-
	-

	53.0 
	-
	-

	-
	-


	June 
	June 
	51.5 
	-
	-

	44.5 
	-
	-

	-
	-


	July 
	July 
	45.5 
	-
	-

	(a) 
	-
	-

	-
	-


	August 
	August 
	(a) 
	-
	-

	-
	-

	-
	-

	-
	-


	September 
	September 
	(b) 
	-
	-

	-
	-

	-
	-

	16.5 

	October 
	October 
	(b) 
	-
	-

	-
	-

	-
	-

	16.5 

	November 
	November 
	(b) 
	-
	-

	-
	-

	-
	-

	18.7 

	December 
	December 
	(b) 
	-
	-

	-
	-

	-
	-

	18.4 

	1983 
	1983 

	January 
	January 
	(b) 
	41.0 
	-
	-

	38.0 
	18.0 

	February 
	February 
	(b) 
	41.0 
	-
	-

	40.5 
	18.4 

	March 
	March 
	51.5 
	52.0 
	-
	-

	49.0 
	18.4 

	April 
	April 
	42.0 
	63.5 
	-
	-

	59.0 
	16.9 

	May 
	May 
	56.0 
	(a) 
	-
	-

	(a) 
	17.3 

	June 
	June 
	50.0 
	(a) 
	-
	-

	(a) 
	16.5 

	July 
	July 
	54.0 
	38.5 
	-
	-

	38.5 
	15. l 

	August 
	August 
	37.5 
	82.0 
	-
	-

	72.0 
	15.8 

	(a)(b) 
	(a)(b) 
	logger down due to battery failure Data lost · 
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	Table 5. Maximum Lull Times for Wind and Power Production 
	1982 
	January February March April May June July August September October November December 
	1983 
	January February March April May June July August 
	45 
	45 
	45 
	ft 
	25-30 ft 

	Erick 
	Erick 
	Hvdro 
	Erick 
	Hvdro 
	Power 

	1 
	1 

	14 
	14 
	20 

	17 
	17 
	20 

	16 
	16 
	25 

	9 
	9 
	35 

	30 
	30 
	39 

	33 
	33 
	40 

	29 
	29 
	(a) 

	(a) 
	(a) 
	(a) 

	(b) 
	(b) 
	-
	-

	43 

	(b) 
	(b) 
	-
	-

	92 

	(b) 
	(b) 
	-
	-

	68 

	(b) 
	(b) 
	-
	-

	48 

	(b) 
	(b) 
	103 
	-
	-

	103 
	119 

	(b) 
	(b) 
	21 
	-
	-

	31 
	73 

	17 
	17 
	20 
	-
	-

	34 
	46 

	11 
	11 
	15 
	-
	-

	17 
	(c} 

	14 
	14 
	(a) 
	-
	-

	(a) 
	(c) 

	19 
	19 
	(a) 
	-
	-

	{a) 
	51 

	12 
	12 
	13 
	-
	-

	14 
	46 

	20 
	20 
	17 
	-
	-

	18 
	53 


	(a) 
	(a) 
	(a) 
	Logger down due to battery failure 

	(b) 
	(b) 
	Data not recorded 

	(c) 
	(c) 
	Transducer circuit down due to building renovations 
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	DISCUSSION OF RESULTS 
	GENERATOR 
	The major piece of equipment, the generator, performed dependably although its output was lower than expected. Part of this low output is 'due to the derating of the Model 25 when operating in a single-
	phase electrical system. The generator did not, however, reach the kw maximum which had been specified for the single-phase version. Table 4 shows that the maximum recorded output from the generator was 18.7 KWH, despite the frequency presence of high winds at the Erick site. The only significant downtime for the wind turbine occurred during.the April 1 -April 19, 1983 when the out-of-ba1ance brake tripped during a violent thunderstorm. The generator was deactivated until it could be lowered and the brake r
	20 
	period 
	-

	tenance calls were required, both under warranty. In one case, rator yaw tube was replaced because of defective material in the casting. In the second case, the entire generator and gearbox were replaced by the manufacturer in order to investigate the noisy operation of the 
	the 
	gene
	-

	system. 

	The availability of the windpower generator for the one-year test period was 94%. 
	DATA LOGGERS The AL-series loggers performed dependably, as expected, except for one serious problem. The lifetime of the lithium batteries was much 
	25 
	shorter than anticipated. In the case of the AL-2002, the lifetime was 
	less than half of th~ design life. This premature battery failure led 
	to losses of several months of data. For a logger which is designed to 
	function unattended for over one year, this requirement for battery 
	replacement at five-or six-month intervals is unacceptable. For this 
	reason, the AL-series logger in its present state of development is 
	recommended for anemometry at remote sites only if b?ttery life is 
	improved. Where frequency service or monitoring is possible, the AL-
	series loggers should be quite satisfactory. 
	Aside from the battery problem, the loggers functioned well. The 
	initialization procedure was simple and well explained, interaction be
	-

	tween the logger and user was logical and concise, and the procedure for 
	reading stored data was simple and direct. 
	directional turbu
	One final comment should be made concerning the 
	11
	-

	lence11 feature incorporated in the· logger. Each of the windspeed bins 
	11slow11 , 11medium11 , and fastdirectional 
	is further subdivided into 
	11
	11 

	change bins. These offer an excellent opportunity t,o quantify the extent 
	of turbulence at a site, a factor which could have profound effects on 
	the windpower available. Unfortunately, the original criteria for class
	-

	ification of directional change programmed into the data logger resulted 
	in almost all wind being grouped into the slowcategory, so that· 
	11 
	11 

	little comparison of sites could be made. Field reports to the manufac
	-

	turer of the data logger and numerous telephone discussions with the ·manufacturer's engineers resulted in a design change in the logger to , revise the criteria for wind turbulence classification. The data logger 
	at the Hydro site incorporated this change. As a consequence, this 
	26 
	feature should provide useful information in the future. 
	WINDSPEED 
	The outstanding feature of the data logging phase of the project was the observation of average windspeeds far below those which were expected on the basis of regional distribution data from earlier surveys by the Department of Commerce. As seen from Table 1, there were only two months during the study when average windspeed exceeded 11 mph. The 
	·average for_August 1983 at Erick is lower than any monthly mean which has been found for Oklahoma City, where the anemometer height is only 20 ft. The overall average windspeeds at both Hydro and Erick, as shown i"n Table 2, are well .below those recorded at Oklahoma City for the years 1970-79 {anemometer height) (Refs. 1, 2, 3] and even further below the average recorded during the period 1946-51 at Oklahoma City, when the average windspeed was 14.9 mph (Ref. 4]. It seems clear that the study period for t
	-
	-

	An examination of the data presented in Table 1 shows that the Hydro site is apparently superior to the Erick location for windpower utilization. The observed difference of one mph could be due, however, to 
	-

