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ABSTRACT

FEASIBILITY ANALYSES FOR
SMALL WIND ENERGY CONVERSION SYSTEMS
By

William Thomas Rose

A feasibility study for Small Wind Energy Conversion Systems
contains at least three essential elements: 1) an on-site wind
data assessment program, 2) the calculation of the SWECS annual
energy output, and 3) an economic aﬁalysis. Methods contained
in the literature for performing these three tasks were reviewed
and new methods were introduced for calculating SWECS annual
energy output and economic merit. Programs written for the

TI-59 programmable calculator are included in the Appendix.
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CHAPTER ONE

INTRODUCTION

As the price of electricity continues to rise, homeowners,
farmers, and small businessmen are becoming increasingly interested in
Small Wind Energy Conversion Systems (SWECS) as an alternative to the
exclusive use of utility-supplied electricity. Though motivations differ,
potential SWECS owners want to know if a SWECS installation at their
site makes sense economically. The purpose of this thesis is to review
the methods used to ascertain the economic feasibility of a SWECS in-
stallation at a particular s;te and where necessary, develop new
methods which can account for th; unique circumstances of a particular
installation.

A SWECS feasibility analysis generally contains three different
elements: 1) an on-site wind data assessment program, 2) the calculation
of the SWECS Annual Energy Output (AEO) at the site, and 3) an economic
analysis. The SWECS economic analysis is based, in part, on the SWECS
Annual Energy Output. Methods for calculating SWECS AEO use wind data
from the wind data assessment program and the choice of calculation
methods may dictate the kinds of wind data that must be gathered. Con-
versely, the wind data obtainable from different kinds of wind instru-
ments may dictate which AEO calculation methods may be used.

This thesis reviews the procedures contained in the literature for
performing on-site wind assessment programs, calculating SWECS AEO

values and performing SWECS economic analyses. New methods are presented
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for calculating both the SWECS AEO and economic merit. The
interrelationships between the wind assessment program, SWECS AEO
calculations, and economic calculations are also considered.

Chapter 2 describes different types of wind systems and briefly
considers utility rules for utility-interconnected SWECS. Chapter 3
discusses various wind characteristics that are relevant for SWECS
feasibility analyses and considers the following questions:

1. What are some examples of average wind behavior in Michigan,
including yearly, monthly, and diurnal average wind speed variability?
2. What statistical models for describing wind behavior are

used in SWECS AEO calculations?

3. What wind data are necessary to utilize these statistical

4. How do parameters which specify the statistical models vary
with time of year and height above ground? -

5. What instruments are commonly used to measure wind data?

6. How does the data obtainable from different wind measuring
instruments influence the choice of statistical models?

7. How long a period should a wind assessment program last?

What factors influence the necessary assessment period?

Chapter 4 reviews a variety of methods that have been used to
calculate SWECS energy output and presents a new method suitable for
use on the TI-59 programmable calculator. Several methods were used to
calculate the AEO of a particular Wind Turbine Generator (WTG) and the
results were compared. Chapter 4 considers the following questions:

8. Which methods for calculating WIG AEO are most suitable for

a variety of WIG designs?



9. How are calculated AEO values affected by variations in the
parameters of statistical models used to describe wind behavior? How do
these effects influence the choice of statistical models used for AEO
calculations and the wind instruments used in wind data assessment
programs?

10. What size WIG best matches the electrical demand patterns of
a particular site?

11. How do errors in the estimated long term average wind speed
affect predicted AEO values?

Chapter 5 reviews methods for calculating the economic merit of
a particular SWECS application and introduces a new method based on the
life-cycle cost approach. The formulas for this new method are listed
and several examples analyses are discussed. Chapter 5 considers the
following questions: -

12. What are the limitations of previously usé& eéonomic calcula-
tion methods?

13. How can the economic merit of a particular SWECS application
best be described?

Chapter 6 summarizes the previous chapters and systematically
answers the questions just posed. Chapter 7 points to areas that need
further research.

Two programs designed for use on the TI-59 programmable calculator
have been developed. The first calculates the SWECS AEO; the second
calculates a variety of figures of economics for a particular SWECS
application. The Appendices contain the program lists and operating

instructions.



CHAPTER TWO

WIND ENERGY CONVERSION SYSTEMS

A Wind Energy Conversion System (WECS) is‘any system which converts
wind energy to either mechanical, thermal, or electrical energy. This
thesis focuses on WECS that convert wind energy into electricity and
of a size suitable for homes, farms, of small businesses. These systems
are usually called Small Wind Energy Conversion Systems or SWECS, and
have Wind Turbine Generators (WTG) with rated powers of 100 kW or
less. The WIG is a subsystem of the entire SWECS and refers to the
rotor or air foil, the drive train, and the electrical generator. The
term SWECS usually denotes the entire system, including the WIG, tower,

batteries or inverters, and even the utility in some instances.

WIG Applications

WIGs are usually designed for use in either isolated systems (Fig.l)
or utility-interconnected systems (Fig. 2), usually referred to as
isolated SWECS or utility-interconnected SWECS, respectively. An
isolated SWECS stands alone as a completely independent energy source.
Electricity is usually stored in a battery bank and is either used as
DC or inverted to AC with an inverter. A utility-interconnected SWECS
uses the utility as a '"storage system.'" The utility supplies any

electricity the wind system cannot; excess wind generated electricity

is sent back through the utility lines. In most states, excess energy
may be purchased or "bouught back" by the utility for around 1/4 to

1/2 the normal retail rate.
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reg y Storage Batteries

AC Out

To AC loads:
Resistance Inverter radios, TVs, motor
heater for To DC load: appliances, tools, etc.
water, space, lights, appliances,

greenhouse tools, etc.

Figure 1. A block diagram of an Isolated SWECS (20).

ELECTRICAL
POWER LINE

.

| SYNCHRONOUS
INVERTER

Figure 2. One type of a Utility-Interconnected SWECS (20).

This thesis focuses almost exclusively on utility interconnected

SWECS since they are by far the most popular type of SWECS sold today.

Utility-Interconnected SWECS

Systems A through C (Fig. 3) represent utility-interconnected
SWECS and provide electricity identical in frequency and voltage to

that of utility electricity, i.e., these systems are ''synchronized"



Variable
speed DC VDC Synchronous 60 Hz VAC > USE
shaft generator —_— inverter | 1- or 3-phase
work
l1- or 3-phase
(:) utility interconnect
Variable Synchronous
§%§%%——9 | Alternator | VDC . | Rectifier VAC | inverter
work 1- or 3-phase
utility

interconnect
60 Hz VAC . USE

1- or 3-phase’

Constant

speed | Induction 60 Hz VAC R

shaft |__generator | 1- or 3-phase’ USE
work 1- or 3-phase .

<:> utility interconnect

VDC = volts direct current
VAC = volts alternating
current

Figure 3. Three utility-interconnected wind

energy conversion systems.

with the utility lines. Single or three-phase equipment is used depending
on the utility service available.

Two kinds of utility-interconnected SWECS are available: 1)
systems having a synchronous inverter (A and B in Figure 3); and 2)
systems having an induction generator (C in Figure 3). SWECS with syn-

chronous inverters are sometimes called Variable-Speed Constant-Frequency



systems (VSCF). The WIG rotor speed changes with wind speed producing an
AC electrical output of constant frequency identical to utility current.
SWECS whose WIG contain induction generators are sometimes called Constant-
Speed Constant-Frequency systems (CSCF). Due to the nature of the induc-
tion generator, the rotor speed can change at most.5 to 10 percent,
regardless of wind speed. Unfortunately, rotors with constant or near
constant rotational speeds cannot maintain optimum blade tip-to-wind
speed ratios and suffer losses in aerodynamic efficiency in varying wind
speeds. Therefore, the CSCF system or WIG with induction generators have
larger rotor diameters compared to VSCF systems of similar power ratings.
However, the CSCF system (C in Figure 3), may cost less because it has
the simplest utility interconnect and requires fewer components.

The solid-state synchronous inverter in Systems A and B converts
variable voltage direct currenf‘électricity into alternating current
electricity at the same frequency as the utility line. These inverters,

a modification of an electronic device used with industrial motor con-
trols, require the utility's 60 Hz voltage for operation. When the normal
utility AC is "down," the synchronous inverter will not operate. The
solid-state electronics chop-up the DC electricity into the proper 60 Hz
AC, and under certain conditions, could produce harmonic frequencies

higher than 60 Hz which may require additional filtering.

Utility Rules and Rate Structure for

Utility-Interconnected SWECS

Permission from the utility company is required for hookup. The
utility requires, among other things, a detented meter (a meter that

cannot run backwards), a second meter if the company will buy back



excess wind-generated electricity, and a manual disconnect switch to
prevent possible backfeed when utility lines are down. Though utility-
interconnected SWECS are designed to work only when utility power is
available (autoﬁatic disconnect), the manual disconnect switch is an
added safety feature.

The utility pays for the spinning reserve, distribution networks
and overhead required to provide the SWECS owner with electricity during
periods of low wind speeds. Only part of the utility's costs are due
to fuel and SWECS may be only a fuel saver. These facts must be accounted
for when specifying both the normal cost of electricity supplied to the
SWECS owner and the buy-back price. The Michigan Public Service Commis-
sion (PSC) currently requires large utilities to buy back solar/wind-
generated electricity at 2.5¢kWh, less than 1/2 of the cost of electricity
purchased from the utility. )

The SWECS owner pays for the initial installation (about $40) which
includes an extra meter to measure the energy bought back by the utility.
Utilities may also charge the SWECS owner $3.85/mo ($46/yr) for metering.
At 2.5¢/kWh, a SWECS owner must sell back in excess of 300 kWh/mo to

pay for this charge. Many small WIGs in Michigan generate only 400-800

kWh/mo--scarcely enough energy to justify a sell-back meter.

WIG Machine Characteristics

A simplified description of the WIG power output as a function of
wind speed (denoted P(v)), is illustrated in Fig. 4. This description of

the P(v) curve is known as the straight line or ramp approximation (3).
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Figure 4. Ramp approximation of WTG P(v) curve (3).

The nomenclature in Fig. 3 has the following meaning:
Vi = cut-in wind speedq. This is the wind speed at
which the WIG begins producing power.-
V_ = rated wind speed. The WIG achieves its rated power
at this wind speed.
V_ = cut-out wind speed. The WIG "cuts-out" or shuts
down at this wind speed. The exact mechanism
which causes this to happen varies for different
WTG.
P_ = rated power. Usually a WIG has a specified rated
power, achieved at the rated wind speed.
Vi’ Vr’ Vo, and Pr are collectively known as the WIG machine charac-
teristics and are usually specified for each WIG by the manufacturer.

Problems encountered when AEO calculations are based on Vr and Pr values

are discussed in Chapter 4.



CHAPTER THREE

CHARACTERISTICS OF THE WIND

Introduction

Wind is a form of.energy derived primarily from the sun. Thus
SWECS are classified as a solar technology by the DOE. As a simplified
explanation for wind phenomena, variations in incident solar radiation
with respect to location and time cause temperature differences in the
atmosphere. These temperature differences lead to variations in atmos-
pheric pressure, resulting in air movement from high pressure to low
pressure regions. Air movements which dominate large areas and are
relatively constant in direction are called prevailing or planetary
winds. The prevailing winds in North America usually run from west to
east. Regional terrain or topographical features such as a lake or bluff
can also create local temperature variations which cause air movements
known as local winds. The best sites for SWECS installation will take
advantage of both the prevailing and local winds.

Chapter 3 describes some of the most important wind characteristics
pertaining to SWECS applications, including: power in the wind, yearly,
monthly and annual wind speed variability, wind direction, the use of
various statistical models to describe wind behavior, height influences,

and wind data assessment.

10
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Wind Power
Moving air molecules have mass and speed and therefore kinetic
energy. This energy can be extracted by the blades or propeller of a
WIG. The rate the wind passes by some reference point can be related to

available wind power by equation 1.

1
7 kpAv® (1)

2]
H

where

la°}
L}

instantaneous power (kW)

-
0

9.8 x 03 (N-sZ/kg—m)

air density (kg/m?)

hel
L]

v

wind speed (m/s)
A = cross sectional area (m?)

The available wind power depends on the cube of the wind speed.
Thus, small differences in wind speed can make a sighificant impact on
the available wind power. For example, though a 5.4 m/s wind is only 20
percent faster than a 4.5 m/s wind, the available power in a 5.4 m/s
wind is nearly 73 percent higher than that in a 4.5 m/s wind.

Variations in the density, p, due to altitude and temperature
differences also have an impact on wind power availability. For example,
assuming an otherwise identical wind regime, a wind system located at the
Rocky Flats test center (elevation of 183m (6,000 ft)) would produce
almost 20 percent less power than the same wind system located in Muskegon,
Michigan (elevation 192m (630 ft)) (18). Considering temperature effects,
the long term mean temperatures in Muskegon for January and July are
-3.3° C (26° F) and 21.7° C (71° F), respectively, corresponding to an

almost 10 percent difference in air density (18). Thus, for the same
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wind speed, Michigan winter winds contain almost 10 percent more power
than Michigan summer winds. Though altitude and temperature effects are
usually accounted for in WIG performance tests (5), they are sometimes
neglected when WIG energy output calculations are made in feasibility

analyses.

Average Winds in Michigan

Yearly Average

The single most important wind characteristic pertaining to wind
power applications is the yearly average wind speed. In fact, estimates
for WIG Annual Energy Output are sometimes based on the yearly average
wind speed alone. Figure 5 illustrates yearly average wind speeds at

selected Michigan locations,

Grand Marais
«{15.2 mph)

Marquette
(13 mph) Sault St. Marie

(10.6 mph)

(8.1 mph)

LLARKE
HURON

Pt. Betsie
(16.3 mph)

Ludington
(14 mph)

Little aHart (10.6 mph)

aState Police (l11.6 mph)

Muskegon (13.8 mph)
y Grand Rapids
x (11.9 mph) x
Lansing %
{11.7 mph)
Detroit City,
(10.5 mph)
Detroit Metro x
(12.7 mph)

LLAREF,
Flint

(11.9 mph)

Muskegon

Figure 5. Wind energy potential in Michigan. Shaded areas indicate regions
which have the best potential for wind energy systems. Wind
speeds indicated are yearly averages, correct to 21.3 m (70 ft)

using a height correction exponent of .16 (1, 13).
( 1.0 mph = .447 m/s )
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The areas along the eastern shore of Lake Michigan and the southern
shore of Lake Superior have very high yearly average wind speeds--some
of the highest in the Midwest. Unfortunately, the average wind speeds
for the vast majority of Michigan remains largely unknown. The extent of
wind speed attenuation as one travels inland from the coastal regions is
also largely uncategorized but must be determined if an accurate potential
of SWECS is to be established in Michigan.

