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ABSTRACT

This study develops models for the economic optimum
design of large scale windpower systems. Two basic models
are developed: (1) systems without storage-~-all power gen-
erated is fed directly into the network, and (2) systems with
storage--the systems can then be operated as '"base-~load" or
"peak—load" capacity. The objective of the models is to max-
imize the total mnet value of electricity generated under
assumed operating rules for the windpower systems and gen-
eral conditions regarding wind speed and demand variations.

In the model for windpower systems without storage,
optimization is carried out with respect to the total capa-
city of windturbines that vary in the values of design
parameters such as rotor diameter, tower height and wind
speed at which maximum power is generated. Wind data con-
sists of discrete probability distributions of wind speed
for several seasons and for several periods in a day. The
power transmitted to the network is valued by the fuel costs
saved on existing power plants.

The model for windpower systems with storage is
developed for the case in which the average wind speeds in
successive time increments show very low correlation. The
model is then modified for the case of low serial correla-—
tion. An analytical storage model is used as a basis of
representing storage requirements for a given system.

Separable programming is used as the solution tech-
nnique in both models, and limited computational results
based on available cost estimates and wind and demand data
from Oklahoma are presented to illustrate the use of the
model. In the model for systems without storage, separable
programming will either give a global or a local optimal
solution depending on the cost functions used. However, in
the model with storage, the problem structure is such that
a globally optimal solution cannot be guaranteed.
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ECONOMIC OPTIMIZATION MODELS OF WINDPOWER SYSTEMS
CHAPTER I
INTRODUCTION

The objective of this research is to develop economic
models of windpower systems that can be used in evaluating
the economic feasibility of this non-~depletable energy source.
The models treat a windpower system as part of an existing
power network, with the objective of optimizing the economic
value of the wind-generated power. The operating conditions
treated by the model include wind speeds and total electricity
demand that varies with both the time of day and the season
of the year. The approach taken in this research is to model
the entire system as an optimization problem.

In this chapter a brief description is given of the
history and development of wind energy utilization, wind
turbine mechanisms, energy storage techniques, wind behavior,
and the economic considerations of designing and operating
large windpower systems. Depending on the need for storage
capability, the problem can be structured as a model for
windpower systems without storage or as a model for systems
with storage. A precise description of the two altermative
system models is given at the end of this chapter.

1



2

Chapter II presents a literature review on (a) wind
analyses and models applicable to windpower research, and
(b) economic feasibility studies of wind energy use for power
generation. It is worth mnoting that most of the feasi-
bility studies done until now have been simple cost/benefit
types of analysis based on various restrictive assumptions.
There have been only a few studies that were similar in
objective and scope to this study. For this reason, the
review of literature on previous economic studies will be a
rather limited ome.

The development of a model for windpower systems
without storage is presented in Chapter III and includes
the general approach, problem formulation, solution technique
used, and data generation.

Chapter IV presents variations of basic storage
models to incorporate conversion losses and leakage factors
into the modeling of storage systems for use with windpower.

An eccnomic model for windpower systems with storage
is developed in Chapter V. Two possibilities are examined
in developing the model: ome is seriélly independent wind
speeds and the other is serially dependent wind speeds.

Chapter VI gives the results of test computations
(with some sensitivity analyses) using various cost esti-
mates and wind and electricity demand data for Central Okla-
homa.

A summary of this research and the areas of fur-

ther research are given in Chapter VII.
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Finally, the Appendices list various supporting data,

estimates, and data analyses that are referred to in the text.

History and Recent Development of Wind Energy Use

Until the steam engine was invented and brought to
wide use, men had relied on wind for sailing on the ocean,
milling grain and pumping water for irrigation and flood
control. The Dutch and the English were the heaviest users
of windmills. When electricity was introduced for providing
light and powering motors, experiments were done to generate
electricity with windmills. In the 1920's some rural Ameri-
cans used windmills and batteries for lighting purposes before
power lines could reach them. In those days the demand for
electricity was low and fuel for power generation was abun—
dant and cheap. Thus, wind-generated electricity could not
compete with the electricity obtained from coal-fired steam
turbines in scale and economy, or in meeting the need for
storage to provide a stable supply of power. A study done
in Germany during a period of short coal supply after World
War ITI found it more economical to improve the efficiency
of steam power plants by such measures as combining heating
and power plants and installing high-pressure steam turbines
than to install high cost wind turbines (20).

As the demand for electricity grew rapidly, some
scientists in European countries began to look into the
feasibility of using wind as an alternative source of energy.

They built and tested large experimental windmills having
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rated power outputs ranging from 100 Kw to 1 Mw. The largest
and most famous prototype unit was built in the United
States in 1941. It was called the Smith-Putnam Wind Turbine
and was erected on a hill ("Grandpa's Knob") in Vermont.
This windmill generated a maximum power of 1.25 Mw at wind
speeds of 29 mph. The power generated from the turbine was
synchronized and transmitted to a grid served by a Vermont
utility company. It was operated for four years until one of
the blades failed due to fatigue and its manufacturer aban-
doned the project for financial reasons. Putnam, the
designer of the unit, summarized the entire experience in

his book Power from the Wind (30).

Because of recent sharp increases in fossil fuel
costs and mounting pollution problems, wind energy has again
stirred up comnsiderable interest among those who seek
economical and non-polluting altermnative sources of energy.
In the last few years, there has been significant develop-
ment in windpower ﬁtilization in the United States. The
Tfederal government began to promote research and development
efforts under the direction of the National Science Founda-
tion. The proceedings of a workshop held in 1973 (26) and
the report on solar energy for the Project Independence
Blueprint (34) give excellent reviews of recent technology
advancements and the goals and direction set for continuing
research and development efforts. According to the latter

report, by the year 2000, windpower systems may be developed
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to supply five to twenty-three percent of the projected elec-

tricity demand in the U.S. (Ibid., p. IV-1).

Technical Description of Wind Energy
Conversion System

A windpower system consists of a set of windmills,
inverters, comnnecting cables and an optional energy storage
device. The system is linked to a mnetwork via transmission
lines. The performance and economy of the system depends
not only on its design but also on the wind characteristics
at the site. In fact, wind behavior is the most important
factor considered in deciding on the installation of a sys-
tem. Brief descriptions of wind-driven generators (including
power conversibn theory), energy storage techniques, and the

variations of wind speed and electricity demand follow.

Wind-Driven Generators

The components of a wind turbine are the rotor, step-
up gear, generator and the tower supporting the tuirbine
assembly (see Figure 1). Several types of rotors have been
used to drive turbine shafts, including a conventional fixed-
or variable-pitch propeller, a two-bladed hollow rotor which
induces air flow through a turbine inside the supporting
mast, a squirrel-cage rotor which directs the wind with
stationary outer blades to inner rotor blades, and others.
A step-up gear is used to increase the rotational speed of
the rotor shaft for the generator. The generator may be a

DC or an AC type. If a DC generator is used, the DC is
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Figure 1. Diagram of a wind turbine.
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changed to AC for introduction into existing AC systems.
The DC power can be fed directly to storage; however, if an
AC generator is used, the AC may have to be converted to DC
for storage--this depends on the particular conversion tech-
nique used for storing energy. In general, a DC system is
believed to be more efficient overall than an AC system.
Parallel use of DC and AC for electric home appliances has
been suggested by some advocates of the use of wind-generated
electricity.