	27 
	variations in local terrain and should not be considered significant at this time. Rather it appears that the entire west-central region of the state receives winds of similar velocity. 
	The standard "power law" equation for variation of windspeed with elevation above ground was shown in the EQUIPMENT section. The value of 
	1111
	11 

	the exponent depends primarily on the topography and surface characteristics of the region. Using the data of Table 3, the value of at
	-

	1111 
	n

	11 11
	n

	Erick is .37, while at Hydro is .35. These values are relatively 
	high when compared to the generally accepted range of values from 1/4 (.25) to 1/7 (.14). The implication of this higher value is that the increase in windspeed with altitude is greater at these two sites than might be expected from conventional information on wind gradients. 
	The presence of trees at the Erick site and the buildings at Hydro were c1early major factors in this unexpected result. Nevertheless, since most recorded wind data for the United States has been obtained from standard 30 ft weather stations~ further investigation of velocity gradient with height would appear to be indicated. 
	WIND DIRECTION 
	In winter months, the principal direction for power winds (wind-speed .;:. 18 mph) is from the north with a significant contribution from the southeast. In spring, the higher-speed winds change to primarily southeast, where they remain until mid-autumn. East or west winds are not frequently observed. Table 6 summarizes the principal directional trend. 
	28 
	Table 6. Duration of High-Speed Winds from the 
	Principal Directions at Erick, Oklahoma 
	Month 
	January February March April May June July August 
	N.E. to N.W. 
	18-24 mph 
	32 hr 33 22 31 18 
	9 l 1 
	.:: 25 mph 
	14 hr 10 7 
	20 6 2 0 0 
	S.E. to S.W. 
	18-24 mph 
	17 hr 27 50 52 65 26 50 11 
	.:: 24 mph 
	9 hr 
	6 22 13 17 5 4 
	l 
	POWER PRODUCTION 
	A comparison of the electric use at the Erick site before and after the installation of the wind generator is informatiye. Table 7 details the electric usage at the site in the 12 months following the installation of the generator as compared to an average for the three years preceding the installation. Total usage increased 11.6%, but production from the generator resulted in an 8.2% reduction in power purchased from the. utility. 
	The observed power production was not as high as had been expected. As noted before, two factors account for this discrepancy. The first has to do with the reduced output of the single-phase Carter 25 windpower generator. The second, and more important factor, was the lower-thanexpected average windspeeds at the Erick site. 
	-

	The effects of 1ow windspeed on power production are profound, 
	29 
	Table 7. Electric Usage at the Erick Tourist Information Center Before and After Installation of Wind Generator (KWH) 
	BEFORE WINDPOWER AFTER WINDPOWER 
	UTILITY UTILITY WINDPOWER TOTAL PURCHASEPURCHASE GENERATED USED 
	1 

	January l 0 ,420 13,090 1780 14,870 February 13 '160 12,360 1750 14,110 March 15, 940 14,800 3250 18,050 Apri1 10,010 9,750 ---May 9,170 -----June 8,360 8,050 1730 9~780 July 8,660 6,720 1990 8,710 August 10,390 9,740 720 10,460 September 10,810 7,130 3520 10,650 October 9' 140 8,200 2070 10,270 November 8,360 --2450 -December 9,370 8,200 2320 10,520 
	-
	-
	-

	EXCLUDING 96,250 88,290 19,130 107,420APR, MAY NOV 
	Three-year average 
	1 

	30 
	since the amount of power in the wind varies as the third power wind velocity. For example, an increase in double the output of a windpower generator. At the Erick site, the power production data given in 1able 3 show monthly output for the JCE 25 was approximately 2000 4000 kwh monthly average. Furthermore, 
	of 
	the 
	average 
	windspeed 
	of 
	only 
	25% 
	can 
	nearly 
	that 
	the 
	average 
	kwh, 
	well 
	below 
	the 
	expected 

	the generator produced more than 3000 kwh study, September 1982 and March 1983. The average annual windspeed at Erick (measured at the 45~ft height) was 9.9 mph for the twelve-month test period. When this hub height of the JCE 25 machine, using an exponent windspeed available for power production is 10.9 mph. 
	in 
	only 
	two 
	months 
	during 
	the 
	result 
	is 
	cor
	-

	rected 
	for 
	the 
	60-ft 
	of 
	.35, 
	the 
	average 

	This is approximately 25% less than the expected third~power relationship, would 
	13.5 
	mph. 
	The 
	corre
	-

	sponding 
	reduction 
	in output using the 

	be 47%. consistent with the original expectations 
	This 
	result 
	is 
	generally 

	and the goa1s of the program. Specifically, if the assumed 60-ft speed average of 13.5 mph had been attained, the average monthly output would have been approximately 3800 kwh. If, in addition, made for the lower rating of the single-phase version of the JCE 25, monthly output would have been approximately 4500 kwh; or 44% of the average electrical needs of the Erick Tourist Looked at another way, the actual capacity factor (C.f.) for the windpower generator can be calculated as: F = 2000(12 100 = 13 7%
	wind-
	an 
	allowance 
	is 
	the 
	average 
	Center. 
	C 

	• • 20 8760 • 
	• • 20 8760 • 
	0 
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	which is considerably less than the 25% C.F. assumed during the definition phase of the study. On the other hand, when corrected for the expected average windspeed, 13.5 mph, the C.F. 26%, approximately the same as anticipated. 
	-
	would.be 
	-

	Thus, the program results, insofar as power production is concerned, lead to mixed conclusions. 
	l. The JCE 25 performed reliably. The average availability was 94.5%. 
	2. 
	2. 
	2. 
	The annual• output of the JCE 25 was cons.istent with its rated power and the measured average windspeed. 

	3. 
	3. 
	The actual energy output and its contribution to the electrical needs of the Erick Tourist Center were only 50% of those estimated at the start of the study. 


	It is clear that the sensitivity of power production to changes in average windspeed requires that accurate wind data be used for est1mating the economic benefit of windpower generators at a specific site. A decision on the ultimate value of windpower generators in Oklahoma will benefit from continued monitoring of windspeed and power production at the Erick site. 
	-
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	W!NDPOWER ECONOMICS 
	The cost of windpower is influenced by such a variety of technical and economic factors that there is no single (or 
	-
	simple) 
	answer 
	to 
	the question, "Does windpower pay off?
	11 

	For business and home applications, it is generally agreed that installed costs on the order of $2000 per installed in payback periods that range from 1ess than four years years~ depending on the application. These favorable pay-back periods are the result of generous federal and state tax credits, p1us the rising cost of utility-generated electricity. They are also to occur in those parts of the country that have wind resources. 
	kilowatt 
	will 
	result 
	to 
	about 
	eight 
	more 
	likely 
	better 
	than 
	average 

	A cash flow analysis for a typical Oklahoma homeowner purchase of 
	a 10-kw WECS with an installed cost of $20,000 is shown in Table 8. This 10-kw unit has been chosen because it represents a near optimum generator size for a typical home in Oklahoma. 
	An analysis for the business purchase of a 20-kw unit (the approximate size of the unit installed at the Erick site) is shown in Table 
	-
	9. 