Figure 5 depicts long term yearly average wind speeds but the yearly
average wind speed may change considerably from yéar to year. Figure 6
illustrates the variability of yearly average wind speeds for 1966-1980
for the Muskegon County Airport. Both the absolute values of the wind

speeds and the percent difference from the 15 year average of 6.0 m/s

can be read from the Figure. -

3 4

£ 70 10% difference

g 6.5 %difference ./ N\
p— p— Y 15 year

2 6.0 i / v ' N T~ average

i 5.54 6% difference \

§ 10% difference

T4 5.0"

>

8 L 8 1 } T | § | | ] L | | T ] | B 1] 1 B

> 66 67 68 69 70 71 ‘72 73 74 75 76 77 78 79 80

Figure 6. Yearly average wind speeds for Muskegon County Airport,
1966-1980 (corrected to 21.3 m using a height correction

exponent of .16). Source: (15).



14

For almost one year out of every three, the yearly average wind
speed differs from the long term average by 5 percent or more. Two years
had average wind speeds that differed from the long term average by
nearly 10 percent. Wind records for other Michigan locations indicate even
more dramatic variations, some as high as 20 percent (22). Though rela-
tively unimportant for the long term SWECS performance, this seemingly
small year to year variability can have a significant impact on the
length of data aquisition time necessary to accurately estimate the long
term average wind speed. As shall be shown, even small errors in the
estimation of the long term average wind speed can balloon into large

errors in the calculation of WIG Annual Energy Output.

Monthly Averages

Wind speeds vary significantly between the seasons. In Michigan, the
highest wind speeds occur during the winter months; the lowest wind
speeds occur during the summer. Figure 7 illustrates long term (1965-75)
monthly average wind speeds and the percentage difference from the long
term yearly average for the Muskegon Coast Guard Statiom.

The summer months have average wind speeds almost 20 percent lower
than the yearly average whereas the winter months have wind speeds almost
20 percent higher. Depending on the design of the SWECS, these variations
will produce even more dramatic differences in the monthly SWECS energy
output. The long term yearly average wind speed at the Muskegon Coast
Guard Station is 0.2 m/s higher than for the Muskegon County Airport
(Fig. 7 compared to Fig. 6).

Year to year monthly averages vary even more dramatically than year

to year yearly averages. For any given year and month, the difference
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20% difference

10% difference

SPEED (m/s)

g 5.5 - '
< 20% difference

L4 | L]

L T L L L T L]
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.

Figure 7. Long term monthly average wind speeds for Muskegon Coast
Guard Station, 1965-75 (corrected to 21.3 m using a height

correction exponent of .16).

between the monthly average wind speed can be higher than 30 percent

but is generally around 9 percet;t (22).

Diurnal Variations

Wind not only displays reoccurring seasonal speed variations but
reoccurring daily or diurnal speed variations as well. Figure 8 illus-
trates diurnal wind behavior for the Muskegon Coast Guard Station in
1972.

Generally, wind speeds are lowest in the early morning and highest
in the mid-afternoon. However, diurnal wind behavior can be even more
variable than year to year monthly average wind speeds and may be very

unlike Fig. 8 for any particular day.

Wind Direction

Depending on the site, wind direction has a significant impact on

the WIG energy performance. If the terrain is relatively flat and there
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Figure 8. Daily wind patterns for Muskegon, 1972 (corrected to 21.3

meters using a height correction exponent of .16) (1).

are no nearby obstructions, variations in wind direction may be relatively
unimportant for well designed WIGs. Obviously, nearby obstructions in
particular direction can reduce WIG power output, particularly if winds
from that direction contain a significant portion of the yearly available
wind power.

Wind direction is usually illustrated by a wind rose (Fig. 9). Wind
roses show the direction the wind is coming from, the fraction of the
total time the wind blows from that direction, and the average wind

speed from that direction.
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Figure 9. Muskegon Coast Guard 1972 Annual wind rose. ( ) = average

velocity in m/s corrected to 21.2 m (70 ft) using a height

correction exponent of .16 (1).
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For the Muskegon Coast Guard Station, the prevailing winds are

from the northwest. The significance of the Coast Guard Muskegon wind

behavior is best illustrated by an energy rose (Fig. 10).

20%

Figure 10. Muskegon Coast Guard 1972 Annual energy rose (1).
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Figure 10 suggests that easterly winds at this site are relatively
unimportant for SWECS energy production.

Figures 9 and 10 illustrate annual directional wind behavior. The
wind direction for a particular month may be unlike annual behavior. In
particular, a recent study suggests that areas near the Lake Michigan
coastal region exhibit significant daily wind direction variability during
the summer, due to lake breeze effects (29). The lake breeze effect in-
duced variability may be relatively unimportant for wind power applica-
tions, however, since the summer winds contain only a small fraction of

the annual available wind power.

Models for Describing Wind Behavior

For the purposes of calculating the expected SWECS energy output,
wind behavior is often described by statistical models. Though usually
introduced as cummulative probability distribution functions, the models
take their probability density forms when used for WTG energy output
computations.

A variety of probability density functions are used for SWECS
energy output calculations. The most notable of these are the Weibull,
the Rayleigh, the gamma, and the Gaussian or normal probability densities.
Though the gamma and normal probability densities are thought to adequately
describe many actual wind regimes (1, 11), and in fact the gamma probabil-
ity density was found to produce the best description of wind behavior in
one study (1), most researchers have used the Weibull probability density
as the proferred statistical model for calculating SWECS energy output.

As a result, only the Weibull probability density, and the Rayleigh
probability density, a special case of the Weibull probability density,

will be considered further.
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Weibull Probability Density Function

The formula for the Weibull probability density is:
p(v)dv = (k/c)(v/c)k-lexp (-(v/c)k)dv (2)
where

p(v)dv

probability of finding a wind speed between
v and v + dv

k

shape factor (dimensionless)

¢ = scale factor (m/s or mph)
The Weibull shape factor, k, and the Weibull scale factor, c, are related
to the mean wind speed, V, and the standard deviation, 0, by

k= (o/)"1:086 4

nd 3)

c =V/T(1 + 1/k) (4)
where T i; the usual gamma function (10). Equations 3 and 4 show that a
large shape factor implies a lo;>standard deviation (or‘variance) and
that a single value for c¢/V is associated with each k value.

Figure 11 illustrates the influence of the shape factor, k, on the
shape of the Weibull probability density curve.

The relationship between ¢/V and k is illustrated in Fig. 12. The T
function introduces computational complications when the Weibull c¢ and k
factors are determined from site average wind speed and variance data so
an equation for the curve in Fig. 12 was emperically derived and
determined to be

c¢/V = 0.014k - 0.065 exp ¢ (3.1 (k-1.3)) + 1.164 (5)

Equation 5 is used in the computer programs for calculating SWECS annual

energy output.
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P(V/C)

Figure 11. Weibull probability density function for various k values (9).



1.10 |-
c/V

Figure 12. Ratio of Weibull ¢ to mean wind speed vs. Weibull k value (9).

Rayleigh Probability Density Function

The Rayleigh probability deﬁsity function is a gpecial case of the
Weibull probability density, obtained when k = 2.0 (see Fig. 11). Since
the k value is specified, the ratio c/V is also specified, equal to 1.128
(see Fig. 12).

The Rayleigh density function may be more useful than the Weibull
density function since it is a single parameter function, specified com-
pletely by the mean or average wind speed. As a result, only the average
wind speed need be determined for the site implying a potentially less
complex and expensive wind data assessment program. The Weibull density
function is more general than the Rayleigh density function, however, and
can bé manipulated to fit a wider variety of actual wind regimes.

There are two questions: 1) Does the Rayleigh density function
adequately describe the wind regime in question, and 2) What errors may
be introduced if the Rayleigh density function is used for AEO calcula-

tions when the site wind behavior is best described by some other Weibull
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distribution? The answer to the second question influences the answer to
the first and will be investigated in detail in the next chapter. As a
partial answer to the first question, many wind regimes with yearly
average wind speeds above 4.0 m/s (8.9 mph) are thought to be Rayleigh
distributed (9). The Rayleigh density function is popular for energy
output computations since sites must have yearly average wind speeds
greater than 4.5 m/s (10.1 mph) to currently have economic interest for
SWECS applications (3). Also, many sites exhibit more year to year vari-
ability in the actual wind speed distribution than there is between any
particular year and the Rayleigh description (7). However, as shall be
shown, the compiled height corrected Weibull k factors for several
Michigan locations suggest that the site wind behavior is best described

by the more general Weibull density function.

Variations in Weibull k and c¢ Factors -

Weibull k and c factors vary with the season and with height above

ground (6, 9, 10).

Seasonal Variations

The Weibull k factor varies with the season; higher k values (lower
variance) occur in the winter and lower k values (higher variance)
occur in the summer (see Table 1).

Table 2 helps illustrate the data from Table 1 by listing the
seasonal Weibull k factors as a percentage of the annual Weibull k
factor.

Table 2 shows a general pattern of lower variance in the winter

winds and higher variance in the summer winds (higher and lower k values).
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Table 1. Seasonal Weibull k Values for five Michigan locationms.

Location Winter Spring Summer Fall Annual
Detroit 2.20 2.08 1.78 1.93 2.03
Flint 2.18 2.11 1.92 2.07 2.01
Grand Rapids 2.19 2.11 1.92 1.90 2.00
Lansing 2.54 2.27 1.93 2.28 2.13
Muskegon 2.20 2,21 2.18 2.13 2.08

Source: (9)

Table 2. Seasonal Weibull k factors as a percentage of the annual

Weibull k factor.

Location Winter ’Spring Summe; Fgll .
Detroit + 8% + 2% -12% - 5%
Flint + 8% + 5% - 5% + 3%
Grand Rapids +10% + 67 - 47 - 5%
Lansing +197% + 7% - 9% + 7%
Muskegon + 67 + 67 + 5% + 2%

Thus, winds blow ''steadier'" in the winter and are more variable in the
summer. The average of the seasonal k values is higher than the annual

k value due to the nonlinear form of the Weibull density function.

Height Variations

Both the Weibull c¢ and k factors vary with height above ground (9,
10) . Height variations in Weibull k factors are sometimes overlooked in

SWECS energy analyses.
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Weibull ¢ Factors

The Weibull c factor varies with height according to the formula
c, = ¢y (ZZ/ZI)n
where
c, = average c value at height 22 (m/s)
c, = average c value at height zZ, (m/s)
Z1 = anemometer height (m)

Z2 = new height at which the value for c, is estimated

2
(m)
n = power law exponent (or height correction exponent)
= [0.37 - 0.088 ln(cl)]/[l - 0.088 ln(Zl/IO)] (6)
Source: (9)

The power law exponent as described in equation 7 is a function of
the original anemometer height and the c¢ factor determined Qt that
height, and is useful for flat terrain only (9). Using equation 7, the
power law exponents for all the five Michigan locations and for all
seasons are calculated to be 0.23 * 10 percent.

Since ¢/V varies from 1.115 to 1.129 for most sites ((9) and Fig.
11), one can closely approximate the variations in average wind speed,
V, with respect to height changes by equation 8 or

V, =V, (z,/2) (7
Rather than use equation 7, the power law or height correction exponents
for use in equation 8 are usually determined from a chart similar to

Table 3, which illustrates the terrain dependence of the power law

exponent.
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Table 3. Height correction exponent for different terrain.

Roughness characteristics Height correction exponent
Smooth surface, ocean, sand .14
Low grass or fallow ground .16
High grass or low row crops .18
Tall row crops or low woods .21
High woods with many trees .28
Suburbs .40

Source: (17)

Figure 13 illustrates the effect of the height correction (power

law) exponent on the predicted wind speed profile for three different

terrains.
. top of wind

N 100 speed profile
450— percent of wind

- a9 100 speed at top of

- wind speed proviie
300— '

- 5 100
150—( 51 76 3

- 79

‘...\ﬁ o d"‘ 70 /

3

e e

Figure 13. Wind speed profiles for three different height correction

exponents (11). n = .40, .25, .1l4.
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The use of height correction exponents of 0.16 (used in Figs. 6, 7,
and 8) or 0.14 (the 1/7 power law) are the most popular because, in
part, they are the most conservative (produce the smallest wind speed
increase) for upward height corrections of wind speed. The exponent value
of 0.4 produce the most conservative adjustments (produce the largest
wind speed decrease) for downward height corrections but one seldom has
use for such corrections. Wind speeds are corrected to 21.3 m (70 ft)
which is a common hub height for WIG located in Michigan.

Since 0.16 is a conservative height correction exponent for upward
corrections, the speed corrections are relatively minor. The possible
errors of a wrong prediction are relatively small even for height correc-
tions of 15 m (50 ft). The common anemometer height of 10 m should be
sufficient for smooth terrain. For much rougher terrain, the anemometer
should be placed as high as possible to reduce possible height correction

errors.

Weibull k Factors

The height correction formula for the Weibull k factor is

k2 = kI[I - 0.088 ln(Zl/IO)]/[l - 0.088 1n(22/10)] (10)

where

~
[}

Weibull k factor corrected to height 22

=~
]

Weibull k factor at height Z1

Z, = anemometer height (m)

N
[

new height (m)
Source: (9)

According to equation 9, the Weibull k factor is less affected by
height variations compared to the Weibull c¢ factor. Table 4 shows the

dividend of the bracketed portions of equation 9 for a variety of upward
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Table 4. Multiplying factors for Weibull k factors corrected from

10.0 m to a variety of new heights.