Technically, windmills are used to convert the kinetic
energy of moving air in the atmosphere to mechanical energy
in a turbine shaft and then to electricity. The kinetic

energy of a mass m moving at velocity V is expressed as
2
K-E- = I/Z'HI’V . (l)

Power is defined as energy per unit of time. Then the power
in the air of density d passing through an area A at velocity

V is given by

p = —L.a.v3 (2)
2g

where g is the acceleration of gravity. Setting d equal to
1.22 Kg/m3 and ¢ to 9.81 m/secz, and converting Kgem/sec

to Kw we get
P = 0.000615-A-V3 Kw, (3)

where A is in m2 and V in m/sec. Of this power, a maximum
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of 16/27 or about 60 percent may be converted, in theory, to
shaft power with a propeller. Actually, the overall con-
version efficiency 7 may be only about half of this theore-
tical maximum. This low efficiency is the result of additive
or multiplicative effects of blade efficiency, friction losses
in the step-up gear, generator efficiency, and power consumed
by control mechanisms. In terms of efficiency 7, rotor
diameter D, and velocity V, the power output of a windmill

can be expressed by

P - 4.00 x 10 0.7.02.v3 K, (4)
where D is in ft. and V in mph.
For technical and economic reasons windmills are not
designed to generate power at all wind speeds. They start

generating power at the cut-in speed (Vc) after overcoming

system losses and develop full rated power (Pr) at the flat-~

rate speed (Vr). Above this speed, a blade pitch control

keeps the turbine turning at a constant speed. For protec-
tion against strong winds, the turbines are stopped above
feathering speed (Vf), thus cutting out the power. Figure 2
shows a hypothetical windmill response curve. Appendix A
lists the designs and control methods of the Smith~Putnam
Wind Turbine and three other smaller units built in Europe

in the 1950's.
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Energy Storage Techniques

If wind is to be used as a reliable supplementary power
source in meeting the demand for electricity, storage (or some-
thing equivalent such as a fast-starting backup power generator)
must be provided for the instance of low wind energy. A pro-
duction record of an experimental windmill shown in Figure 3
illustrates how severely the output can fluctuate on a daily basis.

Several methods have been used for converting electrical
energy into a storable energy form. Some of these methods are:
acid battery storage, electrolysis of water for the production
of hydrogen, pumped-hydro, fly-wheels, compressed-air storage
in depleted o0il or gas reservoirs. Among these techniques only
pumped-hydro storage has found a large scale use for energy
storage by utility companies. For example, a 1arge pumped-
storage facility having a 1,872 Mw rated output and a 16,300
Mwh storage capacity has been built on the shore of Lake
Michigan (1, p. X-27). The hydrogen produced by the electroly-
sis of water may be stored and then reconverted into electrical
power with the use of_fuel cells or by combustion at the power
plant. With further development, this "hydrogen cycle" is
expected to become an economical way of storing and retrieving
electrical energy. A comprehehsive study of a hydrogen energy
system is found in an American Gas Association publication (1).

As a partial alternative to installing a costly stor-
age system, windpower could be shared throughout a multi-

regional power grid as base-load capacity (35). This
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The above figure is an approximate enlargement of the drawing

in the reference, which is small and not reproducible.

Figure 3. Daily production record of an experimental windmill.
Source: Juul (18).
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method requires dispersion of "windfarms'" over a sufficiently
broad area to ensure that the wind is blowing in at least
one location most of the time.

For the purpose of modeling, a storage system will be
considereéd to have three components: an input conversion
facility, a storage tank or reservoir, and an output conver-
sion facility. The hydrogen storage system fits this descrip-
tion. Other systems, such as flywheels and pumped-storage
having combined motor-generators for input and output, can
also be described by this generalization. In the storage
models introduced in Chapters IV and V, each component will

be characterized by its efficiency and capacity.

Wind Speed and Demand Variations

The average hourly wind speed varies with the sea-
son and the time of day. The pattern of these seasonal
and diurnal variations differs from location to location and
also with height above ground. The demand for electricity
also fluctuates according to definite seasonal and daily
patterns. In Oklahoma the average wind speed reaches its
highest point in April and dips to its lowest point in July
and August. On the other hand, the demand for electricity
is highest in July and lowest in March and April. Figure
4 illustrates such seasonal variations in Central Okla-
homa. The average monthly wind speeds are based on

hourly observations over a 1lO-year period at an Oklahoma City
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Figure 4. Seasonal variations of wind speed, windpower and
electricity demand in Central Oklahoma.
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airport (36). The expected power output in each month relative
to the annual average was obtained from the wind speed dis-
tribution of the month assuming 8 mph cut-in and 25 mph
flat-rate speed. The demand curve represents the monthly
averages of net power output from the Oklahoma Gas and Elec-
tric Compa?y (0.G.&E.) plants during the 1972-74 period. Note
that all three curves are plotted on a ratio scale to show
how the monthly averages vary in relation tb the annual
average.

The diurnal variation of wind speeds shown in Figure
5 is based on one year of data gathered at an Oklahoma City
television tower by the National Severé Storms Laboratory.
This figure, which is adapted from Crawford and Hudson (8),
shows a significant daytime increase in wind speed at the
surface level. The increase becomes less significant at
the 146 ft. level. At the 296 ft. level, the pattern is
inverted. Notice that wind speed increases with height. Also
the pattern of diurnal variation changes with the season.
Such seasonal effect is illustrated with the 146 ft. level
data in Figure 6. Figure 7 shows hourly demand variations
within the 0.G.&E. service region in peak and off-peak sea-—
sons. The points on the curves represent the average values

of a peak-day in each of peak or off-peak months in 1974.
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Figure 5. Diurnal variations of mean wind speed in Central
Oklahoma.

1The wind speed represents one-year average of hourly
observations for each of 24 hours.

Source: Adapted from Crawford and Hudson (8) Figure 11.
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Considerations in Designing Windpower Systems

The design and installation of windpower systems
does not require major new technologies. Therefore, it
is reasonable to assume that large windpower systems can
be built in the mear future as long as they are economic-
ally justifiable. The factors affecting windpower econo-
mics and the trade-offs between the cost and the magnitude
of output of windmills are discussed below.

As the first step of economic analysis, a system
designer must study in detail the wind characteristics
of the potential sites. His selection criteria for the
installation site should include the magnitude and sta-
bility of windpower at the site, the distance from the
demand center, and the availability and cost of land.

Once the site is chosen, the next step is selecting the
windmills that will generate electricity most economically
under the given wind conditions. Furthermore, if storage
is to be installed for meeting demands, a decision must

be made regarding the type and capacity of storage and the
control of daily output to achieve maximum economy.

Of all design problems, the selection of windmills
appears to be the most complex. It is a well known fact that
the velocity and stability of wind increases with height
above the ground. Therefore, more power can be obtained from

wind by erecting taller towers; however, the tower cost also
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increases with its height. Thus, height selection should be
based on economic grounds. The power output of a windmill
is proportional to the square of the blade diameter. There-
fore, doubling the blade diameter can result in four times
more power obtainable. If, for example, the cost of the
rotor is proportional to the diameter cubed,1 then it would
be cheaper on a per Kw basis to purchase windmills having
small rotors. However, some fixed costs, including tower,
installation and land costs, apply to all windmills. Thus,
the rotor diameter like the tower height should be treated
as an economic decision variable,

The rated power (Pr) is a function of the overall
efficiency (1), rotor diameter (D), and the flat-rate speed
(Vr). Although the efficiency differs from machine to
machine and varies with wind speed, let us assume that it is
a fixed value in all cas=s. Then, the rated power is a func-
tion of Vr alone for a fixed D. A windmill having a high
flat-rate speed will obviously generate more electricity than
one having a low flat-rate speed. When the wind blows over
25 mph, a windmill with Vr = 25 mph will generate twice the
amount of power than the one with V. = 20 mph according to
the cubic law. However, the probability that the wind blows
at such a high speed is usually small; and the difference in

total electricity generated from the two windmills may turn

1A cubic relationship was suggested in an article on
home electricity generation with windmills (Bryson (6)).
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out to be small. 1If the diameters are the same, the wind-
mill with a higher flat-rate speed can be expected to cost
more because it would have higher rated power (i.e., a larger
generator).l In short, for a given diameter the flat-rate
speed, which determines the rated power, is an economic deci-
sion variable to be considered along with all other variables.