	Finally, an analysis for a government purchase of the JCE 25 unit is shown in Table 10. In this calculation, it is assumed that the oricost of the windpower generator comes from appropriations and that no interest is paid on the money involved. 
	-
	ginal 
	capital 
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	Critical factors in calculating the cash flow are: 
	1. 
	1. 
	1. 
	ANNUAL ENERGY OUTPUT. For the example cases, annual energy outputs were assumed to be 18,000 KWH/yr and 36,000 KWH/yr, respectively. This corresponds to a capacity factor of approximately 20%, which appears to be a reasonable value for the Great Plains region. 

	2. 
	2. 
	INITIAL COST OF ELECTRICITY. During the period 1983/1984, the average cost of electricity, including the fuel adjustment addition, in Oklahoma ranged from $0.06/KWH to $0.10/KWH. An average value of $0.08 KWH was assumed for the example calculations. 
	-
	-


	3. 
	3. 
	FUTURE COST OF ELECTRICITY. The inflation rate for electricity in Oklahoma over the past 10 years has been about 15% per year. There is some evidence that this inflation rate will moderate in the future. A rate of 12% was assumed. 

	4. 
	4. 
	TAX BRACKET OF OWNER. If the purchase price is borrowed, the interest expenses may be deducted from taxable income by both the business' owner and the homeowner, the former as a tax credit, the latter as a cost of doing business. In the case of the business purchase, the value of the energy produced must be discounted by the amount of tax on the increased profit. In both cases, it has been assumed that the total tax bracket is 50%, including both state and federal taxes. 
	-


	5. 
	5. 
	FEDERAL TAX CREDITS. The federal tax credit for homeowner purchases of windpower generators is 40% of the first $10,000 invested. The federal Business Energy Investment Credit (BEIC) 
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	is 15% of the purchase price, without upper limit. In addition, business-related purchases may use the federal Investment Tax Credit of 10%. 
	6. 
	6. 
	6. 
	STATE TAX CREDITS. Many states have followed the federal government in providing tax credits that may be added to the federal credits. Oklahoma, for example, provides a homeowner tax credit of 35% of the first $10,000 invested and a business tax credit of 30% of the total investment. 

	7. 
	7. 
	ACCELERATED DEPRECIATION. Business purchasers of WECS may depreciate their investment (minus one-half the claimed federal tax credits) over a five-year period at the rate of 15% for the first year, 22% for the second year, and 21% for each of the next three years. 

	8. 
	8. 
	INTEREST RATES. The assumed interest rates for borrowed money are 12% for business loans and 14% for homeowner loans. 


	Table 8 shows that the payback period for a homeowner purchase is just over eight years. Because of the more generous tax credits avail .. able for businesses, the payback period for a business purchase is approximately four years as shown in Table 9. It is clear that these favorable payback periods are possible largely because of the tax. credits and accelerated depreciation. 
	Unfortunately~ these tax benefits are not available to government agencies .. Thus, the economics of private-sector windpower do not apply when WECS are purchased directly by government entities for their own use. Even so, with the assumptions noted previously, the payback period 
	35 
	CASH FLOW ANALYSIS Table 8. Homeowner Purchase of 10-KW Windpower Generator 
	YEAR l 
	Interest ExpenseFederal Solar Tax Credit State Solar Tax Credit Interest Tax SavingsEnergy Production 
	YEAR 2 
	Interest ExpenseInterest Tax SavingsEnergy Production 
	YEAR 3 
	Interest ExpenseInterest Tax SavingsEnergy Production 
	YEAR 4 
	YEAR 5 
	YEAR 6 
	YEAR 7 
	YEAR 8 
	YEAR 9 
	1. Assumes 3 year warranty. 
	Cash Flow Available for OutstandingDebt Service Balance 
	($2,800)4,000 3,5001,400" 1 ,440 
	$7,540 $12,460 
	($1,744) 
	872 
	"
	1 ,613 
	$ 750 $11,719 
	($1,640) 
	820 
	1,806 $ 986 $10,733 
	$1,072 $9,661 
	$1,394 $8,267 
	$1, 768 $6.499 
	$2,199 $4,300 
	$2,699 $1 ,601 
	$3,040 $1,439 
	" 
	2. 
	2. 
	2. 
	Operation and maintenance costs are assumed to be $200 in the fourthyear, increasing annually at a 5% rate. 

	3. 
	3. 
	Calculated for Oklahoma State Tax Credits 
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	CASH FLOW ANALYSIS Table 9. Business Purchase of 20-KW Windpower 
	Generator 

	YEAR l 
	Interest ExpenseFederal ITC Federal BEIC 
	State So1ar Tax Credit Tax Savings from DepreeInterest Tax Savings
	Energy Production 
	YEAR 2 
	Interest ExpenseTax Savings from DepreeInterest Tax Savings
	Energy Production Operation &Maintenance 
	YEAR 3 
	Interest ExpenseTax Savings from DepreeInterest Tax Savings
	Energy Production Operation &Maintenance 
	YEAR 4 
	Interest ExpenseTax Savings from DepreeInterest Tax Savings
	Energy Production Operation & Maintenance 
	Cash Flow 
	Available for OutstandingDebt Service Balance 
	($ 4,080)3,4005, 100 
	10,2002,2312,0401,440 
	$20,331 $13,669 
	($1,640)3,273820 l ,613 
	{400) 
	$3,666 $10,003 
	($1,152)
	3, 124 576 1,806
	{420i 
	$3,934 $6,069 
	($ 630)
	3, 124 315 2,203 
	{44ll 
	$4,391 $1,678 
	1. 
	1. 
	1. 
	Energy production is net of tax on increased production due to wind-generated power.

	2. 
	2. 
	Warranty assumed to be 1 year. 