New height Multiplying factor
(m) (ft)
10.0 32.7 1.00
12.5 40.8 1.02
15.0 49.1 1.04
17.5 57.2 1.05
20.0 65.4 1.06
22.5 73.6 1.08
25.0 81.8 1.09

height corrections from 10.0 m (32.7'ft). For example, if the annual
(or seasonal) Weibull k factor is 2.00 (Rayleigh ass;mpfion) at 10.0 m,
the Weibull k factor at 22.5 m is estimated to be 2.16 (2.0 x 1.08 =
2.16; see Table 4). The relationships depicted in Table 4 could be
generated by the equation for Weibull ¢ factor height variation (equa-
tion 6) if the height correction exponent was around 0.09, an exponent
value even less than the '"most conservative' suggested value of 0.14 used
for ¢ factor corrections.

Table 5 presents the Weibull k factors for the five Michigan loca-
tions, corrected to 21.3 m (70 ft).

Table 5 indicates that the Rayleigh assumption (k = 2.0) may not be

as suitable as suggested in Table 1.
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Table 5. Seasonal Weibull k values for five Michigan locations,

corrected to 21.3 m.

Location Winter Spring Summer Fall Annual
Detroit 2.17 2.05 1.76 1.90 2.00
Flint 2.42 2.35 2.14 2.30 2.24
Grand Rapids 2.21 2.13 1.94 1.92 2.02
Lansing 2.61 2.33 1.98 2.34 2.19
Muskegon 2.46 2.47 2.44 2.38 2.32

Wind Data Gathering

The reliability of any SWECS feasibility analysis is greatly
enhanced by some form of on-site wind data assessment. Though average
wind speeds are often estimated.bver relatively broa? regions, wind
behavior displays considerable variability due to 10ca1>terrain effects.
On-site wind data assessment is particularly important for SWECS lo-
cated in Michigan since the Michigan areas with the highest yearly

average wind speeds have highly complex terrain.

Instrumentation for Wind Data Assessment

There are basically two choices of instruments for a reasonably
priced wind measurement program for potential SWECS applications: 1)
some type of recording anemometer or a digital data logger which places
wind speeds into bins of specified wind speed increments, and 2) a wind
run meter which measures wind run. Wind run is the length of the wind
stream that passes by the meter (in a given period) and can be used to
calculate the average wind speed. For example, if 120 km of wind passes

by the instrument in a 24 hr period, the average wind speed is 5 km/hr.
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The advantage of the recording anemometers is that hourly wind data
can be retrieved and as a result the Weibull k and ¢ values as well as
the diurnal wind speed variations can be determined for the site. Only
the average wind speed can be determined from a wind run meter, and
therefore the use of the Rayleigh probability density for energy output
calculations is implied. The advantage of the wind run meter is that it
is relatively inexpensive, costing only about $150. Anemometers capable
of recording hourly wind data cost $700 or more. Due to the cost differ-
ential, many potential SWECS owners may choose a wind run meter for wind
data assessment.

The anticipated widespread use of wind run meters, along with the
height corrected annual k factor data from Table 5, provides a motiva-
tion to investigate the errors in calculated AEO that could be produced
by assuming the wind is Rayleigh distributed when the site wind behavior
is actually best described by some other Weibull density. As shall be
shown, WIG design strongly influences the affect that variations in the .
Weibull k factor have on the predicted SWECS energy output. The designs
of some large WIG produce a relative insensitivity to k. An insensitivity
to k implies that wind data assessment programs for sites where these
large wind systems are candidates could potentially yield more useful
information if several wind run meters were placed in a variety of
locations and heights rather than just one or two recording anemometers

placed in a single location.

Required Duration of Wind Assessment Programs

As a sometimes used rule of thumb, the wind assessment program

should be carried out for at least a full year. The objective is to
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predict long term wind behavior based on a much shoréer period of analysis.
Unfortunately, Fig. 6 showed that there can be significant year-to year
variability in yearly average wind speed at a particular site. For
example, the yearly average wind speed in 1977 at the Muskegon Airport

was 12 percent higher than the long term average wind speed (see Fig. 6).
Two other first order weather stations, the Grand Rapids Airport and the
Detroit Metro Airport, displayed even more year-to-year variability. The
yearly average wind speeds for the Detroit Metro and Grand Rapids Airports
were averaged for three consecutive years, starting with each successive
year (see Fig. 14). The three year averages were then compared to the

long term average. For example, the data point at 1966 compares the three
year average wind speed for 1966, 1967, and 1968 to the long term average.

As shown in Fig. 14, even consecutive three year averages can differ
significantly from the 15 year average wind speed. For example, if the
wind speeds were measured and averaged for 1974, 1975, and 1976, the
value obtained would be 18 percent higher than the 15 year average at
the Detroit Metro Airport and 6 percent lower than the long term average
at the Grand Rapids Airport. If the candidate sites were in these loca-
tions and there were no weather stations, even a three year wind data
assessment program would be inadequate.

An important question is the extent to which the data at a candidate
site can be correlated to a nearby weather station. A strong correlation
implies that a much shorter period of data assessment need be performed,
perhaps even less than a year. Unfortunately, there are conflicting re-
ports on the degree of correlation between candidate sites and a nearby

weather station. In a study performed by Corotis et al. (1977) on six
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Figure 14. Three year average wind speeds as a percent error from

the 15 year average (15).

different sites in Illinois, strong correlation was found between

weather stations as far as 100 km apart (6). Similarly, a study by Asmussen
et al. concluded that the correlation between the wind data from various
Lake Michigan Coast Guard Stations was very high (1).

However, a study performed by Justus et al. (1979) on twenty
different pairs of weather stations concluded that '"the use of nearby,
climatological site, long term data to adjust short term candidate site
data yields only minimal improvement in [the candidate site data]" (1l1).
Weber (1978) obtained the same results for a series of weather stations
in southwest lower Michigan (29). In particular, he noted the poor corre-
lation between data from nearby weather stations near the shoreline en-
vironment. Unlike the Asmussen et al. study, Weber compared the wind data
from a station located right on the Lake Michigan shore to statioms
located several miles inland. The Asmussen et al. study compared the wind

data from stations all located on the shore.
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The poor correlation between stations located right on the Lake
Michigan shore and several miles inland is partly illustrated by Fig.
15, a comparison of yearly average wind speeds in 1966-75 for the Muskegon
County Airport and the Muskegon Coast Guard Station. Though only a short
distance apart, these weather stations displayed very dissimilar wind
behavior from 1966 to 1971 and very similar behavior in 1971 to 1975.
Figure 15 suggests that the degree of correlation between nearby weather
stations can be quite good for some periods and rather poor for others,
thus providing a partial explanation for the different conclusions of

the various wind correlation studies.

20% ~~ Airport
16%— —— Coast Guard Station
10% — A
5%
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Figure 15. Yearly average wind speeds as a percent error from the 10
year mean for 1966-1975 for the Muskegon County Airport

and the Muskegon Coast Guard Station (1, 15).
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In the absence of a demonstrated correlation between wind data at
a candidate site and a nearby weather station, data assessment at the
candidate site should be carried out for more than a year, perhaps even
more than three years. Since most potential SWECS owners lack the exper-
tise to perform correlation analysis, extended periods of candidate site

data assessment are recommended.



CHAPTER FOUR

CALCULATION OF WTG ENERGY OUTPUT

The single most important performance criteria for Wind Turbine
Generators is their expected Annual Energy Output in various wind
regimes. The calculation of AEO is not an easy task, however, since the
performance characteristics of different WIG are widely dissimilar, as
are the wind characteristics among different sites. Chapter 4 reviews
methods for calculating AEO that have been used in the past and presents
a new computer based method which uses a curve fitting technique to
describe WIG machine characteristics. Use of the Rayleigh vs. Weibull
density functions are also constdered. .

To determine the expected energy output of a p;rticulaf WTG
located at a particular site, two functions must be known:

P(v) = WIG power output as a function of wind speed, and

p(v) = wind speed probability density
The average power, P, can be calculated by integrating the product of
P(v) and p(v) over the WIG cut-in wind speed, Vi’ and cut-out wind speed,

vV, or
o

\'
o

P =/ P(v)p(v)dv

Vi

The Annual Energy Output, AEO, can be calculated by multiplying the
average WIG power output, P, by the number of hours in a year, or

AEO = P « 8760 hr/yr

35
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Monthly energy outputs can be calculated in a similar fashion.
Hourly energy outputs are usually calculated without the use of
probability densities by directly plugging the hourly average wiﬁd speed
into thé P(v) function.

The wind speed probability densities, p(v), used in AEO calculations
have already been discussed in detail in Chapter 3. A simplified descrip-
tion of the WIG power output, P(v), as a function of wind speed was
illustrated in Chapter 2.

The various methods for calculating AEO that have been used in
the past differ primarily in the way the actual WIG P(v) curve is
approximated. Four of the most widely used methods for approximating the
actual P(v) curve have been the straight line or ramp (3), cubic, Justus
(8, 9), and Powell (19) approximations. Table 6 summarizes the equations

used to approximate the WIG powér output curve when Vi <v< Vr'

Table 6. Expressions for WIG power output when V, < v < V_,

i- " -
Straight line P(v) = A + Bv
Cubic P(v) = Av?
Justis P(v) = A + Bv + cv?
Powell P(v) = A + ka

The coefficients A, B, and C are simply generalized coefficients
and are functions of Vi’ Vr’ and Pr' That is, when the values of only
Vi, Vr’ and Pr are specified, the approximating P(v) curve is

completely specified when V, < v < Vr'

i
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When V_ < v <V, the straight line, cubic, Justus, and Powell
approximations all assume that the WIG power output remains constant and
equal to the WIG rated power. The assumption that P = Pr when Vr <v f_Vo
may not be true for a particular WIG and the errors introduced by this
possibly wrong assumption are considered in a later section of this
chapter.

A study was performed to compare the four methods listed in Table
6 to two other more general approaches--the piecewise linear approximation
and the hand calculated discrete approximation described in the Perform-
ance Rating Document (5) prepared by the American Wind Energy Association
(1980). The discrete approximation will be denoted the SWECS Standard
approach since the Performance Rating Document is an attempt to establish
SWECS performance standards. All six AEO calculation methods were evalu-
ated by applying each to a single generic WIG P(v) curve and comparing
the resulting calculated AEO values.

The piecewise linear approximation and SWECS Standard approach can
be used only when the shape of the entire actual WIG P(v).curve is known.
The pilecewise linear approach is just one of several curve fitting tech-
niques that might be used. For example, the use of Nth order polynomials
was briefly investigated but rejected since the order of the 'best
fitting'" polynomial varies from one WIG to another and the computations
necessary to determine the order and coefficients of the best approximat-
ing polynomial, using a least squares approach, are too cumbersome to
perform on a small programmable calculator.

All of the methods for calculating AEO were programmed on the TI-59
programmable calculator and the complete equations used are available in

Appendix B. Since the TI-59 performs operations much more slowly than
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the larger computers, the various integrals were solved by integrating

by parts and a small remaining term was approximated by a short series

(see Appendix B)

Six Methods of Approximating P(v)

The actual WIG power output curve that was approximated by the
various methods is illustrated in Fig. 16. Figure 16 was obtained from
the Performance Rating Document and describes a generic WTG P(v) curve

(5). 2

POWER OUTPUT (hilowotts)

WIND SPEED (melers/second)

Figure 16. Generic WTG Power Curve

The term rated power was replaced by the term maximum power, as
suggested in the Performance Rating Document. The rated power and the
maximum power may or may not be the same for a particular WIG. When the
straight line, cubic, Justus, or Powell methods were used, the maximum
power in Figure 16 was taken to be the ratgd power.

Every WIG has a characteristic P(v) curve which may or may not be
the same as that provided by the manufacturer. When using any AEO calcu-

lation method, an actual WIG P(v) curve based on extensive field testing
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(such as the tests proposed in the Performance Rating Document) should
be used. The AEO calculation methods also assume that the WIG satisfac-
torily adjusts to changes in wind direction (no yaw problems) and that

the site wind regime 1is reasonably well behaved and not too turbulent.

Straight Line Approximation

The formula for P(v), using the straight line approximation, is
P(v) = A + Bv (see Appendix B). Figure 17 illustrates the straight line

approximation.

»

POWER OUTPUT (hilowolts)
®

WIND SPEED (meters/sscond)

Figure 17. Straight line approximation of actual P(v) curve.

The power output is assumed to be constant above the rated wind
speed. The straight line should be drawn for the best visual fit between
Vi and Vr' One may have to‘define a new "effective" cut-in wind speed
(2). In Fig. 17, the effective cut-in wind speed has been adjusted slightly

upwards from the actual cut-in wind speed.



40

Cubic Approximation

The formula for P(v), using the cubic approximation, is P(v) = Av3.
The coefficient A, determined from the WIG efficiency at rated (maximum)
power, is derived to be A = Pr/Vr3 (see Appendix B). Figure 18 illus-

trates the cubic approximation.
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Figure 18. Cubic approximation of actual P(v) curve.

The stepwise jump in P(v) at V, in Fig. 18 is inherent for any

i

simple cubic relationship which assumes a constant efficiency.

Justus Approximation

- The Justus method approximates the P(v) curve with a second order
polynomial, i.e., P(v) = A + Bv + Cv?. The coefficients A, B, and C are
determined by assuming that WIG has the same efficiency when the wind

speed is at a midpoint between V, and Vr as it does when the wind speed

i
is equal to V_ (see Appendix B).
The Powell method was developed in response to several problems with

the Justus method (19). Therefore, only the Powell method will be directly

compared with the other techniques.
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Powell Approximation

The formula for P(v), using the Powell approximation, is P(v) =
A+ ka, where k is the shape factor of the Weibull probability density.
The coefficients A and B are determined using the same efficiency
assumptions as the Justus method. The Powell approximation is seen as
an improvement over the Justus approximation since it will not predict a
negative power output for part of the partial power range, when V1 is less
than 26 percent of Vr’ and it can be analytically integrated (19).

Figure 19 illustrates the Powell approximation.
r 1 0r 1 b1 vy v irnrvyrn1m i vt

. uxknouubr(n-mm)
®
1

) l 1
) 2 . s (] 0 ” " ) »
WIND SPEED (meters/second)
Figure 19. Powell approximation of actual P(v) curve.