A similar observation may be made in regard to the
cut-in speed. However, the cut-in speed, as compared to the
flat-rate speed, has a negligible effect on the total elec-
tricity generated by a windmill unless it is set too high
(e.g., above the prevailing wind speed at the site). Again,
this is because of the cubic relationship between the power
and the speed. Although there appears to be an inverse rela-
tionship between the cost and the cut-in speed, little
information is available on how they are actually related.

When a windpower system has no storage capability,
the output from the system is highly variable (as shown,
for example, in Figure 3). The utility company could not
rely on the system to meet demand at any particular point
in time, and thus it would still need to secure the necessary
capacity with conventional power plants. Therefore, the
windpower would only be used to save fuel costs on the exist-
ing power plants, and no savings on capital ccsts would result.

It follows then that the value of windpower at any

given time can be determined, at least theoretically, from

lA linear relationship between the cost and the flat-

rate speed was vsed in a study done by investigators at the
United Nations (33).
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electricity demand at the time and the power plant fuel cost
as a function of the load. Since utility companies use some
type of economic load séheduling by which the total load is
assigned to various plants in an optimal fashion, the designer
of a windpower system needs to know the functional relation-
ship between the total fuel cost and the total load. In
theory, this functional relationship can be obtained from a

set of incremental fuel cost functions of individual power

plant s 2t ching rules with respect to the load

le A\ pioneering study on economic power

‘\by Kirchmayer (19).
Thypothetical aggregate fuel cost
7 the power plants operating in a

/
#so0 illustrates how various plants

. h‘fee different levels of the total load
assignec g, The incremental fuel costs of the indi-

vidual power plants are shown in Figure 9. In the case of

no storage, the worth of wind-generated electricity in a
given time period is simply the difference between the
expected total fuel cost on the existing plants with no wind-
power and that with windpower taking up part of the load.

In the South and Southwest the value of windpower would be
greatest on hot summer days when air-conditioning systems

are in full operation, because the windpower would replace
peaking units that burn relatively expensive fuel. In short,

the use of aggregate fuel cost functions is a convenient way
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electricity demand at the time and the power plant fuel cost
as a function of the load. Since utility companies use some
type of economic load scheduling by which the total load is
assigned to various plants in an optimal fashion, the designer
of a windpower system needs to know the functional relation-
ship between the total fuel cost and the total load. In
theory, this functional relationship can be obtained from a
set of incremental fuel cost functions of individual power
plants if the dispatching rules with respect to the load
level are specified. A pioneering study on economic power
plant operation was done by Kirchmayer (19).

Figure 8 gives a hypothetical aggregate fuel cost
function representing all the power plants operating in a
network. The figure also illustrates how various plants
might operate under three different levels of the total load
assigned to them. The incremental fuel costs of the indi-
vidual power plants are shown in Figure 9. 1In the case of
no storage, the worth of wind-generated electricity in a
given time period is simply the difference between the
expected total fuel cost on the existing plants with no wind-
power and that with windpower taking up part cof the load.

In the South and Southwest the value of windpower would be
greatest on hot summer days when air-conditioning systems
are in full operation, because the windpower would replace
peaking units that burn relatively expensive fuel. In short,

the use of aggregate fuel cost functions is a convenient way
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of attaching a value to windpower when no capital cost sav-
'ings on conventional power plants can be realized with the
installation of a windpower system.

When storage capability is added to the windpower
system, two general cases need to be considered to determine
its economic value. One case (Case A) assumes that even with
storage, the windpower system is still not reliable enough to
displace any conventional power plants. Therefore, as was
the case with no storage, the economic value of windpower is
determined by the fugl cost savings. The difference between
the system with no storage and this system lies in the con-
trollability of the output power. Since the power is con-
trollable, it should be scheduled to achieve a maximum fuel
cost savings.

The other case (Case B) assumes that the windpower
system is reliable enough so that it can be considered as
part of the capacity expansion of the total powéf system or
as a displacement of existing units. That is, the system
would supply specified power levels with a sufficiently low
probability of shortage. In this case, the per Kwh genera-
tion cost of the windpower system becomes the meaningful
economic criteria. For example, a utility company might

want to find a minimum cost design of a windpower system that

lThe controllability given by storage may also be
necessary for engineering reasons. For example, in systems
with no storage there will be a limit to the power fluctua-
tion from the windpower system that the network can tolerate.
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would be capable of delivering at least 100 Mw of power
during the peak period 98 percent of the time. The other
two percent of the time, when the wind is nmot blowing suf-
Ticiently and the storage is depleted, it is assumed that
the power needed can be purchased from a nearby power grid.
In this case, the power system is considered as an addition
to the total power capacity. The per Kwh generation cost of
windpower should be compared with that of other alternative
power sources, and the economic feasibility of the windpower

system determined.

Statement of the Proﬁlem

The problem this research is concerned with is to
develop two economic models, one with storage and one without
storage, for large scale windpower systems. The objective
is to optimize the system design and operation under assumed
operating rules and general conditions of wind and demand
variations. Certain assumptions are made in regard to the
availability of technology and the costs involved in building
and installing wind turbines and storage systewms.

The economic criteria used in the optimization of the
windpower system are as follows:

1. The windpower system with no storage:
The objective is to maximize the net savings in fuel
costs of existing power plants that would result from
the installation of the system, The net savings is

defined as the difference between the annual fuel cost
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savings on power plants and the annual equivalent of the
fixed and variable costs of the windpower system.
2. The windpower system with storage:
Case A
The objective is the same as for the system with mo
storage.
Case B
The objective is to minimize the per Kwh generation cost
of the system installed as part of a capacity expansion
or as a displacement of existing units.
The operating rules adopted for the two models are
as follows:
1. The windpower system with no storage:
All the power generated by wind turbines is directly
transmitted to the network. It is assumed that the
network can use as much power as is transmitted by the
windpower system. The problem associated with the out-
put fluctuation is resolved by some means other than
storage. Such means might be ample spinning reserve of
loaded power plants or fast starting backup units.
2. The windpower system with storage:

Cases A and B

All the power generated from the system is first converted
for storage. Then, some stored energy is retrieved from
storage, reconverted into electricity and delivered to

the network. Within each period of time, the power
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transmitted is kept constant unless the storage is
depleted. The capacity of storage is suéh that the
probability of shortage occurring in any day is less
than a prespecified value.
The operating conditions considered in modeling the
systems are:

1. wind characteristics at the proposed site,

-
~

fuel costs of existing power plants, and

L

3. expected demand for electricity that varies with the

time of the day and with the season.



CHAPTER II
STATE-OF-THE-ART

This chapter presents a review of previous research
pertinent to the economic modeling of windpower systems as
described in Chapter I. Since there has been little work
concerned directly with economic optimization of windpower
utilization, this review only covers (a) wind and windpower
analysis, and (b) economic feasibility studies including an
evaluation model for a large offshore windpower system.

The mathematical models of storage systems applicable to

windpower systems are covered separately in Chapter IV.

Wind and Windpower Analysis

The World Meteorological Organization (WMO) has long
supported the utilization of wind energy through its publi-
cations. In the early 1950's it conducted an extensive sur-~
vey of favorable sites for windmill installations and pre~
pared a comprehensive bibliography on windpower analyses and
systems (37). According to this WMO report, the total power

potential in the atmosphere is approximately 3 x 1014 M

7

W,
and of this quantity approximately 2 x 10° Mw is available
for power generation. A U.S. Weather Bureau survey contained

in the report defines favorable and unfavorable topographies

27
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for windmill installation. The suitable sites in the U.S.
are to be found "along the coasts and in the region of the
Great Plains east of the Rocky Mountains where the flat relief
affords little obstruction to wind flow."