	3. 
	3. 
	Calculated for Oklahoma State Tax Credits 
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	for an annual output of 36,000 KWH/yr (typical for an annual average windspeed of 12 mph) is slightly less than eight years .. For a production rate consistent with the observed output at the Er1ck site during the test period (approximately 24,000 KWH/hr), the payback period is still less than 10 years. 
	-
	-

	To reduce utility costs even further, government agencies could contract for the purchase of wind-generated electricity from private corporations or investor groups. The benefits of tax credits available to these private investors would be passed on to the government agency as reduced utility rates. 
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	CASH FLOW ANALYSIS 
	Table 10. Carter 25 Windpower Generator Installed at Erick~ OK for Oklahoma Department of Transportation 
	Initial Cost (Installed) $26,800
	Energy Production (Vw = 9. 9 mph) 26000 kwh/yr
	Energy Production (Vw= 12.0 mph) 36000 kwh/yr
	No Tax Credits Available 
	26,000 kwh/vr 36.000 kwh/vr 
	Year Energy Outstanding Energy OutstandingValue O&M Balance Value O&M Balance 
	1 $2080 -0-$(24,720) $2880 -0-${23,920) 2 2330 $400 (22,790) 3226 $400 (21,094) 3 2609 420 (20,601) 3613 420 (17 ,901) 4 2922 441 (18'120) 4046 441 (14,296) 5 3273 463 (15,310) 4532 463 (10,227) 6 3666 486 (12,130) 5076 486 (5,637) 7 4106 511 (8,535) '5685 511 (463) 8 4598 536 (4,473) 6367 536 + 5,368 9 5150 563 + 114 
	10 5768 591 
	l. Warranty assumed to be l year. 
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	PUBLIC AWARENESS 
	One of the major goals of the Windpower Demonstration Project was to provide a windpower installation with high public visibility. This purpose was served by siting the windpower generator at the Oklahoma DOT Tourist Information Center at Erick. As noted before, the Erick site was particularly attractive because of its location along the major east-west highway, I-40, and was in the extreme western part of Oklahoma, where the winds were expected to be highest. The windpower generator is visible from both ap
	An information panel was developed and fabricated by DOT personnel and insta11ed on an outside wall of the Tourist Center, as shown in Figure 7. In addition, an inside display shows wind direction and velocity, plus power output.from the windpower generator. The inside display is shown in Figure 8. 
	In response to the high level of visitor interest, a printed data sheet on the machine and its installation was prepared by DOT for distribution by Center personnel. The data sheet is reproduced in Appendix F. 
	-

	Over the past two years, the windpower generator has been featured on Public Television and in various newspaper articles. 
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	Figure 7a. Display Panel Installed at Erick Site 
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	Figure Ba. Inside Display at Erick Site Showing Wind Speed, Wind Direction and Instantaneous Windpower Output. " 
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	Figure 8b. location of Inside Display Near Information Desk 
	CONCLUSIONS AND RECOMMENDATIONS 
	On the basis of the Windpower Demonstration Project described in this report, the following Conclusions and Recommendations are presented: 
	CONCLUSIONS 
	1. 
	1. 
	1. 
	Although the availability of the windpower generator was a commendable 94.5%, the capacity factor {the ratio of the actual output to the theoretical maximum output) was only 13.7%, much lower than the expected 25%. 
	-


	2. 
	2. 
	A major reason for the low output was the very low average wind speed measured at the Erick site, approximately 25% less than had been predicted from long-term climatological data. 

	3. 
	3. 
	The output of the windpower was consistent with its power curve and the measured average wind speed. 

	4. 
	4. 
	The anemometry data are.not adequate to establish whether the lower-than-expected average wind speed was due to site-specific terrain· effects, a short term anomaly limited to the test period, or a long term trend toward lower average wind speeds than those previously recorded in western Oklahoma. 

	5. 
	5. 
	The sensitivity of power production to variations in average wind speed emphasizes the importance of accurate wind data when estimating the economic benefit of windpower generators at specific locations. 
	-


	6. 
	6. 
	The Oklahoma Department of Transportation presently believes that 
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	windpower generators are not a cost effective source of electric 
	power for government agencies that cannot benefit from available 
	tax credits. 
	RECOMMENDATIONS 
	1. 
	1. 
	1. 
	Continue to monitor wind velocity, power production, availability and maintenance costs for the wind system at the Erick site. Factor the results into payback analyses for residential, business, and government users. 

	2. 
	2. 
	Broaden the scope of the-wind monitoring program by installing anemometry equipment at other sites in western Oklahoma. 

	3. 
	3. 
	Compare the economics of windpower with those for the solar thermal systems installed an9 monitored at Yukon and Clinton. 

	4. 
	4. 
	Insulate the facilities at Erick to reduce the very high electric loads during the summer and winter temperature extremes. Compare electric consumption before and after insulation. 
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	APPENDIX A 
	DESCRIPTION OF CARTER WINOPOWER GENERATOR 
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	DESCRIPTION OF CARTER WINO?OWER GENERATOR 
	The windpower generator installed at the Erick Information Center site is manufactured by J. Carter Enterprises, Inc. in Burkburnett, TX. Its output is 20 kw in a 25 mph wind. 
	specificatic~s describe the construction and performance of the Carter 25 windpower generator. 
	The following 
	-

	RATED OUTPUT: 20 kw @ a rated windspeed of 25 mph OUTPUT VOLTAGE: 22 v, 60-cycle, single-phase ROTOR DIAMETER: 32 ft NUMBER OF BLADES: 2 (downwind} BLADE CONSTRUCTION: Fiberglas and PVC foam. The blade spar
	is a continuous filament-wound unidirectional glass structure. STARTUP WINDSPEEO: 7.5 mph SURVIVAL WINOSPEED: 125 mph 
	HIGH-WIND PROTECTION: Blade pitch/stall overspeed protection and out-of-plane blade flexibility. Disc brake for out-of-balance control. 
	GENERATOR: Induction generator energized by the utility power connection. TOWER: Single 56-ft galvanized pole restrained by
	four guy wires. SERVICE LIFE: 25-30 years PRICE: $22,000
	$26,800 installed 
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	MODEL 25 SPECIFICATIONS Yaw Control 
	Free yawwith dampening. A passive system requiring no Output yaw seivo system ordevices for monitoring and evaluating
	Minimum output • 7YI mph wind 
	Wind direction and then controlling servo system.
	Rated output • 25 kw In 26 mph wind Max. output • 30 kw In approx. 30-40 mph wind Ovelload control Blades automatically stall in high winds lo prevent over· load on generator. but still generate electricity in winds of
	-UMll 

	K• SU... -
	-

	40 100 mph. A passive system requiring no pitch change ' I j 
	servo, pitch change bearings, monitoring equipment to de­termine operator rpm, wind speed or Kw output.
	-Sjleod ,, 
	301-'-. ·ik.. 