Piecewise Linear Approximation

The piecewise linear approximation uses a series of piecewise con-
tinuous line segmenﬁs to approximate the actual P(v) curve (see Appen-
dix B). Figure 20 illustrates the piecewise linear approximation.

Nine line segments were used in Fig. 20; more could be used to
produce an even better approximation. Two different piecewise linear

approximations were used. The first follows the actual P(v) curve from
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Figure 20. Piecewise linear approximation of actual P(v) curve.

Vi to Vo as indicated by the heavy solid line. The second, indicated

.by the dashed line, sets P(v) = Pr when Vr <v< Vo'

SWECS Standard Approximation -

The SWECS Standard approach is the discrete app;oxfmatién,
computed by hand, of the original integral in equation 10. AEO is de-
termined by multiplying the WIG power output at each unit wind speed
by the probability of occurrence of that wind speed, and summing the

products for each unit wind speed from V, to Vo (5).

i

Calculated AEO for the Six Methods

The AEO values calculated by each of six methods are tabuiated in
Table 7. The Rayleigh probability density was used for three different
yearly average wind speeds. Table 7 depicts the AEO values obtained from
each method as a percentage of the result obtained by using the piecewise

linear approximation.
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Table 7. A comparison of calculated AEO.

V = 4.5m/s V = 5.5m/s V = 6.5m/s
Piecewise linear 100% 100% 1007%
Piecewise linear
(P(v) =P , V. <v<V) 100% 101% 101%
r’ r— o
SWECS Standard
(discrete approximation) 937% 97% 98%
Straight line 108% 94% 99%
Cubic 817% 78% 817%
Powell 82% 76% 85%
Discussion

For purposes of comparison, the AEO obtained from the piecewise
linear approximation is used as the 'true value" since, -in general,
the error introduced by using this technique can be made arbitrarally
small if a large number of line segments are used. The nine line segments
used in the example yielded almost identical results compared to the
calculated AEO based on 18 line segments. The minimum number of line
segments which should be used for a given curve was not investigated.

The results in Table 7 were obtained by analyzing a single generic
WIG and therefore, the results are specific to the P(v) curve in Fig. 16.

Line 2 from Table 7 indicates that the assumption that P(v) =
Pr when Vr v« Vo’ an assumption held by the straight line, cubic,
Justus, and Powell approximation, does not cause significant differences
in AEO compared to the full piecewise linear approximation.

Line 3 indicates that the discrete approach used in the Performance

Rating Document is quite accurate, producing better results as the
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average wind speed increases. Though the Performance Rating Document
suggests the calculations be based on units of m/s, their example is
based on miles per hour. If m/s were used, the errors would be reduced,
though the calculations become somewhat more tediuos.

The results of the straight line approximation, line 4, indicate
that though this technique can produce a useful first-round approximation,
the results are not as accurate as the piecewise linear approach.

The accuracy of this method is dependent on a judicious "eye ball fit-

ting" of a straight line to the actual WIG P(v) curve between V, and Vr

i
(assuming the shape of the curve is known).

The cubic and Powell approximations, lines 5 and 6, can seriously
underestimate the AEO from this WIG. Returning to Figs. 18 and 19, the
graphs of these approximating curves, these results are not unexpected.
The results highlight the problem of a method where AEO.is a»function of
the rated power. Such methods assume that there exists some well defined
point where the WIG power output suddenly levels off to a constant
valué (Pr). Such a point does not exist for the WTG depicted in Fig. 16.
Observation of many commercial WTG indicates that this is usually the
case.

The question becomes, what value should be used as the rated power
for the WIG? In the analyses just presented, the maximum power was taken
to be the rated power, yet this assumption produced AEO values which
were too low. More accurate results could probably be obtained if the
rated power was shifted leftwards on this curve, yet there seems to be
no systematic way to determine the extent of such a shift. One might say

that the rated power should be defined such that the cubic or Powell
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approximating curves produced a '"best fit" to the actual P(v) curve.
However, if the shape of the actual P(v) curve was known, a more accurate
curve-fitting approach such as the piecewise linear approximation

could be used.

As a final note, the calculated AEO from all six methods is the
energy obtained from the WIG and not necessarily from the entire SWECS.
Synchronous inverters, necessary for Variable Speed-Constant Frequency
(VSCF) systems, are not 100 percent efficient and reduce the net available
energy from the SWECS compared to the ene?gy produced by the WIG. Since
the economic analysis is based on the net available energy, the calculated

WIG AEO should be adjusted for VSCF systems.

The Effect of Weibull k Factors on the

Calculated WTIG Energy Output

The Rayleigh probability density function might be used for energy
output calculations, particularly if only the average wind speed is
known, even though the actual wind regime may be better described by
some other Weibull probability density. To determine the errors intro-
duced by a possibly wrong Rayleigh assumption, a sensitivity analysis was
performed to determine the effect of variations in the Weibull k factor
on the calculated energy output. Four different hypothetical WIG designs
were used in the sensitivity analysis (see Table 8). Designs A and B
correspond to WTG with high rated wind speeds and low and high cut-in
wind speeds, respectively. Designs C and D correspond to WIG with low
rated wind speeds and low and high cut-in wind speeds, respectively.

For the sensitivity analysis, energy output was calculated using

the straight line or ramp approximation. Though not a completely
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Table 8. Machine characteristics for four different WIG designs used

in the sensitivity analysis.

Cut-in Rated Cut-out
Design wind speed wind speed wind speed
Design A 2.7m/s ( 6.0 mph) 15.6m/s (35.0 mph) 26.8m/s (60 mph)
Design B 4.5m/s (10.0 mph) 15.6m/s (35.0 mph) 26.8m/s (60 mph)
Design C 2.7m/s ( 6.0 mph) 5.4m/s (12.0 mph) 26.8m/s (60 mph)

Design D 4.5m/s (10.0 mph) 5.4m/s (12.0 mph) 26.8m/s (60 mph)

satisfactory method for calculating WIG energy output if the actual P(v)

curve 1s known, the ramp approximation and the use of a rated power is

suitable for sensitivity analyses if a variety of WIG designs are used.

Table 9 shows the calculated energy output values for various k values,

as a percent of the value obtained when the Rayleigh” assumption is used

(k = 2). The calculations were performed for three different average

wind speeds: 4.5m/s (10.1 mph), 5.5m/s (12.3 mph), and 6.5m/s (14.5 mph).
A value of 90 percent in Table 9 indicates that the energy output

expected from the specified WIG located in that wind regime is only 90

percent of the value obtained when the wind is Rayleigh distributed. A

value of 110 percent means that the energy output expected from the

specified WIG located in that wind regime is 110 percent of the value

obtained when the wind is Rayleigh distributed. Thus, values less than

100 percent in Table 9 indicates that the Rayleigh assumption overesti-

mates the energy obtainable from the wind. Values over 100 percent

indicate that the Rayleigh assumption underestimates the energy obtainable

from the wind.
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Table 9. Calculated WIG energy output for various Weibull k factors

as a percent of the value obtained when k = 2.

V = 4.5m/s V = 5.5m/s V = 6.5m/s
Weibull k factor (10.1 mph) (12.3 mph) (14.5 mph)
Design A - low cut-in, high rated wind speeds
1.3 1117 1047 98%
1.4 110 104 99
1.5 108 103 100
1.6 106 103 100
1.7 104 102 100
1.8 103 101 100
1.9 101 101 100
2.0 (Rayleigh) 100 100 100
2.1 99 100- - 100
2.2 97 99 100
2.3 96 98 99
2.4 95 98 99
2.5 94 98 99
2.6 93 97 99
2.7 92 97 99
2.8 91 97 99
Design B - high cut-in, high rated wind speeds
1.3 139 119 106
1.4 133 116 106
1.5 127 114 106

1.6 121 111 105
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Table 9 (cont'd).

V = 4.5m/s V = 5.5m/s V = 6.5m/s
Weibull k factor (10.1 mph) (12.3 mph) (14.5 mph)
Design B (cont'd)
1.7 115% 1087 104%
1.8 110 105 103
1.9 105 103 101
2.0 (Rayleigh) 100 100 100
2.1 96 98 99
2.2 92 95 98
2.3 88 93 96
2.4 85 91 95
2.5 81 90 94
2.6 79 88 94
2.7 76 87 93
2.8 73 85 92

Design C - low cut-in, low rated wind speeds

1.3 86 84 83
1.4 89 87 87
1.5 91 90 89
1.6 93 92 92
1.7 95 94 94
1.8 97 96 96
1.9 99 98 98
2.0 (Rayleigh) 100 100 100

2.1 101 102 102
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Table 9 (cont'd).

V = 4.5m/s V = 5.5m/s V = 6.5m/s
Weibull k factor (10.1 mph) (12.3 mph) (14.5 mph)
Design C (cont'd)
2.2 103 103 103
2.3 104 105 105
2.4 105 106 106
2.5 106 108 107
2.6 107 109 109
2.7 108 110 110
2.8 109 111 110

Design D - high cut-in, low rated wind speeds

1.3 93 86 83
1.4 94 88 86
1.5 9 91 89
1.6 97 93 92
1.7 98 95 94
1.8 99 97 96
1.9 99 98 98
2.0 (Rayleigh) 100 100 100
2.1 100 102 102
2.2 101 103 104
2.3 101 104 105
2.4 101 106 107
2.5 101 107 108
2.6 101 108 110
2.7 101 109 111

2.8 101 110 113

e—————————————————————————————————————————————————————————————————————————————————————————————————————————
P
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The results of the sensitivity analysis in Table 9 support the

following statements:

1. The effect that the Weibull k factor has on expected energy
output is strongly influenced by the design of the WIG. For example,
the possible errors of a wrong Rayleigh assumption are not very large
for WIG design A (low cut-in, high cut-out wind speeds). They are
higher for the other three designs.

2. The effect of variations in the Weibull k factor is substan-
tially reduced as the average wind speed increases for WIG designs A
and B (high rated wind speeds). The effect of variations in the Weibull
k factor is increased as the average wind speed increases for WIG
designs C and D (low rated wind speeds).

3. The direction of the effect of the k factor values 1is reversed
for designs A and B compared to designs C and D. For designs A and B
(high rated wind speed), the Rayleigh assumption underestimates the cal-
culated energy output for low k values and overestimates the calculated
energy output for high k values. For designs A and B (low rated wind
speed), the Rayleigh assumption overestimates the calculated energy
output for low k values and underestimates the calculated energy output
for high k values.

4. Annual Weibull k values for most sites range from 1.7 to 2.3
(9). A yearly average wind speed of 4.5 m/s (10.1 mph) is generally
considered too low for economical SWECS applications (1, 23). If we
confine our attention to yearly average wind speeds of 5.5 m/s and 6.5
m/s, and to Weibull k factors of 1.7 to 2.3, we can place the following
error bounds on the use of the Rayleigh assumption (see Table 10). Thus,

for design A, the use of the Rayleigh assumption for energy output
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Table 10. Errors in calculated AEO if wind is assumed Rayleigh
distributed when wind behavior is best described by Weibull

distribution with 1.7 <k < 2.3.

Percent error
WTG design (V = 5.5m/s) (V = 6.5m/s)

Design A - low cut-in, high rated
wind speed *2 *]

Design B - high cut-in, high rated
wind speed +8 *4

Design C - low cut-in, low rated
wind speed +6 *6

Design D - high cut-in, low rated
wind speed *6 +6

calculations produces at most a 2 percent error even if_the wind is
actually best described by some other Weibull distribution with
1.7 <k < 2.3.

The analyst should be aware of the impact of WIG design on energy
calculations if they assume that the wind is Rayleigh distributed.
There are indications that design A (low cut-in, high rated) may become
the most popular WIG design. If so, then the Rayleigh density function
can be used with confidence for energy output calculations, even if the
wind is best described by some other Weibull distribution with
1.7 < k < 2.3.

5. Though annual Weibull k values generally range from 1.7 to
2.3, Tables 1 and 5 in Chapter 3 indicated that seasonal k values fall

outside this range. The analyst desiring to calculate seasonal energy

outputs may or may not find the Rayleigh assumption suitable, depending
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on the WTG design and the suspected range in k values. (If the seasonal
k values are known, then of course, the correct Weibull density function

can be used).

Matching the WIG Size with the

Site Electrical Demand

For a utility-interconnected SWECS, any part of the wind-generated
electrical output that cannot be used at the site will be sent back to
the utility. The fraction of the WIG output that can be used directly at
the site is called the Direct Use Factor. The value for the Direct Use
Factor has an important impact on the wind system economics, since any
wind-generated output used directly at the site can be given a value
equal to the full retail price of utility-supplied electricity. Any
electricity sent back to the utility is only worth the "buy-back" price,
usually less than half the full commercial price. Thus, the economics
favor any system and load combination in which a high Direct Use Factor
value can be achieved. In general, a high Direct Use Factor value is ob-
tained when the WIG is sized such that its power output is small compared
to the electrical demand.

The Direct Use Factor is often difficult to determine for a particu-
lar combination of SWECS output and electricity demand, due to the high
variability in both SWECS power output and the site electrical demand. At
any given moment, there may be a high or low power output and a high or
low power demand. Direct Use Factors for WECS intended for large applica-
tions are easier to estimate since larger loads are generally less
variable than might be expected from a single residence or farm. The

electrical demand for an individual home can shift drastically in a
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matter of seconds as high power consuming appliances such as stoves or

clothes dryers are turned on and off.

Methods for Estimating Direct Use Factor Values

To estimate the Direct Use Factor for a particular SWECS application,
one must determine both the expected hourly WTG power output and the ex-
pected hourly site power demand. Some sites have power demands which are
very similar from day to day or week to week. Figure 21 shows a power
demand profile for the city of Hart, Michigan during the week of January
6-12, 1974 (1). A WECS designed for this application could have a power
rating as high as 1.0 MW and still result in a Direct Use Factor close to
100 percent.

For much smaller site demands, such as that which might be expected
from a single residence, a reliable value for the Direct Use Factor is
hard to determine. One technique is to match four different seasonal daily
power output projections with four different daily demand patterns repre-
senting a '"typical" day in the season (28). The accuracy of this technique
is uncertain.