According to an estimate made by an NSF/NASA solar
energy panel, the annual production of wind~generated elec-
tricity in a 300-by-1,300 mile stretch in the Great Plains
area may reach 210 x lO6 Mwh by year 2000 (25, p. 69).
Although there are no established procedures for assessing
windpower potential at a given site, it is thought that at
least one year of continuous measurements, at the height suf-
ficient f{or power generation, is necessary for a reliable
assessment. These measurements shoﬁld be compared to
local climatic data to see whether the observed data could
be considered representative of the true wind conditions
at the site. These continuous observations can be used in
finding the seasonal and diurnal variations of wind speed
as well as the monthly distributions. The analysis may be
carried out further to find how the aferage speed changes
from hour to hour and from day to day, i.e., to find the
serial correlation between the speeds in two or more suc-—
cessive increments of time. This serial correlation of wind
speeds becomes an important factor that must be considered in
determining the storage size for a system. The persistence

of wind may be represented either with an autocorrelation
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function or with velocity transition matrices for various
time lags as done by Crawford and Hudson {already referred
to in Chapter I). Detailed discussion of this subject is
deferrcd until the latter part of Chapter V.

Assessment of windpower potential based on average
windspeeds (e.g., daily or monthly averages) may result in
a gross underestimation of the true potential. This is
because the windpower is proportional to the velocity cubed.
Because of this cubic law, the mean of a windpower distribu~
tion is always greater than the power available at the mean
ol the corresponding velocity distribution. According to
a windpower study done at a California site (3 ), the daily
average wind energy based on "on-the-hour!" velocities was ap-
proximately 2.2 times as much as the value based on the
annual average velocity. An interesting observation made in
the study was that although the average of hourly velocities
measured in one month at one site was lower than that in
the following month, the average energy content was approxi-
mately fifty percent higher in the first month. The study
suggests that the true indicator of energy potential is
Equivalent Energy Velocity, which can be expressed as

B.E.V. = ( I v, 3m)t/3 (4)
i=1
where Vi = average velocity of the observation made during
the i*P time interval (usually one hour or less), and

N = number of time intervals.
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The annual E.E.V., at one site was 21.9 mph while the actual
average velocity was 16.9 mph.

Prior to the California study, Bergey (4) had exam-
ined the feasibility of windpower generation in Central
Oklahoma using the 146 ft. level NSSL data mentioned in
Chapter I. Ile used the term Mean-Energy Velocity to mean
the same thing as E.E.V. His calculation showed that the
anmual E.E.V. (or M.E.V.) at the tower was 16.2 mph whereas
the mean annual velocity was 13.0 mph.

Simulation models are often used to simulate wind
behavior. Within a short time period (e.g., one hour)
during which the mean speed does not shift significantly,
simulation may be done rather simply using a probability
distribution. One example of such short-time simulation
is the wind model developed by Gibson at Oklahoma State
University for simulating the response of windmills (13).
Gibson's model takes into account both the duration and
the magnitude of gusty winds occurring in a period shorter
than a few minutes. In the model, the magnitude of gusts
is assumed to be normally distributed with a zero mean and
a variance determined by the surface roughness and the
average wind speed at the tower height. The duration of
gusts is assumed to be exponentially distributed. The
simulation involves (a) the generation of gusts'ﬁarying
in magnitude, (b) the generation of the delay times for the

gusts, (c) the placement of the gusts on a discrete time



31
scale according to the delay, and (d) the straight line
interpolation for the wind speeds between any two gust
arrivals.

Wind simulation for a prolonged period of time (e.g.,
one year) becomes more difficult if the effects of seasonal
and diurnal variations must be considered in generating the
wind speeds. In windpower systems long-term simulation is
done primarily for determining the storage requirement under
varying windpower and demand; this is much like the type of
simulation done in inventory control. Simulation models may
also be used in the case where analytical solutions are dif-
ficult to obtain. Such a case arises where the input, i.e.,
the windpower, is serially correlated. Methods of generating
auto-correlated input are found in é;own (5). To the author's
knowledge there have been few long-term simulation models
developed for windpower analysis that are of any significance.

The relationship between wind velocity and height

he ground (vertical wind profile) can be expressed by

V = KH (5)

where V is the velocity, H the height, and K and « are
constants unique to the site considered. Davenport (10)
compiled and analyzed published data on vertical wind pro-
file and gave the average values of O for the following three

terrain categories:



32

Description of the Terrain Value of ¢

Open country, flat coastal belts,
prairie grass lands, etc. 1/7

Wooded countryside, parkland
towns, outskirts of large cities 1/3.5

Centers of large cities 1/2.5

The expression for vertical wind profile may be used
in finding the relationship between the tower height and the

cxpected power output from a windmill.

Economic Feasibility Studies

Most of the studies of windpower economics done in
the past were simple economic analyses in which the expected
per Kwh cost of wind-generated electricity was compared to
the average per Kwh fuel cost of electricity gener;;ed by
conventional power plants. These analyses were simple in
that the variation of per Kwh fuel cost with demand level
were not taken into account. The expected per Kwh cost of
wind-generated electricity is usually obtained by dividing
the annual cost of windmills by the expected value of the
total electricity generated in one year. The latter is
based on annmual wind distribution. Some of the~early feasi-
bility studies done by designers in European countries eval-~-
uated the economics, but this was not their primary concern.

Heronemous (16) of the University of Massachusetts

has proposed a large off-shore windpower system for the New

England area which would give an economically viable alternative
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to nuclear power in meeting future increases in electricity
demand. His conceptual design of the system consists of a
large number of wind stations that are grouped into many wind
units. Within each unit the wind stations form orbital rings
with an electrolyzer plant and a distillation plant at the
center. These units together with a deep-water, high—-pressure
hydrogen storage tank and a compressor/reducer station are
connected by pipelines to an onshore distribution system.
The onshore system comprises a network of hydrogen distribu-~
tion pipelines and fuel cell stations that use hydrogen for
power generation. Of the three configurations of wind sta-
tions Heronemous envisioned, the one with 34 rotors each
having 100 Kw rated power would provide the cheapest elec—
tricity. The system, when installed, would deliver power to
New England for as little as 25 mills per Kwh by 1990.
Following the work of Heronemus, Dambolena (9)
developed a simulation model to find the ecomomic implica-—
tions of altering the basic assumptions on the technological
advancement in windmills, fuel cells, and electrolyzers.
Ilis model receives as input various design specifications
and assumptions on technologies, generates wind speeds for
a number of years, and computes the number of wind stations
required to meet the future demand. The result for a base
case simulation showed that power could be obtained from the
of fshore system for 20 mills per Kwh. With improvements in
Tuel cells and electrolyzers and higher rated power and lower

cut-in speed, the system would supply power for 12 mills
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per Kwh. The basic drawback in this type of modeling is that
the model may be used only to evaluate a given system with
fixed total capacity. The models to be developed in the fol-

lowing chapters may be used to optimize both design and oper-

ation of a windpower system.



CHAPTER III

THHIE MODEL FOR WINDPOWER SYSTEMS WITHOUT STORAGE

This chapter will develop an optimization model for
windpower systems with mo storage capacity. The chapter con~
tains scctions on the general approach taken in developing
the model, the definition of mnotation used, model formula-
tion, the characteristics of the model and solution tech-~

niques, and data generation.

The General Approach

As described more fully in Chapter I, the purpose
of this research is to optimize the design and operation of
a windpower system which operates as part of an existing
power mnetwork. The objective of the optimization model is
to maximize the net savings, which is defined as the differ-
ence between the annual fuel cost savings on the existing
power plants and the annual cost of the windpower system.

Some of the most important decisions in such a
system’'s design are related to the individual windmills,
and in developing the optimization model the following
approach is used: The user specifies a set 6f alternative
designs which differ from each other on the basis of rotor
diameter, flat-rate speed, cut-in speed, tower height and

35
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conversion efficiency. The user can fix any of these design
parameters or make it dependent upon other parameters. For
example, the tower height may be expressed as a function of
the rotor diameter. The decision variables of the model are
"how many windmills of each design should be incorporated
into the system'.