	-• 
	Ovenpeed control Inherent design characteristics of spar and blade cause 
	the blade to pitch up and staft in an overspeed condition lo Nmil maximum rpm. If lhe overspeed was due to the utility 
	aol----1=-~t-~l---
	-

	, I 
	10~ . ·I ... lne being down, which causes the generator to tum off, then the generator wiU automatically reset and come back on when power is restored to the ine. This passive control 10 1$ 25 30 35 also does not require a servo system that has a.batteiy backup or a pressure accumulator, so the pitch can be
	---·30·,,., 
	changed in the event of a loss of utility line power. If re­quires no monitoring equipment to determine if the rotor is 
	K~~•Jyt,Q,-.~-,,.--,.--..,-~-,,.--~.-~-,~,,__, 
	in an overspeed. 
	High wind protection 
	Extreme ftexibitity and high strength ol spar enables blades to cone to 45 degrees and unload itself in a non­rotaling condition in winds of 125 mph. 
	Out or batanee control .i::. System has a 100% mechanical control which operatesco a powerful disc brake capable of stopping the rotor in any 
	wind under any rpm cbnditlon Should out ol balance forces everbec;ome too high. The generator can also be manually 10 ...-,s -.. -.. ·20--..-u--30 'stopped from the ground. Blade eonstruetfon
	.... 
	@30' 
	A.enioe---


	Blade Is made primarily from fiberglass and PVC loam. Voltege and current type The spar is a continuous filament wound unidirectional 220 or 440 volt 60 cycle single or 3-phase AC current glass structure with a 25 to 1 safety factor. Gorbox 
	Storage aystem The gear box has double reduction gears and is made None except lie in with utiUty line from Tenzaloy aluminum alloy with cast in place steel in· serts for bearing supports. The gears are hetical and hard· 
	Power generation ened to insure the ultimate ln long life and quietness. Electric Induction generator with control system so that excess power can be sold back to utility company Speciftcalion may be changed without notice. 
	Rotor Diameter 
	Multiple Patents Pending.
	32feet 
	Blade chord GUARANTEE 
	13 inches al lip, 42 inches at root The Carter Wind Generator Model 25 carries an uncondi· tlonill guarantee forone year after date of installation cover· Tower ing materials, and workmanship. Guarantee does not cover 
	60 feet high galvanized pole supported with four guy abuse, misuse, vandaHsm or acts of God. Acts of God wires, capable of being erected and serviced without a include hurricanes, tornadoes, lightning, winds in excess of crane. 100 mph and hall greater than .,. inch diameter. 
	Figure A-1. Carter Model 25 Specifications 
	( ( ( ( f 
	APPENDIX B 
	DESCRIPTION Of DATA LOGGERS FOR RECORDING WINO RESOURCE INFORMATION 
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	DESCRIPTION OF DATA LOGGERS 
	The AL-2000 and AL-2002 data loggers installed at Erick and Norman, 
	respectively, are manufactured by Second Wind, Inc. in Somerville, MA. 
	The following specifications describe the operation of the data loggers. 
	NUMBER OF SENSORS: AL-2000: One pair -one anemometer one direction vane 
	AL-2002: Two pair -two anemometers two direction vanes 
	WINDSPEED 
	Range: 0 to 255.5 mphAccuracy: + 0. 5, -0 mph 
	WIND DIRECTION 
	Accuracy: Compass Points: 8 
	20 

	DATA STORAGE: AL-2000: 2516/2716 EPROM AL-2002: 2532 EPROM 13 months data storage 
	TIME KEEPING: Daylight savings correction user selectable. Non-Julian calender. 
	BATTERY LIFE: AL-2000: One yearAL-2002: Nine months 
	Maximum~ Inc. Model 40, three-cup 
	ANEMOMETER SENSOR: 

	WIND-DIRECTION SENSOR: Downeaster Mfg. Co. Model TRX-WD potentiometer type 
	50 
	FUNCTIONS Velocity Distribution: 
	Wind Rose: Diurnal Distribution: Peak Windspeed: 
	Lul 1: 
	PRICE: 
	Two-mph intervals subdivided into total, 11 fast , "medium", and "slow" yaw rates. 
	11 