One of the big question marks for SWECS applications for individual
residences or farms is the extent to which the load can be managed such
that power demand is shifted to meet wind power availability. Sites
which use electricity for hot water or space heating may have loads which
can be considered manageable, particularly if oversize heat storage
systems are used.

In 1966-67 Consumers Power Company and the Shiawassee County
Cooperative Extension office conducted a detailed study on the electrical

usage of a household and dairy farm near Owosso, Michigan. A breakdown
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of their electrical use is given in Table 1ll1. The 1800 square foot

house with nine roome and two baths was essentially an all electric
house including electric baseboard heating, an electric water heater,
dishwasher and automatic laundry. Disregarding the electric heat, the
household used about 1,100 kWh per month. The largest consumer was the
hot water heater which used approximately 500 kWh/mo, followed by the
refrigerator, which used about 175 kWh each month.

The 327 acre farm had a dairy herd of 70 milk cows plus 80 heifers
and calves. The farm also had about 3,000 laying hens. The electrical
energy used in the barn, silo area and for the poultry operation is also
shown in Table 11.

Figure 22 depicts the total electrical use for the 12 months and
all electrical use except space heating.

Figure 22 shows that the home electrical demand, exclusive of space
heating, remains relatively constant while the total eléctrical use in-
creases dramatically (as we might expect) for the winter months. This
is an interesting fact for SWECS applications since the wind speeds are
generally the highest during the winter months. In fact, Fig. 22 matches
up almost identically with a monthly wind speed graph for Muskegon de-
scribed in Chapter 3 (see Fig. 7 on pagel5 ). Since the wind power
availability may be closely matched with the demands of an electrically
heated house, such a house becomes a prime target for a SWECS installa-
tion. However, monthly load demands such as that shown in Fig. 22 are

only suggestive. Some type of hourly analysis would still be required.
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Figure 22. Electrical Use for Michigan farm including and excluding

electrical space heating.

Errors in the Estimated Long Term Average Wind Speed

and their Effect on the Calculated Annual Energy Output

The difficulties of predicting the long term average wind speed
based on a one year or even three year wind data assessment program has
been discussed in Chapter 3. The effect of errors in the predicted long
term average wind speed on the calculaﬁed AEO was investigated for two
different WIG designs in three different yearly average wind speeds (Fig.
23). The wind was assumed Rayleigh distributed and the straight line or

ramp approximation was used. The WIGs were spedified to have cut-in wind
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speeds of 3.6 m/s (8.0 mph), rated wind speeds of 5.3 m/s- (12 mph) and

15.6 m/s (35.0 mph), and cut-out wind speeds of 26.8 m/s (60 mph).

g 25% 1 V,=15.6 m/s (36.0 mph)
8 20%

w

2 15%-

£ 10% V,=5.4 m/s (12 mph)

o

& 5% -

R

| ! T I T T I | T | |
1% 2% 3% 4% 5% 6% 7% 8% 9% 10% 11% 12%
% Error in V
Figure 23. Percent error in AEO vs. percent error in predicted long

term average wind speed.

Figure 23 shows that errors in the calculated AEO due to errors
in the predicted long term average wind speed are greater for the WIG
with the higher rated wind speed and lower for higher yearly average
wind speeds. If WIG with higher rated wind speeds are proposed for a site
with a long term yearly average wind speed of 4.5 m/s, a 5 percent error
in the predicted wind speed can balloon to a 13 percent error in calculated
annual energy output. For these WIG, errors in V have a much greater im-
pact on AEO than do errors in the Weibull k factor. Figure 23 gives

further impetus to long periods of site wind data assessment.



CHAPTER FIVE

ECONOMICS

The projected SWECS economic performance is clearly of primary
importance to any SWECS feasibility study. Can SWECS be economical? The
answer to this question depends on the 1) SWECS cost and performance,

2) yearly average wind speed, and 3) cost of utility-supplied electri-
city. The second tw6 points highlight the site-dependent nature of wind
system economics. The yearly average wind speed can change dramatically
over relatively short distances and the cost of electricity is different
for different users depending on which utility provides service, the rate
structure, the amount of energy used, and even the income tax rate for
businesses.

Wind system economics are also dependent on the loan interest rate
or the cost of money, the length of the loan, the price escalation rate
of utility-supplied electricity, the discount rate or time value of
money, the general inflation rate, the state and federal marginal income
tax rates, and, if the SWECS will be used in a commercial application, the
depreciation lifetime. Values used for many of these parameters will be
different for different purchasers.

Since wind system economics are affected by so many factors that
may be unique for each potential SWECS application, it is difficult to
make general rules concerning SWECS economic viability. Realistic

economic projections require site-specific analyses.

59
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To perform a SWECS economic analysis, two performance criteria must
be determined: the SWECS Annual Energy Output in kWh, and the total system
installed cost (IC). Methods for calculating AEO have already been dis-
cussed. Alternatively, one can rely on manufacturers estimates though
these are not always reliable (2).

The total installed cost of the SWECS includes costs other than the
wind turbine generator and tower. In fact, these "extra costs" vary from
one manufacturer to another and usually contribute significantly to the
final economics of the SWECS installation. The total installed cost of a
SWECS includes the following:

1. Wind turbine generator.

2. Tower costs.

3. Installation cost--including labor, foundation costs and

site preparation.
4. Transmission, distribution and power conditioning equipment.
This includes inverters, circuit breakers, batteries,
power factor correction equipment, harmonic filtering and
any initial installation costs for additional utility metering.
5. Shipping and transportation costs to the site.
6. Tax credits (see Appendix A for a 1list of Michigan and federal
tax credits).
The total installed cost, IC, is the sum of items 1-5 minus available tax
credits. Many states and the federal government offer substantial tax
credits for the promotion of alternative energy systems. These credits
are subtracted in full from the amount of tax paid. The analyst must
determine each of the costs (and tax savings) and sum them to establish

IC, the total system installed cost.
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SWECS Economic Analyses

SWECS economic analyses usually compare two alternatives--the
costs of purchasing and installing a wind-electric system and the costs
of not doing so. For utility-interconnected SWECS, the total cost of the
wind system and resulting lower utility bills are compared with the
utility bills expected from a continued exclusive use of utility-supplied
electricity. Rather than calculate the total costs for each alternative,
the same results can be obtained by simply comparing the total wind

system costs with the expected utility bill savings.

IC/AEO Ratios

The key question when evaluating different commercially available
SWECS 1is how quch useful energy can be extracted from a given wind .and at
what cost. The ratio of the total installed cost (IC) to the annual energy
output (AEO), i.e., the IC/AEO ratio, expresses this concept as a number.
SWECS with low IC/AEO ratios have the best economic potential (1, 17, 24).
The IC/AEO ratio can be estimated for various commercially available SWECS
without lengthy economic calculations and can be used to find the best
buy or several best buys among the SWECS with an appropriate size for a
given application.

Conventional power systems are often rated in terms of installed
cost per power rating, i.e., IC/kW. It is misleading to rate SWECS in this
fashion, however, since the WIG rated power is often a poor indicator of

its expected AEO. Other factors such as V, and Vr strongly affect WTG

i
performance. The economic merit of a wind system is ultimately related to
its energy output, since electricity is generally sold in units of energy,

now power. The ratio of installed cost to annual energy output, IC/AEO,
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also directly ties the SWECS economic merit to a particular site since

AEO depends on the site yearly average wind speed.

Other Figures of Economic Merit

The IC/AEO ratios of commercially available SWECS can be compared
éo determine the relative economic merit among various wind systems. To
determine if any system should be installed, i.e., what are the costs of
installing a wind system compared to the costs of an exclusive use of
utility-supplied electricity, a full fledged economic analysis should be
performed.

The results of such analyses are commonly expressed by a variety
of figures of economic merit, including the lifetime net savings on
the SWECS, the payback period, the breakeven IC/AEO ratio, and the life-
time cost of wind-generated electricity in ¢/kWh. Each of these figures
of economic merit contain somewhat similar information.

The lifetime net savings is the total utility bill savings minus
the total wind system costs, calculated over the entire system lifetime
and usually discounted into today's dollars. The payback period is the
length of time the system must last to produce enough utility bill savings
to pay for all the associated costs.

The breakeven IC/AEO ratio is a value that can be compared to the
IC/AEO ratios of commercially available wind systems. If the two ratios
are equal, the purchaser of the wind system would breakeven with the
investment. To breakeven means that the lifetime costs equal the lifetime
savings. The IC/AEO ratio of a commercially available wind system must

be lower than the breakeven IC/AEO ratio for the purchaser to save money.
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The last figure of economic merit is the lifetime cost of wind-
generated electricity in ¢/kWh, also known as the cost of energy. Two
different cost of energ& values are commonly used: the levelized or
average cost of energy, denoted COE, and the current cost of energy, de-
noted COE,. The COE is that value which, if held constant over the life
of the system, would recoup all the system costs. The COE, is that value
which, if inflated each year over the life of the system at a rate equal
to the estimated utility price escalation rate, would recoup all the
system costs. COE must be compared to the calculated levelized cost of
utility-supplied electricity, determined over the projected SWECS life-
time. COE, is simply compared to today's utility prices. Both COE and COE,
can be thought of as breakeven prices. That is, if the calculated COE, is
the same as today's utility rates levelized the purchaser would breakeven
with the SWECS installation. »

Though both COE and COE, ultimately yield the same information,

COE, is a preferred figure of economic merit for the following reasons:

1. COE, is simpler to use and may be easier to understand for
many nontechnical persons. COE, can be compared directly with today's
utility rates and no additional calculations are necessary. To effectively
use COE, the levelized cost of utility-supplied electricity must be
calculated for each new economic scenario.

2. Formulas used to calculate COE, are not sensitive, compared
with the COE formulas, to the absolute values of four of the economic
parameters: 1) the general inflation rate, 2) the utility price escala-
tion rate, 3) the discount rate, and 4) the loan interest rate. (Each
of these parameters are described in detail following the next section on
economic formulas.) The COE, formulas are sensitive only to the differ-

ences between the values of these economic parameters. For example, if
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the general inflation rate, utility price escalation rate, discount rate,
and loan interest rate were specified to be 12 percent, 16 percent, 15
percent, and 17 percent respectively for one economic scenario and 8 per-
cent, 11 percent, 10 percent, and 12 percent respectively for another,
identical COE, values would be calculated for eqch scenario. Though the
absolute values of the parameters in the first scenario are 5 percent
points higher than the second scenario parameter values, the difference
between the economic parameters is identical in each case.

Since COE depends on the absolute values of the four economic para-
meters, a different COE would be calculated for each scenario. Further,

a different levelized cost of utility-supplied electricity would be
calculated for each scenario.

The use of COE, makes the analyst's job easier since the differences
between the four economic parameters are easier to specify than their
absolute values. For example, an analyst may not know whether the pro-
jected general inflation rate will level out 8 percent or 13 percent but
may know that inélation is generally around 2 percentage points lower
than the utility price escalation rate.

It may be intuitively clear that the true economic merit of a SWECS
is based on the differences between rather than the absolute values of the
economic parameters. In times of high inflation, loan interest and dis-
count rates rise, and because of the utility overhead, fuel costs, etc.,
rise, the price of utility-supplied electricity rises. The important
question for SWECS economics is not just how fast the cost of electricity
goes up but how fast it goes up in comparison with the inflation rate,

interest rate, etc.
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Though the first economic scenario might be considered a high in-
flation case and the second economic scenario a low inflation case, the
ultimate economic gain or loss from a potential SWECS purchase would be
the same in either economic climate. To specify a high inflation economic
scenario, the projected inflation rate must be high in relation to the
other parameters.

The use of COE, implies a standard, the difference between the
economic parameters, making it much easier to compare the results of

diverse economic analyses.

Methods for Calculating Figures

of Economic Merit

Two different methods for calculating SWECS economic merit are

considered: the fixed charge rate method and the life-cycle cost method.

Fixed Charge Rate Method

The fixed charge rate method, commonly used by utilities to
evaluate alternative power generating sources, is also popular for non-
utility SWECS economic analyses. The fixed charge rate method yields a
single figure of economic merit--the levelized lifetime cost of energy--

COE (17). A simplified formula for COE, using the fixed charge rate

method, is
-_— FCR - IC + LF - AOM
COE = AEO
where
COE = levelized cost of energy
FCR = fixed charge rate

IC installed cost
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LF

levelizing factor
AOM = annual operation and maintenance costs

AEO

SWECS annual energy output
Source: (17)
The fixed charge rate is expressed by the formula:

1 T
FCR‘T_—{:(CRF-E) +Bl+32

where
T = effective income tax rate
N = system lifetime
Bl = property tax factor
82 = insurance costs factor
CRF = capital recovery factor
“r—avo™
and -

k = effective (after tax) interest rate on capital.
Source: (17)
The levelizing factor is expressed by the formula

. LF = CRF * G

1
where
' N
G-1+gomf [1_1+gomf> ]
1 \k - 8 omf 1 +k
when
&omf k
8omf " k and
Bomf escalation factor for operations, maintenance, and fuel

Source: (17)
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The fixed charge rate method, though adequate for utility economic
analyses, may not be satisfactory for non-utility owned SWECS economic
analyses. The fixed charge rate method as just written does not take into
account the following:

1. The fixed charged rate method assumes that a loan with a length
equal to the system lifetime is used to pay for the wind system. This
will probably not be true for the non-utility SWECS owner.

2. The time value of money, k in the previous formula, may not be
based on the effective loan interest for non-utility SWECS owners, for
reasons just described. In general, the time value of money is different
for different people.

3. No allowance is made for depreciation.

4. The effects of income tax are not considered.

5. It is often unclear which value should be used for the fixed
charge rate.

6. The method yields only a single figure of economic merit, COE,
which cannot be directly compared with today's utility rates.

Though the fixed charge rate formula could be adjusted to account
for these deficiencies, an entirely new set of economic equations were
developed for non-utility SWECS owners, based in part on the life cycle
cost methods found in the f-chart analysis for solar hot water heating

systems (4).