In general, each windmill design will have different
operating characteristics as a function of wind speed. To
illustrate, Figure 10 gives a hypothetical power output curve
for two different designs, i and j. From the figure, Design i
will generate more electricity than j when the wind velocity
is low. If the installation cost is the same for both designs
and the winds are consistently low, the economic choice would
be Design i. On the other hand, if the winds are high a large
part of the time, the choice would be Design j because it gen-—
crates more power than Design i at high wind speeds. If the
wind velocities are low in one period of time and high in the
next period, the optimal choice might be a mixture of the two
designs.

The value of the power generated from wind during a
given period is determined by the level of demand during that
period and the plant fuel cost function. The expected values
of windpower and demand vary with the season and the time of
the day. These variations are incorporated into the model by
dividing a year into I seasons and a day into J periods. The
model requires the specification of the number of days in each

season and the number of time increments in each period. The
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designs.
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user must determine the appropriate seasonal divisions for a
year and periodic divisions for a day, taking into account

wind speed and demand patterns.

Variables, Constants, and Functions

Before presenting the general structure of the model,
the variables, constants and functions used in the model are
first defined.

1. Variables

n

X = number of windmills of design n (n = i, cee, N)

Y5 expected power (Kw) to be transmitted from the wind-
pover system to the network in season i, period Jj
(L =1, eaey I3 3 =1, ceu, J)

p = capacity (Kw) of the windpower system, which is also

the capacity of the transmission system (dependent
on x's)
2. Comnstants
a. Windpower system design
N = total number of designs
D= rotor diameter (ft.) of design n

sz cut-in speed (mph) of design n

V?: flat-rate speed (mph) of design n
nn: conversion efficiency of design n
P:: rated power (Kw) of design n

- 4.00 x 100 nn(Dn)z(V;‘)3
™= tower height (ft.) of design n
n

A= land used (acres) by one unit of design n
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Windpower system costs

Cﬁ = installation cost (dollars) of one unit of
design n

0w = ratio of the annual operating and maintenance
costs of a windmill to its installation cost
(assumed fixed for all windmills)

b = economic life of a windmill (assumed the same
for all windmills)

C_, = price of land (dollars per acre)

Power transmission

A = transmission efficiency (a fixed distance assumed)

b, = economic life of the facility

Wind data, expected power output, and demand

I = number of seasons in a year

J = number of periods in a day

K = maximum number of velocity.increments used in
appfgximating wind distributions

di = number of days in season i

hj = number of hours in period j

v, = velocity increment (mph) of the wind distribu-
tion at the height of the measurements

V, = median speed (mph) of the k*P interval of wind
distributions

ijk = Pr[(k-1)v_ < Vi < kv_], where V,; is the wind

velocity in season i, period j
H_ = reference height (ft.) at which winds are mea-~

sured
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exponent of the wind profile function given by
v, = VO(H/HO)a, where V, and V_ are the velocities
at height H and Ho’ respectively
expected power (Kw) generated by one unit of
design n in season i, period j (The expression
for computing thiSIValue from input data is given

in the section on model formulation.)

expected demand (Kw) in season i, period j

e. Other constants

pT =

P

minimum allowable capacity (Xw) of the windpower
system

maximum allowable capacity (Kw) of the windpower

system
AM = acres of land available for the system instal-
lation
r = annual interest rate applicable to all capital
investments
(a/p): = capitalization factor for economic life b and
interest rate r
r(1+r)P .
= —=—=——— assuming %o salvage value at the end
(L+r)" =1
of economic life
Functions
g(p) = installation cOSt‘of the transmission system as
a function of its capacity
f(E) = aggregate plant fuel cost (dollars/hour) as a

function of the total load E (Kw) (E"< E s E,

M
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& = exponent of the wind profile function given by

_ o o
Vh = VO(H/HO) , where Vh and Vo are the velocities

at height H and Ho’ respectively

Q?j = expected power (Kw) generated by one unit of
design n in season i, period j (The expression
for computing this value from input data is given
in the section on model formulation.).

Eij.: expected demand (Kw) in season i, period j

e. Other constants

av)
il

minimum allowable capacity (Kw) of the windpower

system

Nty (Kw) of the windpower

M the system instal-
r = Lcable to all capital
(a/p)? = capitaliiu, lor for economic life b and
interest rate r
! r(1+r)b
= assuming no salvage value at the end
(1+r) =1
of economic 1ife
Functions
g(p) = installation cost of the transrission system as
a function of its capacity
f(E) = aggregate plant fuel cost (dollars/hour) as a

function of the total load E (Kw) (E" < E < EY,
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m M .. .
where E° and E are the minimum and maximum

capacities of the existing plants.)

Formulation of the Model

‘The formulation of the model involves (a) calculat-
ing the expected power output and costs of various wind-
mills, (b) obtaining an expression for the difference between
the plant fuel cost savings‘and the costs of windpower and
transmission systems, and (c) setting up the model as a mathe-
matical programming problem with appropriate constraints.

In calculating the expected power output from a
windmill in a given period, the wind data used needs to be
adjusted for the difference between the height at which the
winds are measured (i.e., the reference height Ho) and the
tower height. In adjusting the data for the height differ-
ence, it is assumed that within the period the coefficient
of variation (i.e., the ratio of the standard deviation
to the mean) of the "hourly'" average wind speed is the
same for all tower heights.,- Under this assumption, if the
wind velocity at the reference height is mnormally distributed,
then the velocity at any tower height would also be normally dis-
tributed with the mean and the standard deviation proportional to
those at the reference height. The wind velocity distribu-
tion input into the model consists of a set of probabili-
ties (Rijk) assigned to K equal-length increments. The

adjustment of the distribution is done in sucy a way that
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the number of increments stays the same but the range
that each increment represents is either increased or
decreased. This scaling of velocity increments utilizes a
relationship between the velocities at two different heights.
The relationship is implied in the expression for wind pro-

file in Chapter II and is given by

A2 H «
h .

v - (ﬁfJ . (6)
o o

In terms of the velocity increments Vi and Vo at the heights

H and HO, the above becomes
v
h
= = (ﬁ—) . (7)
o

For example, if v_ = 2 mph, Ho = 50 ft., and o = 1/2, then
v,, corresponding to H = 200 ft. would be 4 mph. The interval
(or increment) in which a given velocity V falls at the

height H can be found from a function

]

k(V,H) LV/vh.I + 1

L& /& %12 (8)

o [o]

where the symbol | |is used to represent a round-off to the

nearest integer value. The median speeds in the velocity
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distribution corresponding to the tower height H are ob-
tained by multiplying those at the reference height by a
factor (H/Ho)a. Finally, the expected power output (Kw)
from one unit of design n in season i, period j can be

obtained from the expression below:

K-1
n -6 ,n . n\2r.m 3¢ “ = 3.

Q. 4,00 x 10 ".nm (D) [(H /Ho) -5 (Vk) Rijk
k=k>
1

n,3 K
+ (V7)~7. Z;H Rijk]’ (9)
k=k2

where k? = k(V:,Hn), or the interval of the velocity distri-
bution at the height Hn, in which the cut-in speed Vg falls
(see Equation 8), and kg = k(VE,Hn), or the interval in which
the flat-rate speed V: falls.

The costs of a windmill consist of the installation
cost, operating and maintenance cost, and land use cost. On

an annual basis, the windmill costs are given by

b
[(a/p)rw + Ow]-Cz + Ca-An-r. (10)

In the above expression, the interest rate r is considered
as representing the "true" cost of capital, including income

tax effects. It is also assumed that the windmills will
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have no salvage value at the end of the bw years of opera-
tion, and the annual operatihg and maintenance costs are
charged as a fixed percentage of the purchase costs. The
land has a perpetual life; therefore, the expression
Ca-An-r is appropriate for the annual land cost.