	four windspeed ranges per compass point (6-12, 12-18, 18-24, >24) 
	One average windspeed and standard 
	deviation per 2-hour period. Records speed and time of occurrence (day,hour, minute) for each month. Updated every 2 seconds. 
	Moving average updated every minute. End of 1u11 occurs when average > 6 mph.Records maximum lull duration and time lull ends (day, hour, minute) for each month. 
	AL-2000: $AL-2002: $
	1,350.00
	2,150.00 
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	AL-2000 DATA COLLECTION SHEET SITE: RECORDED BY: 
	~~~~~~~~~~~~~~ 
	TODAYS DATE:_/_/_ DATA FOR MONTH OF: , YEAR:_.-·---~ (use other side for comments) 
	I) PEAK/LULL: PEAK WIND SPEED WAS ----MPH, OCCURRING AT _____/_____./____ LONGEST LULL WAS HOURS LONG, ENDING AT / /____ 
	day hour minute 
	II) VELOCITY DISTRIBUTIONS: (in hours) 
	RANGE: (MPH) 
	RANGE: (MPH) 
	RANGE: (MPH) 
	0006 
	-

	0608 
	-

	0810 
	-

	1012 
	-

	1214 
	-

	1416 
	-

	1618 
	-

	1820 
	-

	2022 
	-

	2224 
	-

	2426 
	-

	2628 
	-

	2830 
	-

	3032 
	-

	3234 
	-

	3436 
	-

	3638 
	-

	38» 
	-


	TOTAL: 
	TOTAL: 

	SLOWA0/At: 
	SLOWA0/At: 

	MED. t. 0/At: 
	MED. t. 0/At: 

	FAST A0/At: 
	FAST A0/At: 


	III) WIND ROSE: (in hours) 
	RANGE: 
	(MPH) 06-12 12-18 18-24 24-» 
	NORTH: 
	NOREAST: 
	EAST: 
	SOUEAST: 
	SOUTH: 
	SOUWEST: 
	WEST: 
	NORWEST: 
	IV) DIURNAL: (in MPH) 
	TIME: 
	(O'CLOCK) 00-02 02-04 04-06 06-08 08-10 10-12 12-14 14-16 16-18 18-20 20-22 22 
	AVERAGE: 
	STD. DEV. 
	Figure B-1. AL 2000 Data Collection Sheet 
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	APPENDIX C 
	TYPICAL ANEMOMETER DATA SHEETS 
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	TYPICAL ANEMOMETER DATA SHEETS 
	The data recorded in the Al 2000/2002 memory chips may be collected 
	either by writing the data from the front panel onto a data collection 
	sheet or by mailing the memory chip to the manufacturer for a print-out. 
	of the data. 
	For the purposes of this program, it was generally more convenient to collect the data manually. Although this was done for a majority of the data points, the battery failures made direct readout impossible after the failure had occurred. On those occasions, the chips were sent back to Second Wind for readout. 
	Typical anemometer data sheets are shown for both the print-out and ·manual methods for recording the anemometry data. 
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	SITE : _ __..!E.-.~=~;.;.;;;;;;...--(/J""-~-"~-1.~:i::::=----RECORDED BY: .._...4~=-='C+l--""/:',"""'6~,TODAYS DATE:_/_;~ J.3_ DATA FOR MONTH Of : __....f"""(J""'A..},""'~'-..____, YEAR: /'fJ. q 
	_.7j_./tJ-"'----­

	Table
	TR
	(use other side 
	for 
	comments) 

	p 
	p 
	PEAK(LULL: 

	TR
	PEAK WJ;NO SPEED 
	WAS 
	RJ<O 
	MPH, 
	OCCURRING 
	AT 
	Z7 
	I 
	zz 
	I 
	~:i 

	TR
	LONGEST LULL WAS 
	!f 
	HOURS 
	LONG, 
	ENDING AT 
	lf I 
	c.r hour 
	I 
	z:! minutE 


	'I:q VELOCITY DISTRIBUTIONS: (in hours) 
	+------+---+---+---+---+---+---+---+---+---+---+--··---+---+---+---+---+---+--~
	llNGE• •oo-•os-'os-•10-•12-•14-•1s-•u-•20-•22-•24-•26-(MPH) •oe-•os-•10-•12 •u '16 •is •20 •22 •24 '26 •2s •30 
	1 
	2s-•30-•32-•J4-'36·'3S· 
	'32 
	•34 
	'36 
	•3s 
	'>> 

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

	'!~~!_;Jff:1.L:fL:1'-:J..4:§J..'+1:Z:JJ..!...t..L+JJ..:_zSLOW 4~/4t::~;.!.tf:.l.£:_~::?..z:1.1::.;1_:!.'2:11_;_z_:_1::_~~-!-:_g_:_~~-'2-: MED. A<%>/ At:. t. ,, . .J . .J •.J I~ • 2' I. I ' 0' 
	...._1_:_?_:_L:_f'_:_q_:_c:._:9... 
	0 
	• () 
	t 0 
	t 
	0 
	. 0. 
	0 
	' 

	+---+---+---+---+---+---+---+---+-~-+---+--7+---+---+---+---+---+ FAST 4<%)/4t::_f_:_L_:_t_:_t_:_f'_:_e::>_:_~_:_<?._:_~;_t;?..;_~:f?_:_f2~-~~-S'-:~-: 
	I!!) .WIND ROSE: (in hou.rs:) 
	+--~------+-------+-------+-------+-------+
	'RANGE: 
	I 06-12 • 12-lS • 18-24 • 24->> • 
	• (MPS) 

	+---------+-------+-------+-------+-------+
	'NORTH: • 2 7 . zI ' 4 ' I . 
	+---------+-------+-------+-------+-------+ 
	:~~~:::_:__z..z__:__Jf___:___~___:__f'.2___: :~::____;__~L__:__!~--:--~--_:__.L,___: :~~~~:::_:__ ~_:,___.,?'.L_:__,?.:~__: __,7-___: :~~~~: ___;__~__:_.:tz.__:__~--:--~---: 
	::~:::_:___,Z.r__:_~.f..__:__.t.L.__: __~___: 
	'WEST: • l . I . 0 f 0 • 
	+---------+-------+-------+-------+-------+ 
	:~~~~~::_:__~~-:___1___:___!..__:___;?__: 
	--~-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+--·
	' • • '
	I ' • I 
	TIME ; • ' • 
	• 

	(O'CLOCl':}'00-02'02-04'04-06'06-08'08-lO'lO-l2'l2•l4'l4-l6'l6-l8'lS-20'20-22'22· 
	---------+-----+-----+-----+-----+-----+-----+-----+-----+-~---+-----+-----+--·~':!:.~:::.._:_'f~t-:_1~1_:_g!l.:.f_~~-:-~1_;_1J...f_:11:'.?._:_l~t_:1..J...f!.:l?;!..:11~1-:1e 
	~~:-~~~::_.2:,g_:_~.r.::.:t-JZ_::1f_q_:~-q_:_~Q.:_.?:9-:~q_:_1tf..:.:.t..r..:_~~:-~ 
	. 

	Figure C-1. Wind Data Collection Sheet -Manual Readout, June, 1983 
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	A!.-2000 DATA C0LL:E:CTION :.::::r::::: 
	R.EcoRo:::o BY =__t:_c.....,r-1-K_,.,,_...S.,L.;--JZ'-'"N'-='-----TooAYs DATE:_£_;.2&ilL.l. DATA FOR MONTH OF: _.,.,.,....,lr.....1....,,....,y,____, YEAR: /'fJ3 
	(use other side for comments) 
	I) PEAK/LULL: 
	PEAK WIND SPEED WAS 51 MPH, OCCORRING AT _ .........f _ _.1__2_0_ _,/ ( $ 
	LONGEST LOLL WAS /'Z HOURS LONG, ENDING AT ..2f / /$ day hour minute 
	/ #. 

	II) VELOCITY DISTRIBUTIONS: (in hours) 