Life Cycle Cost Method

The life cycle cost method is seen to be more useful than the fixed
charge rate method since a wider variety of economic figures of merit
are calculated and all the unique features of a particular SWECS applica-

tion can be accounted for.
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The equations used in the life cycle cost analysis have been adapted

from Beckman et al. (1977). Table 12 lists the various economic para-

meters and their symbols. A detailed description of each variable is

presented after the equationms.

Table 12. Economic parameters used in life cycle cost analysis.

Economic parameter Symbol Units
Annual loan interest rate r %
.Term of loan Nr yr
Market discount rate per year d %
General inflation rate per year i %
Utility price-escalation rate per year e %
Estimated lifetime of system NS yr
Down payment (as fraction of investment) %DP %
Federal income tax bracket Fed. tax %
Insurance and maintenance costs I &M %
Depreciation lifetime Nd yr
Salvage value (fraction of investment) S %

Let

[}
[]

1 general inflation present worth factor

(2]
(]

2 utility price escalation present worth factor

(2]
[

3 loan interest present worth factor
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2

é

(

Loan payment factor,

CRF1

CRF2

Loan interest factor,

CRF].
= -C—ﬁ; + (G)[r - CRF].]

Capital Cost

Capital cost
= %DP + (1 - %DP) [(loan payment factor) - [(loan interest

factor) x (Federal tax)]
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(1:RF1 ( RF1
= %DP + (1 - 7DP) CRF. - (Fed. tax) x C—-—-+

2 RF
G3 (r.-CRFl))))

2
Insurance and Maintenance

=@ &M (G)

Salvage Value

(s.) (}—I-Q)Ns

Depreciation (straight line)

(Fed. tax)(1-(S.))
(CRF3)(Nd)

(a.)

Residential life cycle cost factor

(Capital cost) + (I & M cost) - (Salvage value)

(b.) = Business life cycle cost factor

(Capital cost) + (I & M costs)(l - tax rate) - (Salvage value)
- (Depreciation)
Businesses can deduct I & M costs and can depreciate capital, thereby

lowering their costs. Savings, however, must be treated as taxable income.

Additional Parameters Used for Utility-Interconnected SWECS

Let
YC = yearly metering charge
IC = total installed cost
UF = direct use factor
PR = price ratio of buyback price to normal utility charge
EUF = economic utilization factor

MCF = metering charge factor
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Then

EUF

[(UF + (1 - UF)(PR)], and

YC
MCF = ic (Gl)

Breakeven IC/AEO Ratio

residence:
Breakeven 1 -
IC/AED = G2 x (cost of utility-supplied electricity) x (EUF)
((A.) + (MCF)

business:

Breakeven G2 x (cost of utility-supplied electricity) x (EUF)
IC/AEO = x (1 - tax rate)
((B.) + MCF)

IC IC
If breakeven AEO > commercially available ApQ® momey is saved with
SWECS purchase.
IC

I1f breakeven

IC
AEO commercially availably A0’ SWECS purchase

breaks even.

IC

IC
If breakeven AFO < commercially available ARo® money is lost with

SWECS purchase.

Lifetime Net Savings, Payback Period

Residence:

Utility

Bill

Savings = AkWh x G, x (cost of utility-supplied electricity)

2
x (EUF)

Total wind

System
Costs = IC x ((A.) + MCF)

Business:

Utility

Bill

Savings = AkWh x G, x (cost of utility-supplied electricity)

2
x (EUF) x (1 - tax rate)
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Total wind

System
Costs = IC x ((B.) + MCF)

Lifetime

Net
Savings = Utility Bill Savings - Total Wind Systems Costs

g:¥gg§k= Total Wind System Costs x N_
Utility Bill Savings

Cost of Energy

Residence:

_ IC x_((A.) + MCF)

AkWh x G2 x EUF

COE,

Business:

- IC x ((B.) + MCF)

AkWh x G, x EUF x (1 - tax rate)

COE,
. 2

Levelized cost:

COE = G2 X CRFA x COE,

Description of Economic Parameters

Used in the Life Cycle Cost Analysis

There are 11 different economic parameters associated with the life
cycle cost analysis (see Table 12). They are as follows:

1. Loan interest rate - The loan interest rate is the full interest

rate charged for any loan used to pay for the SWECS.

2. Term of loan - The term of the loan is the length of the loan

in years.

3. Discount rate - The discount rate reflects the time value of

money. A discount rate of 10 percent means that money is considered to be
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worth 10 percent less each year. Alternatively, $110 in next year's money
would be equal to $100 in today's money (5).

A variety of values can be used for the discount rate depending on
the relative values for the "effective'" loan interest rate and length of
the loan, the after-tax rate of return on the best alternative invest-
ment, and the projected general inflation rate. In general, the highest
value 1s used as the discount rate.

If the after-tax rate of return on the best (realistic) altermative
investment is larger than either the "effective' loan interest or the
general inflation rate, the after tax rate of return should be used as
the discount rate. In this way, the time value of money is linked with
opportunity costs.

If the predicted general inflation rate is the largest value, it should
be used as the discount rate. In this way, the time value of money is
tied to inflation.

If the length of the loan is relatively long, such as would be ex-
pected if the wind-system purchase was tied to a new home mortgage, the
"effective'" loan interest rate might be used as the discount rate. The
"effective'" loan interest is equal to the loan interest multiplied by
(1 - the "effective" tax rate). (See parameter #8 for a discussion of the
effective tax rate.) For example, if the loan interest is 15 percent and
the "effective'" tax rate is 30 percent, the effective loan interest rate
is (1 - .3)(.15) = .105 or 10.5 percent. If the length of the loan is
relatively short, five years or less, then the effective loan interest
rate should be discarded as a possible candidate for the discount rate.

Some analysts have tried to let the discount rate reflect the risk

of the new investment. Higher risk investments are assigned a higher
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discount rate. However, unless the analyst . has some firmly established
method for assigning risk to various alternative investments, it is
best to avoid linking the discount rate to investment risk.

The discount rate is a highly influential economic parameter in the
life cycle cost analysis and should be determined with care. In SWECS
economic analyses, a high discount rate tends to reduce the potential
savings.

4., 5. General inflation rate, utility price escalation rate -

Two different "inflation" values are used. The general inflation rate is
simply the reported annual inflation rate and reflects changes in the
consumer price index for a wide variety of goods and services. The
utility price escalation rate reflects price changes for a single '"good"
--utility-supplied electricity. The values for these two parameters are
the predicted future average values over the entire wind system lifetime.

Though no one knows for sure what will happen i; the future, past
information can be helpful. Table 13 illustrates the annual price increas-
es from 1973-1980 for all consumer price index items (general inflationm),
electricity, and gasoline.

Table 13 indicates that for the years 1973-1980:

a) The price of electricity has not increased nearly as fast as the
price of many other energy forms. One reason is that a substantial por-
tion of the price of electricity is due to generator costs, maintenance
of the distribution system, etc., and the prices of these items have
not increased as fast as the primary forms of energy such as coal and
oil.

b) The price of electricity has increased faster than general infla-

tion. For the entire United States, the difference is 0.6 percent. The
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Table 13. A comparison of various annual price increases (1973-1980).

General inflation Electricity Gasoline
Consumers  Detroit

Year U.s. Detroit U.S. Power, MI Edison U.s.
1973 6.2% 6.6% 5.0% 8.6% 3.1% 9.8%
1974 11.0% 10.8% 18.1% 20.6% 17.9% i 35.4%
1975 9.1% 7.4% 13.2% 21.7% 18.4% ; 6.8%
1976 5.8% 5.4% 6.3% 7.6% 10.4% i 4.2%
1977 6.5% 6.9% 6.67% 1.0% 10.6% g 5.8%
1978 7.6% 7.6% 7.4% 11.7% 6.9% § 4.3%
1979 11.5% 12.7% 5.7% 1.6% 6.7% : 35.3%
1980 13.4% =~ 15.6% 14.27 19.1% 10.0% 5 33.2%
Avg. 8.9% 9.1% 9.6% 11.5%2 - 10.5% i 16.9%

Source: (13, 14, 26)

difference is larger for Detroit and the two major Michigan electrical
utilities.

c) The price of electricity and gasoline varies more dramatically
from year to year than general inflation. Notice the big price increases
in 1974 and 1975--the years following the oil embargo.

6. Estimated lifetime of system - A well-engineered machine should

last 20 yr or more. Most SWECS on the market are new and relatively
little is known about system lifetimes. As with any product, certain
machines are of higher quality and would be expected to last longer than
others. These SWECS may be more expensive initially but less expensive
when the costs are projected over the system lifetime. Certain compo-

nents, such as batteries, may not last as long as the WIG; whereas, a
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good tower may last considerably longer. Since system lifetimes are
unknown, a range of values should be used in a sensitivity analysis. A
value of less than the expected lifetime can be used if the salvage value
is properly adjusted.

7. Down payment - The down payment is used as its fraction of the

total installed cost. For example, a $600 down payment for a $6,000
system would be a down payment of 10 percent. If cash is paid, the down
payment would be 100%.

8. Effective tax rate - The federal and state income tax rates

can be lumped together into a single "effective'" tax rate. All state
income taxes are deductable from federal income taxes. In states where
federal income taxes are not deductible from state income taxes, the

formula for the effective tax rate is:

e
1
]

[F+S - (FxS)] x 100%

where

e
(o]
(]

effective tax rate (as a %)

r
[}

federal marginal income tax rate (as a decimal
fraction)

S = state income tax rate (as a decimal fraction)
For example, if the federal marginal income tax rate is 30% and the
state income tax is 2.6%, then

ZE = [.30 + .026 - (.30 x .026)] x 100%

= 31.8%
This is the appropriate formula to use in Michigan.
In states where federal income taxes are deductible from state

income taxes, the formula for the effective tax rate is:
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_F+S-(2xFx5)

*E 1 -(Fx?S)

x 100%

= 31.3%
For residences, the federal marginal income tax rate is a satis-
factory approximation for the effective tax rate. For businesses the
effective tax rate should be calculated according to the formulas.

9. Insurance and maintenance costs - The variable used in the life

cycle cost analysis is the predicted annual insurance and maintenance
costs as a fraction of the total cost. Though values of 1% to 3% per
year of the total installed cost are commonly used in economic predic-
tions for a variety of equipment, 47 may be more realistic for SWECS
since 1) the technology is new and maintenance costs are expected to be
higher in the early years of SWECS development, and 2) the total installed
price is less than the actual commercial price when tax credits are in-
cluded. The lower values (1% to 37%) were designed for use on the entire
commercial price of the new equipment.

A rigorous method for calculating the '"adjusted" insurance and
maintenance costs is

Adjusted 1 & M costs = normal expected I & M costs x

Total purchase price
Total installed cost

For example, if the yearly I & M costs are expected to be 2% of a
total purchase price of $10,000 and the total installed cost is $4,800

($10,000 - $5,200 tax credits), then the adjusted I & M cost is

$10,000

Adjusted I & M cost = 27 x 3 4.800

= 4.2%

10. Depreciation lifetime - Only businesses and farmers can de-

preciate equipment. SWECS for residential purposes cannot be depreciated.
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Straight line depreciation is used. The economics of any equipment
purchase improves when it can be quickly depreciated.

11. Salvage value - If the full expected lifetime is used variable

#6, it is prudent to assume that the salvage value is zero. If less than
the expected lifetime is used, a salvage value can be calculated as
follows:
a) Estimate the salvage value (in today's dollars) of
the system after some desired period of analysis.
b) Divide this value by the total installed cost (total pur-
chase price--tax credits).
The following four variables must also be specified when utility-
interconnected SWECS are analyzed.

12. Yearly metering charge - A yearly extra charge may be assessed

for the dual metering system required for utility buyback. Some utilities
add $3.85/mo to their bill ($46.20/yr) to account for the special handling
a dual metering system requires.

13. Cost of utility-supplied electricity in $/kWh - To calculate the

lifetime net savings and/or the payback period the current cost of
electricity, per kilowatt-hour, must be known. The best way to determine
this cost is to look at the utility bill and divide the total monthly
charge by the number of kWh used. In this way, any normal monthly fixed
charges are included in the $/kWh price.

14. Utility buy-back price - The utility buy-back price is the

price paid by the utilities, in $/kWh, for excess wind-generated elec-
tricity. In Michigan, Detroit Edison and Consumers Power both pay $.025/

kWh (2.5¢/kWh).
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15. Direct Use Factor - The Direct Use Factor is the fraction of

the total SWECS energy output that can be used directly at the site. In
general, it is difficult to determine this value for a particular SWECS

application. See Chapter 4 for a more detailed discussion.

Sample Analyses

Two sample analyses were performed using the life cycle cost method.
The first is for a residence, the second for a business. The values used
for the various economic parameters are not necessarily recommended

values, but rather examples of what might be used.

Example #1

The wind system used in the first example is the Astral Wilcon 10kW,

a utility-interconnected SWECS.

IC The total installed cost is estimated to be:
Wind turbine generator $ 8,100
Tower 2,500
Installation 2,000
Synchronous inverter 2,400
Shipping ' 1,000

Total purchase price $16,000

Tax credits! 4,816

TOTAL INSTALLED COST $11,184
AEO Assuming that the yearly average wind speed at the proposed site is
5.5m/s (12.3 mph), the manufacturer estimates that the system should pro-
duce 22,000 kWh each year. In both this and the next example, values

used for AEO are based solely on manufacturer's estimates.

lsee Appendix A for tax credits.
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Current Cost of Utility-Supplied

Electricity

Utility Buy-back Price

Yearly Metering Charge

Direct Use Factor

Economic Parameters

10.

11.

Loan interest rate

Term of loan

Discount rate

General inflation

Utility price escalation rate
System lifetime

Down payment

Effective income tax
Insurance and maintenance
Depreciation lifetime

Salvage value

In example #1, the current
cost of utility supplied
electricity is taken to be
5.5¢/kWh.

The buy-back price is assumed
to be 2.5¢/kWh.

The extra charge for a dual
metering system is assumed
to be $46.20/yr.

A variety of values are
used for the Direct Use
Factor, the fraction of the
WIG output that is used
directly at the site. The
values range from .2 to .8.

The following values were

used in example #1.
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Results for Example #1

Table 14 presents the calculated values for the four figures of
economic merit based on four different Direct Use Factor values.
Astral Wilcon 10 kW
IC = $11,180
AEO = 22,000 kWh/yr
Commercially available IC/AEO = .508

Current cost of utility-supplied electricity = 5.5¢/kWh

Table 14. Results of example #1 for four Direct Use Factor values.