The annual equivalent cost of the transmission system

is given by
bt
(a/p)r .g(p), (11)

where g(p) is the initial cost of the system having a capa-
city of p Kw. The function g is specified by the user of
the model, as in the case of the windmill installation costs.
The transmission capacity is set equal to the capacity of

the windpower system which is given by

The expected power output from all windmills in a
given time period of a given season becomes a function of
the number of windmills of various designs once Q?j‘s are
determined. This total power output must be greater than or
cqual to yij’ the expected power transmitted in season i,

¥

period j. That is,

y.. £ Z Q..-x . (13)
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After taking into account the transmission losses, the
expected value of per hour plant fuel cost savings in season

i, period j, can be expressed by

f(Eij) - f(EiJ.-A-yiJ.), (14)

where f is a user-provided fuel cost function defined over
(™, M),

Other constraints that might be imposed on the system
design are concerned with total system capacity and land
availability. A utility company may want to limit the maximum
capacity of a windpower system to fM(i.e.,qp < fM) so that
the windpower would not cause a severe stability problem to
the network. A minimum capacity consfraint P = P" can also
be added to the problem formulation. A constraint on land

use is represented by

N n.n M
T ATex s A, (15)
n=1
Nnndght be determined by the rotor diameter via a functional
relationship provided by the user.
The generalized model for windpower systems without
storage now follows:
I J

Maximize f(E, .)-f(E, .-Ay. .)] *h.-d.
ifl 351[ 13) 1J le)] J 1

N b
- n=21 [[(a/p)rw + 0 ]-C:’l + ca-An-r}-xn

b
- (a/p)_t-2(p) (16)
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subject to

N
y.. = Q?,-xn for all i, j
1] n=1 J
N n _n
P = Pr-x
n=1
p < PM
p 2 Pm
N
AT T < M
n=1
m
. . S N i, 3
A yiJ ElJ E" for all i,j
xn =20 for all n

The first term in the objective function represents the

annual expected fuel cost savings.

(17)

(18)

(19)

(20)

(21)

Constraint 22 is neces-~

sary because the total load taken up by the existing plants

E,. - A.
i)

[§

yij

Characteristics of the Model and

may not be less than the minimum capacity Em.

Solution Technique

The model, as it is formulated in the preceding
section, contains IJ + N + 1 variables and 2IJ + 4 linear
constraints on x"'s. Half of the 2IJ + 4 constraints are
simply the bounds on variables. The objective function is

composed of IJ + 1 single variable functions involving Y;

. n
and p, and N linear terms for x 's.

in the objective function is only a constant term and thus
may bhe deleted without affecting the solution.

objective function is composed of single variable terms,

Since the

.'s

It is noted that f(Eij)

it
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can be characterized as non-linear and separable unless the

Tunctions f and g are linear.

Taking advantage of the separability of the objec-—
tive function, the problem can be solved using a separable
programming technique for an approximate solution. This
technique involves the substitution of the separable, non-
linear terms in the objective function or in the constraints
with a set of approximating linear terms and solving the
resulting linear programming problem. For example, a func-
tion h(x) can be represented by a K segment piecewise linear

function as below:

Let by = k" breaking point on the x-axis of the function
h(x), and
Wy = non-negative weight assigned to the kth breaking
K
point such that X w = 1.
k=1
Then,
K
h(x) = T wkah(bk) (24)
k=1
K .
X = L w, *b. . (25)
k=1 k "k

In addition, the approximation requires that only two

ad jacent w{x may be positive. The separable programming

1

technique that uses the Simplex algorithm requires that no

more than two adjacent w,'s may enter the basis.

k

Another way of approximating the function h(x) is by

introducing the variables X, 's to represent the increments

k
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of x in the range (bk~l’bk) and expressing h(x) as the sum
of the linear terms involving xk's. In this,
K
=~ . o
h(x) z S Xy h(bO)’ (26)
k=1
K
X = E ’ (27)
k XR

1

where Sy is the slope of the kth line segment. The condi-
tions that are necessary in solving the problem as an LP
problem are given by

x, = 0 if x <b - b k=2, ..., K,

k k-1 k-1 k-2’

Xy 2 0 for all k.

The two methods are essentially the same in that both
require the restricted basis entry in using the Simplex
method for solution. The separable programming technique
only gives a local optimal solution except in special cases
wvhere a global optimum is obtained. The special case arises
when all the component terms in the objective function are
concavel in a maximization problem and the solution space is
convex. The solution space will be convex if (a) all the
terms associated with the "<" constraints (or "2" constraints)
are convex (or concave) and (b) all the terms in the '"="
constraints are linear. In such a special case, the slopes
(s, 's) of any approximating piecewise linear function in the

k

objective function decrease with the variable x of the

lBy definition, linear terms are both concave and

convex.



49
original function h(x). This makes the variables xk's of
the approximating function enter the basis in sequence, thus
eliminating the necessity of the restricted basis entry.
Full discussions of this separable programming technique are
given in Hadley (15) and Taha (32).

Returning to thé problem formulation in the preced-
ing section, we see that the objective function will be con-~
cave if the functions f and g are both convex (or -f and -g
are both concave). The fuel cost function f is most likely
convex in any power system. However, the transmission cost
function g is more likely concave because of the economies
of scale in the installation of the facility. If the trans-
mission cost is estimated to be a linear function of the
capacity, then the separable programming technique will give
a global optimum. Otherwise, a globally optimum solution

cannot be guaranteed.

Data Generation

The model consists of two parts in terms of required
calculation. The first part involves inputting the raw data,
computing the various "constants'" such as Q?j's and P?'s
from the data, and setting up a problem matrix that contains
the piecewise linear approximations of the non-linear terms
in the objective function. The second part is simply solving
the problem with an available linear programming code and,

if mnecessary, performing a sensitivity analysis with a series

of modifications on the problem matrix.
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A computer program has been developed to do the first
part of the calculation. The second part utilizes the IBM
360 Mathematical Programming System (17). The IBM code can
handle large linear/separable programming problems.

The whole approach to modeling (aside from the com-
puter program) is that the user can arbitrarily change the
specific assumptions made in the model without affecting its
general structure. In this respect, the model developed
in this chapter can be regarded as a general model. The
computational experience with this model based on actual and

estimated data is presented in Chapter VI.



CHAPTER IV

ANALYSIS OF ENERGY STORAGE SYSTEMS

Introduction

In this chapter energy storage systems are modeled
so that the results can be used in developing the optimiza-
tion model for windpower systems with storage in Chapter V.
The analysis consists of modifying and expanding an exist-
ing simple mathematical storage model to incorporate input/
output conversion losses and reservoir leakage. The storage
systems in this chapter represent the dam type of system in
which the input is variable and the output is controlled.
Thus, they are different from the inventory type of system
in which the reverse is true. The main objective in studying
a storage system is to find the probabilities of shortage or
overflow. These probabilities are usually obtained from a
probability distribution of the storage level. Therefore,
the problem is how to derive such a distribution under the
known input/output characteristics and storage capacity.

The usual approach to solving the problem is to develop an
analytical model representing the storage system.

Although some mathematical storage models were

51
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developed in the past, there has been little application of
the models to real world problem solving, especially in the
field of energy storage. The reasons for this lack of appli-
cation appear to be that (a) the poténtial users of the
models are mostly unaware of the existence of such models,
and (b) cven though the users know of their existence, the
models are often not applicchle because they are developed
for specific input and output distributions. In many instances,
however, if one cannot find an appropriate '"dam" model for
analyzing his system, he may be able to use one of the queue~
ing models to represent his storage system. The use of a
queueing model for a storage system analysis is possible
because of the one-to-one correspondence between the queueing
and the storage systems (see Ghosal (12), p. 3). The exist-
ing queueing models are found in Prabhu (29) and Gross and
Harris (14).

Three storage models are introduced in this chapter.
The first model represents a simple storage system originally
developed by Moran (22,2 3,24) and later reviewed and expanded
by Prabhu (27,28) and Ghosal (12). The model is developed on
a discrete time scale, and under the assumption that the
input consists of independent, identically distributed ran-~
dom variables. The second and third models are the results
of modifying the simple model to take into account the
losses during input and output conversions and the leakage

from the reservoir. Both models are based on random input
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and fixed output. More specifically, the second model repre-
sents the case in which all the input goes through a conver-
sion process where part of the input is lost and in which a
fixed amount is retrieved from storage after reconversion in
each time period. The third model is for systems in which
only the difference between the variable input and the con-
stant output is either stored or retrieved from storage.
The input and output conversion losses will be less in this
system than in the system in which all the input is first
stored. For convenience, the two types of storage systems
represented by the second and third models will be called
"System 1" and "System 2", respectively. The notation used

in studying these systems is that used by Ghosal.