	+------+---+---+---+---+---+---+---+---+---+---+---+--~+---+---+---+---+---+--
	-

	RANGE: '00-'06-'08-'l0-'l2-'l4-'16-'l8-'20-'22-'24-'26-'28-'JO-'J2-'34-'36-'38(MPH) '06-'0B-'l0-'12 'l4 '16 '18 '20 '22 '24 '26 '28 '30 '32 '34 '36 
	-
	'38 
	'>> 

	+------+---+---+---+---+---+---+---+---+---+---+---+---+---+-~+---+---+---+--
	-

	;~::~.:-~1~liJ...~LQg~{~~qp_~j_q~1::t..:1L:£1'.2:l'.'.?_~_7_~A-~-1-~_L_:_Q~_Q_:_q_~Q­
	SLOW A¢>/4 t:' f1'1'7'1S"' f4' 06'4C-'3o' 11' !l' 7 '4' 2' I' 0 'CJ • C;'
	+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+ 
	MED. 4~/4t=:_G::~-:-~:_?.:.~_1.:':_~:_.?_:_L_:_c_:_~-~-'2-~_<?_:_t?_~f:?-~_-?_~f2-: FAST .c.<!>/.c.t:. I ' I ' I ' I • I . 0 ' () f 0 • 0 ' 0' (). 0' 0 ' 0 '0 • 
	0'

	+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+ 
	III) .WIND ROSE: (in hours:) 
	+--~------+-------+-------+-------+-------+ 
	'RANGE: 
	'(MPS) • 06-12 '12-18 18-24 • 24->> '
	I 
	+---------+-------+-------+-------+-------+ 
	:~~~:~:---~--~---:___L ___: ___.{__~--~---: 
	'NOREAST: ' /} ' .t.f ' J ' / ' 
	+---------+-------+-------+-------+-------+ 
	~~::____;__=e~_: __,?'.,l.__:_~____:_(_____~ ::~~~=::_: __1.:,~--~--~~--:--~~---:_;Z____: 
	'SOUTH: • (:;~. S"I • If • 4-.
	+---------+-------+-------+-------+-------+ 
	•SOUWEST: • 'I .# ' If 
	I 5 ' 
	+---------+-------+-------+-------+-------+ 
	:~::: ____:___J..2._:___-1:__:___~--:--~---~ :~~~~~::_: ___~__:__.l___:---~--:--~---: 
	IV) DIURNAL: (in MPH) 
	---------+-----+----.....-----+-----+-----+-----+-----+-----+-----+-----+-----+--
	-

	t • ' ' ' e ' 
	TIME: 
	' 
	'

	• ' 
	(O'CLOCKt'00-02'02-04'04-06'06-0S'OS-lO'l0-12'12-14'14-16'16-18'18-20'20-22'22· 
	---------+-----+-----+-----+--~--+-----+-----+-----+-----+-----+-----+-----+--· 
	.~~~:~.:._:.;_qf_:._4I...:_~:..~t:.fQ~_t/.::L:JE.i~tq:f_:1J.:.t~f..f:..1:.:1~1...:!At..:~~-c ~=~:-~~:~-~t2~_:.t,g_:_1~:.J..J.:."_:~.I:-~~p__:_~f'_:_~~-:~-l2-~~-q-~:t-~~-:~~ 
	Figure C-2. Wind Data Collection Sheet -Manual Readout, July, 1983. 
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	f:C=20(i'"()"c.;;.h C.)LL~CTI::.~< .:1;_:·::: 
	f3/Z./C/:: -(JR,P£fZ ?.ECORD:::D BY: f::::C f:;fi TAJ 
	SITE: 

	1 
	TODAYS DATE:...i.../_.1.W1J DATA FOR 
	MONTH 
	OF: 
	JJ6 
	, 
	~EAR: 
	/'fJ. 
	; 

	(use other side for comments) 
	I) PEAK/LULL: 
	WAS MPH, OCCUR.RING AT _..._11=+.---'/_.._.ff_ _./ . O![;;' HOURS LONG, ENDING AT 11= I 16 I 58
	PEAK 
	WINO 
	SPEED 

	LONGEST LULL WAS ;?C? 
	hour 
	minute

	~d~a-y..,___. 
	I!) VELOCITY DISTRIBUTIONS; (in hours) 
	+------+---+---+---+---+---+~-+---+---+---+---+---+---+---+---+---+---+---+---+
	RANGE: '00-'06-'0S-'l0-'l2-'l4-'l6-'l8-'20-'22-'24-'26-'28-'30-'32-'34-'36-'38-'(MPH) '06-'0S-'l0-'12 '14 '16 '18 '20 '22 
	'24 
	'26 
	'28 
	'30 
	'32 
	'34 
	'36 
	'38 
	'» 
	'

	+------~+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+:~:~.:.-~lll.:Ltfd~li.~~:21-:~±:1s..:_s_:_~:_g._~_L:_f'_:_q_~_12_:_~_:_Cl_:_<?_:9.._: SLOW 1;.¢1/At::tQ.f~J1::s:.f:)_k:_?l-:1.t:_z_:_1.::_-E_:_L_:_~-:~_:f2_:_'_?_:_9_.:_9_: MED. Afl>/ At:' J ' 3 ' JJ Z ' / ' / ' () 
	1 
	' 
	CJ 
	'0 
	' 0 
	' 
	C) 
	' 
	0 
	'0 
	'0 
	1 
	0 
	'0 
	'

	+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+
	nnAW~:· Z'Z'I ·1 ·o·o·o·o·o·o·o·o·o·o·o·o·
	+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+
	III) .WIND ROSE: {in hours:)
	+---------+-------+-------+-------+-------+
	'RANGE:
	'(MPH) '06-12 ' 12-18 '18-24 
	'24->> 
	'

	+---------+-------+-------+-------+-------+
	'NORTH: G I 0 
	0

	+---------+-------+-------+-------+-------+
	'NOR.EAST: • 20 . 5 . I 
	. 
	0 
	'

	+---------+-------+-------+-------+-------+
	'

	'EAST: ' .{;,"f ' 20 ' 2 ' 0
	+---------+-------+-------+-------+-------+
	:=~~~=:.:._:__~'7__:_;.r~__:_~____
	:
	__
	./..
	___
	~ 

	~=~~:~~---:--~J__:__(~___:_~____
	:
	__
	e:>____
	: 

	'SO!JWEST: • JJ I // • 2 
	' 
	0 
	'

	+---------+-------+-------+-------+-------+
	'WEST: ' 7 . I . 0 
	. 
	0 
	.

	·---------·-------·-------·-------+-------·
	'NORWEST: • I 0 0 
	...

	+---------+-------+-------·-------+-------+
	IV) »IURNAL: {in MPH) 
	I •
	---------+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+-----+---
	-

	TIME: (O'CLOCK)·'00-02'02-04'04-06'06-0S'OB-lO'lO-l2'l2-l4'l4-l6'l6-lS'lS-20'20-22'22-;
	• 
	• 
	' 
	• 
	'

	--------...+-----+-----+-----+--..--+-----+-----+-----+-----+---... -+-----+-----+---·
	~:::~:~.:_;_~:t_:_~£:_1£_:_~:.€_:_~?..:_~.:f_:_7:J_:_czg_;JE..f!.:_lG_t..;_z._f..;!_f..~=~.:-~~.::J:_~_;_t.Q_:...t~~-:J.:~_;_J~_:.J~~-~-J~9_;4£_:.J~Q_:_J:_.f_:_~;.f:1.f 
	Figure C-3. Wind Data Collection Sheet -Manual Readout~ 
	August, 
	1985 
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	SITING DATA FOR: •<en Crai~hlJrtiversitY Ctf OWIAhOIY);a; 
	11 U" 
	SITING LOCATION: Site 

	DATA FOR MONTH 6/1982 FOR RF.NSOR A 
	PEAK WIND SPEED OF: 51. 5 MPH ON DAY 11 Fff 1:50 
	LONGEST ENERGY LULL OF 33 HOIJRS ENDINl'3 ON DAY 29 1-lT 10:18 
	VELOCITY DISTRIBUTIONS FOR THIS MONTH: <HOURS> RN!: 01AO :81-e&:B&-eS:e&-t8:11-12U2-1AU4-16:t6-t8: 19-3:21-22:22-24124-26:26-28:1B·Jlt31-32:32-34:34-36:30-38: )) 38: lUTIU I 255 : 187 I 95 : 79 : 61 : 45 I 31 I 18 J 11 I 7 I A: 2 : j I t : 8 : g : 8 I I : SJll 08/DT: I 186 I 95 I 78 I 61 : 64 J 38 I 18 : 11 t 1 I 4 : 2 l l : 1 : 8 : P l I : 1£Dill1 10/DT: : 1 : 1 : I : I : • : a : " : I J • : I : • : a : I : I : ' = I : 