Lifetime Current cost
Direct Use Breakeven net Payback of energy
Factor IC/AEO savings period (COE,)
.2 .371 -$5065 27 yr - 7.5¢/kWh
4 442 - 2425 23 yr © 6.3¢/kWh
.6 .514 + 215 20 yr 5.4¢/kWh
.8 .586 + 2855 17 yr 4.8¢/kWh

Each of the figures of economic merit contain similar information.
For example, when the Direct Use Factor is .2, the breakeven IC/AEO
is less than the commercially available IC/AEO ratio (.371 < .508),
indicating that the SWECS investment under these assumptions is a money
losing proposition. The poor economics are confirmed in the next column;
compared to a continued exclusive use of utility supplied electricity,
$5065 dollars are lost over the system lifetime with the SWECS installation.
The payback period 1is projected to be 27 years, 7 years longer than the

system lifetime. Finally, the calculated current cost of wind-generated
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electricity is 2¢/kWh higher than the current cost of utility supplied
electricity (7.5¢/kWh compared to 5.5¢/kWh).

As another example, consider the economic results when the Direct
Use Factor is .6 (60%Z of the SWECS outpﬁt is used at, the site). The
breakeven IC/AEO ratio is just slightly higher than the commercially
available IC/AEO ratio (.514 > .508) suggesting that the SWECS instal-
lation could be a slight money saver. The next column indicates this
(lifetime net savings = $215). The payback period is equal to the system
lifetime of 20 years (these figures are rounded to the nearest year), and
the current cost of wind generated electricity is 5.4¢/kWh, compared to
the 5.5¢/kWh cost of utility supplied electricity.

Example #1 shows that the Direct Use Factor can be a very influential
variable. Depending on Direct Use Factor, the SWECS was shown to be either

a money saving or a money losing investment.

Example #2

Example #2 depicts a hypothetical cherry farm (a business) located
near Traverse City, Michigan. The wind system used in example #2 is the
Jay Carter, 25kW, a utility-interconnected SWECS.

IC The total installed cost is estimated to be:

Wind turbine generator $21,000

(including tower)
Shipping 7,000

Installation and foundation costs 3,500
Total purchase price $31,500

Tax credits? - 7,875

TOTAL INSTALLED COST $23,625

lsee Appendix A for tak credits.
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AEO Assuming that the yearly average wind speed at the site is 6.2 m/s
(14 mph), the manufacturer estimates that the system should produce

50,000 kWh per year.

Current Cost of Utility-Supplied In this example, the current
Electricity cost of utility-supplied

electricity is taken to be
6.6¢/kWh.

Utility Buy-back Price The buy-back price is assumed

to be 3.0¢/kWh.

Yearly Metering Charge The extra charge for a dual

metering system is assumed
to be $46.20 per year.

Direct Use Factor Direct Use Factor values rang-

ing from .2 to .8 are used

in the analysis.

Economic Parameters The following example values

were used in this analysis.

1. Loan interest rate 147
2. Term of loan 20 yr
3. Discount rate 11%
4. General inflation 10%
5. Utility price escalation rate 12%
6. System lifetime 20 yr
7. Down payment 10%
8. Effective income tax 25%
9. Insurance and maintenance 47
10. Depreciation lifetime 20 yr

11. Salvage value $0
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Results for Example #2

Table 15 presents the calculated values for the four economic figures
of merit based on four different Direct Use Factor values.
Jay Carter 25 kW
IC = $23,625
AEO = 50,000 kWh per year
Commercially available IC/AEO ratio = .473

Current cost of utility-supplied electricity = 6.6¢/kWh

Table 15. Results of example #2 for four Direct Use Factor values.

Lifetime Current cost
Direct Use Breakeven net Payback of wind-generated

Factor IC/AEO savings period electricity
.2 <420 -$3,801 22 yr 7.4¢/kWh
.4 .502 + 2,140 19 yr = 6.2¢/kWh
.6 .583 8,081 16 yr 5.3¢/kWh
.8 .665 14,023 14 yr 4.7¢/kWh
1.0 .746 14,964 13 yr 4.2¢/kWh

Table 15 indicates that at least 40% of the AEO must be used at the
site if this particular SWECS application is to be economical. If all
the produced AEO was used at the site the system would pay for itself in

13 years.

The Use of Graphs to Illustrate Economic Results

Graphs depicting breakeven IC/AEO ratios vs. calculated COE, values
provide a useful way to illustrate the economic results. Though specific
for a certain site, these graphs can be applied to a variety of commercially

available SWECS.

Ny 22 T
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Due to the mathematical relations between the various formulas found
in the life cycle cost analysis, a linear relationship will always exist
between the breakeven IC/AEO ratio and the calculated COE,. Figure 24
illustrates such a graph, constructed from the economic assumptions in

example #1 and a Direct Use Factor of 100%.

Breakeven IC/AEO

2,0 4.0 6.0 8.0 10.0
COE, (¢/kWh)

Figure 24. Breakeven IC/AEO vs COE, for example #1 (assuming a Direct

Use Factor of 1.0).

N )
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Assuming that 100 percent of the SWECS annual energy output can be
used directly at the site, Fig. 24 shows the IC/AEO ratio that corres-
ponds to a particular calculated COE,. Since the calculated COE, can be
compared with today's utility prices, a graph such as Fig. 24 can be
used to determine the maximum IC/AEO ratio of a commercially available
SWECS for a particular current utility price. For example, if the cost
of utility supplied electricity at the site is 6.0¢/kWh, the IC/AEO
ratio of some commercially available SWECS must be less than .75 for the
system to be economical. If the cost of utility supplied electricity was
4.0¢/kWh, the SWECS IC/AEO ratio must be less than .50 for the system to
be economical.

Remember that Fig. 24 assumes that 100 percent of the output can be
used at the site. A series of straight lines can be constructed based
on a variety of Direct Use Factor values. Figure 25 _epicts such a
graph, based on the economic assumptions in example #1.

Figure 25 graphically describes not only the results of example {1
contained in Table 12, but also the expected COE, value for any SWECS,
based on its IC/AEO ratio and the estimated Direct Use Factor value.
Sensitivity analysis for the various economic parameters are also easily
depicted by these graphs and "uncertainty" brackets can be placed along
each axis to give estimated upper and lower values for the calculated

COE, values.
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Figure 25. Breakeven IC/AEO ratios vs. COE, for example #1 (using a

variety of Direct Use Factor values).



CHAPTER SIX

CONCLUSIONS AND SUMMARY

To assess the feasibility of a proposed SWECS installation, wind
data should be gathered at the site, the expected SWECS AEO must be
calculated based on the gathered data, and an economic analysis must be
performed based on the calculated SWECS performance. Methods for perform-
ing these three tasks were reviewed and new methods were developed for
calculating SWECS AEO and SWECS economic merit. The interrelationships
between wind data assessment programs, the energy output calculations
and the econqmic calculations were also discussed.

Answers to the specific questions posed in the introduc;ion are

listed in order of their appearance.

Answers to Questions and Objectives

1. Several tables and graphs depicting average wind behavior were
displayed in Chapter 3. Yearly, monthly and daily variations in wind
behavior were discussed.

2. A variety of statistical functions for modeling wind behavior
used for SWECS AEO calculations were considered, including the gamma,
Gausian, Rayleigh and Weibull density functions. The Weibull density
function and the Rayleigh density function, a special case of the Weibull
density function, were considered to be the most useful.

Though wind regimes at most sites with yearly average wind speeds

greater than 4.0 m/s are considered to be Rayleigh distributed, tabulated

88
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Weibull statistics from five different Michigan locations indicate that

the more general Weibull density function may provide a better
description.

3. The Weibull density function is specified by the yearly average
wind speed and the wind speed variance. The Rayleigh density function is
a single parameter function, specified completely by the yearly average
wind speed.

4. Height and seasonal variabions in the Weibull ¢ and k factors
were considered. Tabulated data for seasonal variations in Weibull k fac-
tors indicate that wind speeds are more variable in the summer and less
so in the winter. Formulas for correcting Weibull c and k factors due to
height variations were discussed.

5. The most common types of instruments used for wind data assess-
ment are the wind run meters and the recording anemometers. Wind run
meters yield average wind speed only but are less ex;ensive ghan record-
ing anemometers. Both the average wind speed and the wind speed variance
can be determined from recording anemometer data.

6. Since wind run meters provide average wind speed behavior only,
the use of the Rayleigh density function for AEO calculations is implied.
The recording anemometers yield wind speed variance data in additiom to
average wind speeds so the more general Weibull density function can be
used. The cost differential between these instruments provides motivation
to investigate the errors introduced if the Rayleigh density function is
used for AEO calculations when the site wind behavior is best described
by some other Weibull density function.

7. The factors affecting the length of time a wind data assessment

program should be carried out include historic variation in yearly
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average wind speed, the possible correlation between wind behavior at
the candidate site and a nearby weather station, and the effect of
errors in the estimate long term average wind speed on calculated AEO
values.

Fifteen year wind records for the Muskegon Airport, Detroit Metro
Airport and the Grand Rapids Airport indicate that the yearly average
wind speed for any given year may be 20 percent away from the'long term
average wind speed. Several comsecutive three year averages for the
Detroit Metro Airport were as high as 18 percent away from the long term
yearly average wind speed.

Results from several studies attempting to correlate wind behavior
between candidate sites and nearby weather stations differed as to
whether sufficient correlations existed between the studied sites to war-
rant a reduced assessment period at the candidate site. In the absence
of a demonstrated correlation between wind behavior ;t fhe c#ndidate
site and a nearby weather station, candidate site wind behavior should
be assessed for more than one year, perhaps more than three. The effect
of errors in the estimated long term average wind speed on calculated AEO
values are considered in the answer to question 11.

8. A variety of methods for calculating WTG AEO were reviewed,
including the Justus, cubic, ramp, Powell, and SWECS Standard approaches.
These methods were compared to a newly developed technique which uses a
plecewise linear curve fitting technique to approximate the actual WIG
P(v) curve.

The Powell and cubic approximations underestimated the AEO
obtainable from a particular generic WIG. The ramp approximation was

also inaccurate but was seen to be the most useful technique if the shape
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of the actual P(v) curve is unknown. If the shape of the WIG . power output
curve 1s known, some generalized curve fitting technique should be

used. Different WIG have different P(v) curves and there is no simple
analytical expression that can be used to approximate all actual WIG.

The piecewise linear approximation is a general approach and is easily
performed on a programmable calculator (see Appendix). The SWECS

Standard approach (discrete approximation) is also a general approach

but is tedious to perform, especially if the effects of changes in V, k,
c, etc., must be quickly'determined.

9. A sensitivity analysis compared calculated AEO values using
Weibull density function (with a variety of Weibull k factors) to the
calculated AEO values using the Rayleigh density function (k = 2.0). AEO
values were calculated using the ramp approximation for four different
WIG designs (Design A - low cut-in wind speed (Vi)’ high ratgd wind

speed (Vr); Design B - high Vi’ high Vr; Design C - low V,, low Vr; Design

i’

D - high V., low Vr) and three different yearly average wind speeds

1°
(V=4.5m/s, V=55m/s, V=6.5m/s). Assuming that most sites can be
described by Weibull density functions with 1.7 < k < 2.3 and that sites
with V = 4.5 m/s will not support economic SWECS applications, the
sensitivity analysis indicated that the use of the Rayleigh density
function for AEO calculations introduces little error when wind behavior
is actually best described by some other Weibull distribution with

1.7 < k < 2.31 The errors due to a possibly wrong Rayleigh assumption
were at most * 2 percent for Design A and around * 6 percent for Designs
B, C and D (see Table 10 for specific details).

Since the Rayleigh density function yields AEO values that are

similar to those obtained from the Weibull density function with

|
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1.7 < k < 2.3, wind run meters should be suitable instruments for most
wind data assessment programs

10. Methods for matching the WIG power rating with the site elec-
trical demand were considered. If the utility buy-back price is less
than the retail price of utility-supplied electricity, economics generally
favor WIG with low power outputs compared to the site power demand.

Seasonal wind speed profiles closely match seasonal electrical
resistance heating demands, indicating that wind-generated electricity
may be put to good use in houses which have electrical resistance heating.

11. Errors in the estimated long term average wind speed may
balloon into large errors in calculated AEO for some WIG designs and
yearly average wind speeds. The error magnification is most noticeable
for WIG with high rated wind speeds and sites with low yearly average
wind speeds.

12. The method for calculating SWECS economics-known as the fixed
charge rate method was found to be inadequate to account for all the
unique features of a particular SWECS application. A new approach was
introduced which is capable of performing site-specific SWECS economic
analyses. The parameters used in the new approach were described in
detail and several example analyses were presented.

13. The relative economic merit among SWECS of a similar size is
best described by the ratio of the total installed cost (IC) to the AEO,
or the IC/AEO ratio. SWECS with low IC/AEO ratios are the best economic
buys.

To compare a SWECS purchase with the continued exclusive use of
utility-supplied electricity, four different figures of economic merit

can be calculated:

A/
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a) Breakeven IC/AEO Ratio

b) Lifetime Net Savings

c) Payback Period

d) Current Cost of Energy (COEO)
The calculated IC/AEO ratio of the proposed SWECS must be less than the
Breakeven IC/AEO ratio if the system is to be economical. The Breakeven
IC/AEO Ratio provides a handy reference figure for quickly estimating
the economic potential of various commercially available SWECS. The
current cost of energy, COEO, was taken to be a more useful figure of
economic merit than the commonly used levelized cost of energy, COE,
since COEo can be compared with today's electricity prices (COE cannot
be) and may be easier for the general public to understand.

Graphs depicting the calculated Breakeven IC/AEO ratio vs. the

calculated COEo were introduced and were seen to be an excellent way to

provide a graphical illustration of the results of an economic analysis.