Simple Storage Model

In a basic discrete~time storage model, the storage
level at the begimnning of a time interval is determined by
the input, the output and the storage level in the previous

time interval. Let us denote

Z, = storage level at the beginning of the interval (t,t+1),
Xt = input during the interval, and
Yt = output at the end of the interval, and

assume that one or both of Xt and Yt are random variables.

Then, a sequence of Zt's (i.e., Zl’Zz’Z «...) forms a Markov

3!
chain represented by

Zt+l = min{k, max[b,Zt+Xt—Yt] I3 (28)

where k is the capacity of storage. The objective of the

analysis is to describe the steady state behavior of Zt
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with a probability density function (p.d.f.), or equiva-
lently a cumulative distribution function (c.d.f.). To find

the limiting c.d.f. of Z let us define

t’
Ft(y) = Pr(Z, s y) for 0 sy sk

H = the CQdof. of Ut
If Z, has a limiting distribution independent of time t, we

t
drop t from F _(y) to indicate F(y) is a stationary c.d.f.

Then, the integral equation can be written as follows:

Fly) = - T F(x)dH(y-x). (29)
0

Using the equatioas F(x)=1 for x >k and H(-®)=0, this becomes:
[ -]

[}

N F(x)dH(y-x) J dH(y—x)

o K k

F(y)

H(y~k) - .rF(x)dH(y—x). (0 v 5 k) (30)
0

The conditions under which a unique solution exists for the
above equation are given in Ghosal (12, p. 21).

It is not difficult to obtain a discrete analogue of
Equation 30 for the system in which the input and the output
are in discrete quantities. In such a discrete system, the
problem is solving a set of simultaneous linear equations.

Now, let us consider a system in which the output is
fixed at a constant quantity m. We represent the system by

Zt+l

il

min {k-m, max[O,Zt+Xt-m]}- (31)

Let G

the c.d.f. of Xt.
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Since dll(u) - dG(u+m) and F(x) = 1 for x 2 k-m, we get

Fly) = - I F(x)dH(y-x)
0

1

- j F(x)dG(y+m-x)

0
® k-m
= - J dG(y+m-x) - J F(x)dG(y+m-x)
k-m - 0
k-m
= G(y+2m-k) - J F(x)dG(y+m-x). (Osysk-m) (32)
0

One way of solving this integral equation is to first write a

discrete analogue of the system and then solve it as a system

of simultaneous equations.l To obtain a discrete analogue,

let us define

F, = Pr(Zt i) as t+o,
i = Pi‘(xt = 1), and
G._ bt Z g. if j 2 07
J i::o T
= O if j < On
k-m-1
[hen, we write F. = Gi+2m—k + j;z

for i = 0,1,

0 for i < 0,

1 for i 2 k-m.

i+m—-j " j

LY k—m_l,

(33)

Lanother method of solving an integral equation is
replacing the integral by a Gaussian quadrature formula and
solving the resulting linear equations. See Stroud and

Sccrest (31).
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For example, when k=8 and m=3, Equation 33 can be written in

matrix form as:

r- - r- -1 = - -
bo g3 g, 8 &, 0 FOW 0
F, g, 83 8 &) 8 Fy 0
Fol= 185 8y 83 8 & | x [F |+ |Gy
F3 & 85 &y 83 8, F3 Gl

[ Fu] |87 % S5 84 83| |[Fu] |G

The probabilities of shortage and overflow are given

by:
Pr(shortage) = Pr(zt's 0) = F(0) = F, (34)
Pr(overflow) = Pr(Zt > k-m)
=1~ Flk-m-)= 1 -F_ .. (35)

It should be noted that Moran and Prabhu based their
storage analyses on finding the stationary distribution of

Zt+xt instead of Zt' The reason for this approach is that

although Z, lies in the range [0,kJ, Z, +X, lies in [0,*],

t Tt

which makes it less complex to solve the integral equation

t

for some specific input distributions without resorting to
a linear approximation. The shortage and overflow proba-
bilities in the case of fixed output are obtained from the
c.d.f. of Zt+Xt.
By defining

F'(y) = Pr(Zt-!-Xt Sylas t > ® , we get

Pr(shortage) = F'!'(m), and (36)
1 - F'(k-). (37)

Pr(overflow)

1

Equations 30 and 32 may be modified to include

storage leakage in the analysis. Let us first consider the case
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in which a fixed quantity g leaks from the reservoir at the
end of each time interval. The integral equation correspond-

ing to this case is

j F(x)dH(y+qg~x)
0

F(y) = -
k—-q » ®
= - I F(x)dH(y+q-x) - ‘[ dH(y+q-x)
o k—-q
k-q
= H(y+2g-k) = j F(x)dH(y+q~-x) (38)
0
When the output is fixed, i.e., Yt = m, we define Ut as
Ut = Xt - (m+q). Then, from Equation 32,
k-m-q
F(y) = G(y+2(m+q)+k) - j F(x)dG(y+m+g-x). (39)
0

Equations 38 and 39 indicate that the leakage can be treated
as part of the output; therefore, no separate analysis is
necessary for this type of leakage.

The second case represents a variable leakage whereby
a quantity proportional to the amount stored is lost at the
beginning of each time interval. Let l-e. denote the leakage

0

factor. The Markov chain corresponding to this case is

yA = min{k,max{0,e

a1 + X, - Ytﬂ. (40)

Ozt t

The steady state distribution of Zt is given by
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-]
P(y) = - [ F)aaty - egx)
(0]
k
= Hiy-egk) - [ Flx)aH(y-esx). (41)
0]
When the output is fixed, i.e., Yt:m’ we have
F(x)=1 if x 2 k-m. Then the c.d.f. of Zt can be expressed
in terms of G and F:
k-m
Py) = Gly+(lregdme k) - | Flx)dalyrm-egx). (42)
0

System 1

In this system, the input goes through an input pro-

cess having an efficiency e, before entering the storage and

1

the quantity released from the storage passes through an

output process having an efficiency e, before leaving the

2
system. The input Xt's are mutually independent random
variables following a certain p.d.f., and the output Yt's

are fixed to m. The diagram of this system is shown below.

Figure 11. Diagram of System 1.
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In the above diagram,

1] . ]
Xt - elxt and Yt = Yt/e2 = m/ez.

1 1 !
Let G be the c.d.f. of X, and G the c.d.f. of X Then, G

t t°
?
is related to G by G (x) = G(x/el).

Let U, = Xt - Yt = Xt - m/e2, and

H the c.d.f. of Ut'

Since H(Ut) = G'(Ut+m/e2), we write the c.d.f. of Z  as

in Equation 32:
k-m/e

2
F(y) = G'(y+2m/e2—k)— F(x)dG'(y+m/e2—x). (43)
0
Although not necessary, we can 7ubstitute G' with G to get
‘ k-m/e
y+2m/e2—k f y+m/e2—x
F(y) = G(——~—g————)— F(x)dG(———:;———%. (4b)
1 o 1

This storage model will be applied in developing the
model for windpower systems with storage, in which all the
power generated from the windmills is stored and a fixed
quantity of power is retrieved from storage every day.

If the unit time for describing storage operation is
one day, the input Xt

the windpower system and the output m represents the total

represents the total daily input from

Kwh of electricity transmitted each day. The total output
m may be divided in any way and transmitted during differ-

ent time periods of the day.
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System 2

In this system, storage is used as a means of balanc-—
ing the fluctuations of the input to keep the output con-
stant. Some form 6f switching system would be necessary to
operate this type of storage system. The control is done in
such a way that when the input is greater than the required
output, the excess quantity is stored; and when the input is
below the output, the difference is extracted from storage.
As in System 1, losses occur during the input and output
stages of storage. The input and output losses are
represented by the conversion efficiencies e1 and 62,
respectively. The schematic diagram of this system is shown

below.