	FBSTDl/DTt : I: I: I: a: I: I I a: I: I: I: I: a: I: 8: 9: I: Note: '255' re-Presents An overflow. 
	WIND ROSE DATA: <HOURS> RANGE: (MPH>: 06-12 : 12-18 : 18-24 ))24 : NORTH: • 54 : 20 • 5 1 : NOREAST: : 37 • J3 •2 :' ff •EAST: : 47 I J2 •• 1 I 0 : SOUEAST: • 70 • ei2 I 17 J 3 : SOUTH: 32 : 24 • B : 2 •. : l3 • 5 : 1 • 0 : 
	; 
	• 
	•
	SOUWEST: 
	•

	.
	WEST: : 7 : 2 • 1. • 1 •
	NORWEST: : 23 I 7 : j: : 1 : 
	DIURNAL DATA: <MPH> TIHE: co:a.nco : llH!2 : 12-a : BA-86 : IHS : aa-te : 1a-12 ' t2-t4 : 14·16 : 1s-1a : 1e-21 : 21-22 : 2?-2" : RERl3E: : S.l75t 6.375: 6.125: 6.125: S.&: 9. 251: 9.875: 18.125: 10.375: 9.875: R.125t 8. 875: SRMARI JlVIATIOtO : 4.5 : 3.5 t 3.5 a 3.5 : 4.1 s 4.5 1 5.1 5.8 : 4.5 : 5.9 : A.S : 5.8 : 
	MONTHLY AVERAGE WINDSPEED: 8.46 MPH 
	Second Wind rnc. 
	7 l>av is Sc:iuare 
	SoMervilte MassAchu•etts ~2144 ,. 61 7) 776-8520 
	Figure C·4. Wind Data Collection Sheet -Automatic Printout, June, 1982 
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	SITING DATA FOR: Ken Crai<.3,IJniv&rsitY of OktahOfT}a 
	U" 
	SITING LOCATION: Site 
	11 

	DATA FOR MONTH 7/1982 FOR SENSOR A 
	PEAK WIND SPEED OF: 45.5 MPH ON DAY l.0 !'4T 2:21 
	LONGEST ENERGY LULL OF 29 HOURS ENDING ON DAY 31 AT 
	15:52 

	VELOCITY DISTRIBUTIONS FOR THIS MONTH: <HOURS) Allll!'.2 mPH> :~:e6-ia:aa...1eu•12112-ui:tA-1s: 1s-1s: Ur·21:21-22:zc..2tt:24-26:26-28: 28-361:31-32:32-34:34-36:36-38: >>38 TllT~: : 255 I 112 : 81 I 75 : 65 : 52 : 39 : 27 : 16 : 8 : A: 9.0W 09/DT: : UU i 86 t 75 I 65 : 52 : 39 : 21 : 16 : 8 : 4 :· 1 : !'£0111 !!Billi: 1 : e I 8 I I : ' : I : 0 : 0 : g : 8 : e : 9 : FASTD9JDT: : I: 0: e: I= e: I: B: B: I: 0: 8: 
	1 : 
	0 l 
	0 
	1 8 
	: 
	9 : 
	I : 
	I 
	0 : 
	0 
	: 8 
	: 
	I : 
	I : 
	e 
	: I 
	: 
	e : 
	0 J 
	~: 
	B: 
	8: 
	g: 
	I: 

	WIND ROSE DATA: RANGE: (MPH):
	.
	NORTH: • NOREAST: • EAST: : SOUEAST: ".. 
	SOUTH: 
	.
	SOUWEST: • WEST: : NORWEST: 
	Note: '255' represents an overflow. 
	(HOURS)06-12 : 12-18 • 18-24 )) 
	24 

	.
	11 • 1 • 0 0 
	14 3 • 1 0 : 
	.
	• 
	.
	5 

	32 .' 6 . 0 0 
	120 76 19 1
	.. 
	: 

	" 
	.

	.
	S7 64 30 •• 3 •
	• 
	• 

	.
	13 . 4 1 '1 
	• 

	" 
	. 

	7 • 1 0 0 
	. 

	. . 
	§
	9 • 2 . 0 0 
	. 

	DIURNRL-DRTR: (MPHl TIHE: rn:a.oc10 : ~ : 92-94 : 04-e6 : QG-eS : 98-10 ; H'H2 : 12-14 : lA-16 : 16-18 me'.RfGE: : 8.250: 6.Sl:!l0: 6.125: S. 158: S.375: 9.,375: !0.258: Ul.5110: smtMRt ~IATI!l"U : 4.9 : 3.1 : 3.0 : 3.5 : 5.8 s 5.5 : A.5 : 5.5 : 5.5 
	: UJ-29 
	: 
	2t-22 
	: 
	22-24 
	; 
	HI. 
	750: 
	11.000: 
	S.875: 
	8. 758: 
	: S.5.: 
	i.S 
	; 
	6.5 

	MONTHLY AVERAGE WINOSPEED: B.71 MPH 
	Secor1d Wind Inc. 7 Ha.vis Sciuare 
	~2144 (617) 776-8520 
	SoMerville Ma.ssa.chusetts 

	Figure C-5. Wind Data Collection Sheet -Automatic Printout, July, 1982 
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	APPENDIX D WINDSPEED DISTRIBUTIONS 
	60 
	WINDSPEED DISTRIBUTIONS 
	Windspeed distributions are presented in two forms, average diurnal values and histograms of windspeed versus total hours. The latter represents the number of hours during which the ~indspeed was within each of the velocity distribution "bins" recorded on the AL-2000 Data Collection Sheets (Appendix C). 
	-

	The time scale for the diurnal values is shown in two hour intervals, with the initial (left hand) value corresponding to 2:00 AM and the final (right hand) value corresponding to midnight. Thus, the abscissa values may be multiplied by two in order to obtain the correct hour on the 24-hour clock. 
	Because of utility requirements for peak loading, it is sometimes valuable to distinguish between daylight (0800-2000) and night-time (2000-0800) average wind velocities. Figure Dla has been marked to show the daylight period for January, 1982. The average daytime windspeed at the upper station was 13.0 mph, while the average night-time windspeed was 9.0 mph. Based on the kinetic energy in the wind. a function of v, the daytime output of the windpower generator could be as much as three times that of the ni
	3
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	DIURNAL POWER PRODUCTION 
	Diurnal power production is shown on the same time scale as the diurnal windspeed distribution of Appendix O. · Thus, the abscissa values may be multiplied by two in order to obtain the correct hour on the 24-hour clock. 
	In general, the output of the windpower generator tracked the average windspeed very closely. Furthermore, the power output data tended to verify the power curve for the Carter Model 25 shown in Figure A-1. For example, the average daytime windspeed during November, 1982, was 11.3 mph. The average night-time windspeed was 9.0 mph. The average daytime output of the windpower generator was 4.3 kw and the average night-time output was 2.5 kw. When annualized by multiplying by 8760 (hours/year) there is good ag
	Further analyses of the windspeed and power output data indicate that power output does not follow the same cubic relationship that describes the increase in kinetic energy of the wind with an increase in velocity. It appears that the power output exponent may vary between 2.0 and 2.5. 
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	direetionai \'anes and anemometer~ for later analy•i!$ 
	al !he Unh·eroily of Oklabom•. 
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