CHAPTER SEVEN

RECOMMENDATIONS FOR FURTHER RESEARCH

The topic of wind energy utilization is very broad and there are a
host of areas that are currently being researched and need further
research. Rather than list them all, the following are areas that I feel
are particularly important:

1. More field data describing actual SWECS performance in the
field is needed. Both the actual WIG energy output performance and the
amount of energy buy-back for various WIG size and electrical load
pattern combinations need to be investigated.

2. Load maﬁagement for SWECS applications remains relatively
uninvestigated. Microprocessors can direct the wind-generated electricity
to a hierarchy of needs, at the bottom of which would probably
water heating. The potential for such management at certain sites should
be high.

3. Sensitivity analyses for AEO calculations should be performed
on statistical models other than the Weibull. Perhaps the use of alternate
probability densities such as the gamma produce similar results. In such
a case, the analyst could be more confident in the use of Weibull

statistics.
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APPENDIX A

TAX CREDITS FOR SWECS INVESTMENTS IN MICHIGAN

Year Credit Maximum Allowable?
MICHIGAN? RESIDENTIAL
1981 20% of lst $2,000; 10% of next $8,000 $1,200
1982 15% of 1st $2,000; 5% of next $8,000 700
1983 10% of 1st $2,000; 5% of next $8,000 600
COMMERCIAL

The state of Michigan has not yet created tax credits for commercial
establishments but may do so in the near future.

FEDERAL RESIDENTIAL'
Until 40% of 1lst $10,000 . $4,000
1/1/86
COMMERCIAL
15% investment credit in addition to the Unlimited

regular 10% investment credit

1The total tax credits are not the simple sum of the state and
federal credits because the state credits are treated as taxable
income for federal income taxes, and the federal credits may be
treated as taxable income for state income taxes.

Let S = State income tax credits
F¢ Federal income tax credits
T = State income tax rate

Federal income tax rate

3
[

In states where federal taxes are not deductable from state income
tax, the formula for the "adjusted" tax credit is:

Sc + Fc - (Tf p'S Sc)
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O

In states where federal taxes are deductable from state income tax, the
formula for the "adjusted" tax credit is:

Sc +Fc - (Tf X Sc) - (TS X FC)
1 - (Tf X TS) 1 - (Tf X Tc)

Note that for businesses (in Michigan), Sc = 0.
2The Michigan Energy Administration must certify your eligibility.

3Tax credits for multi-family units is to "of next $13,000" and the
maximum allowable credits go up accordingly.

“This credit must be claimed with IRS form '5603.
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PROGRAM FOR CALCULATING WTG ENERGY OUTPUT

Equations Used in Analysis

Straight Line Approximation

P(v) =0 35 v<V and v > Vo

i
P(v) = A + Br; Vi Sv< Vr
P(v) + Pr H Vr <v< V0
.- —ViPr b . Pr
- , - -
Vr Vi Vr Vi
\' v
r o
AEO = 8760 - [ (A+Bv)p(v)dv + P S p(v)dv
Vi Vr

If p(v) = Rayleigh probability density, then. . .

avam
vV -V
r

1AEO0 = 8760 + P
r 1

error function

where erf (x)

1 x 2
=— [ exp [-(y“/2)] dy and
VIT o
a=v2/1V
If p(v) = Weibull probability density, then
3y
k r
2AEO = 8760 + -(A + Bv)exp[-(v/c)"] |
Vi

A"
- P exp[—(v/c)i] Io + BK
r e

r

l0btained from (3).

’This equation and all subsequent equations (except the Powell approxi-
mation) were solved by continued integration by parts.

3Evaluate between the limits.
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v

r k
where Ke = [ exp [-(v/c) ]dv

Vi

Using Simpson approximatiom,

h
Ke =3 (fo + 4f1 + 2f, + 4f_ + f4)

2 3
vV -V

where h = 1
n

and n =4
£ = exp[-(v/0)¥] = £(x)

f = f(Vi)

rh
]

f(Vi + h)

[a)
L}

f(Vi + 2h)

Hh
(]

f(vi + 3h)

rh
(]

f(Vr)

Cubic Approximation

This formula is based on the fact that the power available in the
wind is proportional to the cube of the wiﬁd speed, or
P = % KnpAv>

where

P = adjustable constant depending on units

P A o) v k
kW[sq ft[.000237 slugs/cu ft|mph|4.28 - 10~ °
kWlsq m |1.22 kg/cu m m/s|9.81 - 10~

p = air density
A = WIG blade sweep area
v = wind speed

n = overall efficiency
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Sometimes n is simply assumed to be around 30 percent. Assuming

that the WIG has an efficiency determined at Vr’ then

P
r

n= 1/2kpAV]

Substituting into the first formula, we obtain:

Pr

P(V) = ‘—’3— V3
r
and the coefficient

P
A = —

2]

" w

For the cubic approximation,

P(v) =0 ; v <V, and v < Vo

i
P(v) = Av ; Vi <v< Vr
P(v) = Pr 3 Vr <v< V0
\Y \Y
r o
and AEO = 8760 * [/ Av3p(v)dv + P J p(v)dv
Vi vr

If p(v) = Weibull probability density, then

AEO = 8760 -+  -3AV3expl-(v/c)] + 3AVEK
v v

r K (o]

-6Av(Vr-Vi)Ke | —Prexp[-(v/c )1 |

Vi Vr

2
+6A(Vr-Vi) Ke

“The series approximation of this function converges very quickly and
only 4 intervals are needed.
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Justus Approximation (see 9)

= < >
P(v) 0 v < Vi and v > Vo
P(v) = A+ Bv + Cv ; Vi <v< Vr
P(V) = P_ 3V SV <V

- - = 2
A=PV IV, 2vr(va/vr)3]/2(vr v)

(o)
"

3 2
Pr[Vr~3Va+4Va(Va/Vr) ]/2(Vr—Va)

(@}
]

Pr[1-2(va/vr)3]/2(vr-va)2
where

Va = (Vi + vr)/2

\'A \Y

A r o
AEO = 8760 ° S (A+Bv+Cv2)p(v)dv+Pr S p(v)dv

v \'4

i ‘ r

If p(v) = Weibull probability density, then

AEO = 8760 +  -(A+Bv+Cv dexp[-(v/c)¥]
v \'
r Kk (o]
+2CvK J -P_exp[-(v/c)"] J + (B-2C(V -V ))K_
i r

Powell Approximation (see (19)

P(v) =0 ;v §.Vi and v Z.Vo
P(v) = A + ka; V., <v <V

r

where

k = Weibull shape factor

P(v) = Pr; Vr-i v < Vo

k k .k
A=PV, /(vi V.
k

k
B = Pr/(vr -V )
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v \Y
r o

AEO = 8760 - S (A+ka)p(v)dv +P_ S p(v)dv.
v, r v_

If p(v) = Weibull probability density, then
k k k
AEO = 8760 - P _-A+B ((vr/c) +1) exp[-(Vr/c) ]
+ A+Bck((Vi/c)k+1) exp[—(Vi/c)k]
=, .k
- PreXP[-(V/C) ]

Piecewise Linear Approximation

1 i i
P(v) = + P
(Vj Vi) i
where for any line segment,
S P
23 /
A
Y P, e
51 i
= i
I
]
Vi Vj
Wind Speed

If (v) = Weibull probability density, then

N (v=-v, ) (P.-P,)
AEO = 8760 + I - e a
1=1 371
J=1+1
\'
j  (P,-P,)
k i
exp[-(v/c)] I + K
Vi (Vj-Vi) e

INotice that V, does not stand for the cut-in wind speed but rather the
left value of "any line segment.
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where

-exp[-(v/c)k]dv

=

(]
<N <
.

i
and is evaluated for each line segment using Simpson's approximation and
N = the number of line segments

See (25) for further details.

Computer Operation Instructions
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Up to 10 different line segments can be used.

Wind Speed Power Output
V1 STO 11 P1 STO 21
V2 STO 12 P2 STO 22
V3 STO 13 P3 STO 23
V4 STO 14 P4 STO 24
V5 STO 15 P5 STO 25
V6 STO 16 P6 STO 26
V7 STO 17 P7 STO 27
V8 STO 18 P8 STO 28
V9 STO 19 P9 STO 29
\ STO 21 P STO 30

10 10

Rayleigh - Section "A"

Item Press Prints Display

1 Go to Section A 0
"A", Use of
Rayleigh Proba-
bility Density

2 Enter average ....sR/S ce..VM
(mean) wind
speed
2K 2
RAYLEIGH

3 Go to Section "E"
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Weibull - Section "B"

Item Press Prints Display
1 Go to Section B 0
"B" Use of
Weibull Proba-
bility Density
2 Enter average ....,R/S .. VM ..
(mean) wind
speed
3 Enter Weibull1 ....sR/S eeo.k .o
k factor WEIBULL
4 Go to Section "E"
1The correct value for C/V is calculated.
Execution - Section "E"
Item Press Prints Display
1 Go to Section E 0
ngn .
Execution
2 Enter number ....sR/S S
of line seg-
ments used,
and begin
execution
Calculates eseP=AV
average power
Calculates annual «...AEO .

energy output
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APPENDIX C

PROGRAM FOR CALCULATING SWECS ECONOMICS

Equations Used in Analysis

The equations used in this program can be found in the text and in

(24).

Computer Instructions

[Initial Program Section

L

Section "A"

IC, AkWh -
es Utility no
P ---————- Interconnected )
SWECS?
Section "B"
Adjusted Analysis for
Utility-interconnected SWECS
J ' ' ' . ] Y
Section '"C" —1 Section '"D" Section "E"
A Comparisen of Commercially Lifetime Net Savings| [Cost of Wind-
Available IC/AkWh Ratios with: Payback Period Generated Elec-
Breal:nven IC/AkWh Ratios tricity

Figure 1. A flow chart for using the calculator.
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The following pages illustrate the calculator instructions with
the use of the data from example #1 in the text.
INITIAL DATA INPUT
Storage Example Press Your  Press
Item location value keys Display value keys
1. Loan interest 01 .12 STO 01 .12 STO 01
rate
2. Term of loan, 02 5 STO 02 5 STO 02
years
3. Discount rate 03 .12 STO 03 .12 STO 03
4. General inflation 04 .10 STO 04 .10 STO 04
5. Utility price 05 .12 STO 05 .12 STO 05
escalation rate
6. System lifetime 06 20 STO 06 20 STO 06
. Down payment (% 07 .10 STDO 07 .10 STO 07
of investment
8. Effective income 08 .32 STO 08 .32 STO 08
tax ’
9. Insurance and 09 .04 STO 09 .04 ~ STO 09
maintenance
10. Depreciation 10 20 STO 10 20 STO 10
lifetime
11. Salvage value 11 0 STO 11 0 STO 11
12, l=residence 12 STO 12 STO 12
2=business

It is a good idea to check your memories to see if you have the proper
values. To list memories push CLR INV 2ND LIST. These values are re-
tained through the execution of any other program selection.

Item

1.

Execute initial
program section

INITIAL DATA OUTPUT

Press

RST,R/S

Prints

OK

Display

00
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There is no data output for sections "A" or "B".

Section "A"

DATA INPUT
Item Example value Press Prints Display
l. Go to section "A" A 0.
2. Enter total in- 11,180 R/S 11,180 1C 11,180
stalled cost
3. Enter annual 22,000 R/S 22,000 AEO 22,000
energy output
Section "B"
DATA INPUT
Item Example Press . Display
1. Cost of utility-supplied .055 STO 29 .055
electricity ($/kWh) .
2. Utility buy-back price .025 STO 00 .025
($/kWh)
3. Yearly metering charge 46.2 STO 28 46,2
($/yr)

The preceding values are retained through any program section and may
be entered at any ti-e. The only data that must be entered specifi-
cally in this section 1s the Direct Use Factor. If any of these three|
values are changed, however, section "B'" must be re-run even if the
same Direct Use Factor is used.

Item Example Press Prints Display

1. Enter Direct Use Factor o7 B .7 UF .7
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There is no data input for sections "C", "D", and "E".

Section "C"

DATA OUTPUT

Item Press Prints Display

1. Execute program C
section "C"

Total installed 11,180 IC
cost

Annual energy 22,000 AEO
output

Direct Use Factor .7 UF

Commercially .508 cA
available IC/AEO
Breakeven IC/AEO .550 BE .550
Section '"D"
DATA OUTPUT
Item Press Prints Display
1. Execute program D
section "D"
Total installed 11,180 IC
cost
Annual energy 22,000 AEO
output

Direct Use Factor .7 UF

Utility bill sav-
ings (electricity
bill savings) ($) 20240 ES
Total wind costs ($)18705 WC
Lifetime net 1535 NS 1535
savings
2. Payback period(yr) R/S 18 PB 18
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‘Section "E"
DATA OUTPUT
Item Press Prints Display
1. Calculate current E
cost of wind-
generated
electricity
Total installed 10,800 IC
cost
Annual energy © 22,000 AEO
output
Direct Use Factor .7 UF
Current cost of .051 COE .051
wind-generated
electricity ($/kWh)
2. Calculate level- 2ND E' .136 LCOE .136
ized cost of wind-
generated elec-
tricity ($/kWh
3. Calculate level- RCL 29, x:t,2NDE' .147 LCOE .147

ized cost of
utility-supplied
electricity
($/kWh)
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Program Cards

To use magnetic cards which have the program stored on them. . .

Entering program cards:

Step

1 Turn calculator off. Turn calculator on.

2 Repartition the calculator. Press 3 and OP 17. The calculator
should display 719.29.

3 Press CLR, insert side 1, card 1. (The calculator should display
1. If there is a flashing display, press CLR and try again or
press 1 INV write and try again.)

4 Press CLR, insert side 2, card 1.

5 Press CLR, insert side 3, card 2.

6 Press CLR, insert side 4, card 2.

To enter program steps into calculator:

Step

1 Turn calculator off, turn calculator on.

2 Repartition, press 3 and 2nd OP 17. (Calculator should display
719.29).

3 Press LRN.
4  Punch in program steps.
5 Enter proper values into memory locations.

6 Check calculator operation with sample values.

To store program onto magnetic cards:

Step
1 Press 1 2nd Write, insert side 1, card 1.

2 Press 2 2nd Write, insert side 2, card 1.
3 Press 3 2nd Write, insert side 3, card 2.

4 Press 4 2nd Write, insert side 4, card 2.
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