V

Figure 12. Diagram of System 2.

The four mnew variables in the diagram are related to Xt
and m by
' {Xt—mlfxtzm,

0 otherwise
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‘ {m—Xt if Xt < m,

0 otherwise
]
St = elst
]
Tt = Tt/e2

The Markov chain corresponding to this system is

Z,,, = min{k, max[0,Z +S -T 1}. (45)
Let G = the c.d.f. of Xt’

Ut = St—Tt’

H = the c.d.f. of Ut’ and

F(y) = Pr(Zt €S v)ast @ o.
Then, the c.d.f. of Zt in terms of H and F is given by

®
F(y) = J F(x)dH(y-x). (46)

0
However, the above expression is not directly applicable for
the analysis of System 2 type storage because H is difficult
to derive. Therefore, the equation will be given in terms of
G and F.
We first write

H(u)

- )
Pr(St Tt < u)

t

t

1)
Pr(els - Tt/e2 S u)

Pr{ (X, -m).[e, -T(X,) + %—-I(Xt)] < u} (47)
m=] 2 [o,m]

where I(Xt)

{1 if a s Xt S b,
bvb]

O otherwise.
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From the above equation, we get the relationship between
H and G:

Pr(Xt—m < e.u) = G(m+re_u) if u < 0,
2 2
H(u) = {

(48)
Pr(Xt—m < u/el)= G(m+u/e1) if u 2 0.

In substituting H in Equation 46 with G, we must
consider two cases, y-x < 0 and y-x 2 O, separately. We

get

F(y) F(x)dH(y-x)

1l
i
o

@

Yy
= - j F(x)dH(y-x) - J F(x)dH(y-x)
0 Yy

v -]
- - j F(x)da [msX=X] - j F(x)dG [mte, (y-x)] . (49)
1
0 Yy

Using the fact that F(x)=1 for x 2 k,

v k
F(y) = - j F(x)dG[m+X§5] - S F(x)dG[m+e2(y—x)]
0 . y
+ G[m+e2(y—kﬂ . (50)
In a special case where e, = e, = 1, the above equation
becomes
k
F(y) = G(y+m-k) - j F(x)dG(y+m-x). (51)
0

Comparing this equation with Equation 44 for the case where

el = e, = 1, we see that System 2 requires less storage
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capacity than System 1 to give the same shortage probability.
The difference is the fixed output m.

When the input is wind-generated power, System 2
represents a storage system that is used for keeping the
output power constant without converting all the input power
for storage and then retrieving it. The advantage of this
system over System 1 is that less energy is lost during con-—
version by directly transmitting part of the power generated.

Since the analysis is done only for the case of con-
stant power output, the model for System 2 cannot be incor-
porated into the optimization model developed in Chapter V
where the total daily output is fixed, but the power trans-
mitted varies with the time of the day. To be able to incor-
porate the storage model into the model in Chapter V, the
output Yt must be allowed to vary. A more detailed analysis

of the System 2 type storage appears necessary to obtain

usable results.



CHAPTER V

THE MODEL FOR WINDPOWER SYSTEMS WITH STORAGE

Introduction

Chapter III developed a model for windpower systcms
having no storage capacity. Chapter IV presented two mathe-
matical storage models (System 1 and System 2) that might be
used in analyzing energy storage systems with variable input
and fixed output. In terms of windpower storage, the first
model represents the case where all of the energy generated
by the windmills is first stored and then a predetermined
amount is released during certain periods of the day. The
sccond model is for the case where storage is used primarily
for keeping the output power constant. This chapter develops
a model for windpower systems with storage that operates in
the same way as in System 1.

Since the output from storage can be controlled,
the windpower system with storage may be either base-loaded
or peak-loaded, whichever is a more economical way of operat-
ing the system. In modeling the system, two general cases
are considered: Case A and Case B (see the last two sections
of Chapter I for the description of the cases). For Case A,

as for the no storage case, the value of the output energy

64
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will be greater during peak hours than off-peak hours,
because the per Kwh fuel costs during peak hours are gen-
crally higher due to the fact that peaking units often burn
more expensive fuels. For Case B, no reference to the eco-
nomic value of the fuel saved is made in modeling the system.
Instead, the objective of the model is to find a minimum
cost design that can deliver specified levels of power to
the network with sufficiently low probability of shortage.
When the optimal design is found, the per Kwh cost of wind-
power can be compared with that of other alternative power
sources to determine the economic feasibility of the wind-
power system.

Some discussion is necessary regarding the divisions
of time used in the model of this chapter. These divisions
are, in decreasing order of length: year, season, day,
period, and time increment. As in the model without stor-
age, year is the time unit used in comparing the expected
fuel cost savings with the windpower system costs. A year
is divided into one or more seasons to account for the sea-
sonal variations in wind velocity and demand. Day is the
time unit for the storage system; therefore, the input from
the windmills must be expressed in terms of'the total elec~
tricity generated during a day. Similarly, the output to
the network would be in terms of the total electricity trans-
mitted during a day. A day may be divided into periods of

varying lengths in two ways: one way to represent the
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diurnal variations of wind and the other to represent demand
variations during the day. The length of each season and
cach period must be specified by the user. The model devel-
oped in this chapter also requires the user to choose the
length of a time increment; however, in most instances, one
hour will be the user's choice since the wind data available
from local weather stations are usually measured on an hourly
basis. In this chapter, the unit "hour" will sometimes be
used interchangeably with "time increment."

The chapter is organized into two parts. The first
part develops a general model that can be used for both Case
A and Case B under the condition where there is very little
correlation between average wind speeds in successive time
increments. The second part discusses the condition where
there is significant correlation between wind speeds in suc-
cessive time increments.

Development of the Model for the Condition of Very
Low Serial Correlation of Wind Speeds

This part of the chapter is organized in the following
way. IFirst, a proof is provided that the daily output from
windpower systems is normally distributed when the wind speeds
between the time increments show very low correlation. This
normality is used then to derive a functional relationship
between the shortage probability and the storage design
variables. The system optimization model is then formulated

in a manner similar to that used for the no storage model in
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Chapter III. This formulation is then discussed with respect
to its mathematical properties, the solution techniques, and

the data generation procedure.

Normality of the Daily Output Distribution

Since the unit time interval used for the storage
system is one day and the storage model requires the specifi-
cation of a probability distribution for power input to
storage, it is necessary to derive the probability distribu-
tion of the total daily electricity generated by the wind-
mills. The daily output from the windmills is determined by
the wind conditions, the characteristics of windpower conver-
sion of various designs, and the number of windmills. It
will be shown below that when the wind speeds in successive
time increments show little correlation (i.e., the wind speeds
are nearly random), both the daily output from the individual
windmills and the total daily output from all windmills are
approximately normally distributed regardless of the proba-
bility distribution for wind speeds.

Let us consider a windpower system consisting of only
one windmill. Let

J = number of periods in a day having different

wind speed distributions,

hj = number of time increments in period j (j =
1, ooy, J),
mj = mean of the distribution of the "hourly" power

output (Kwh) in period j,
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vj = variance of the distribution of the "hourly"
power output in period j,
thz observed power output in the tth time increment

of period j, and
Q.,= average of th's (t =1, ..., hj)'
If we treat the hourly power output as a random variable,
then th's can be considered as a random sample of size hj
taken from the "population' of the power output. Then,
according to the Central Limit Theorem (ajt - mj)/(vj/hj)%
is the value of a random variable whose distribution approaches

the standard normal distribution as hj tends to infinity.

Since

- h.

Q.t—m. J

2 _Jd . (3 Q.t—h.m.)/\/h.v. ,

Jv ./h. t=1 Jv JJ J J

J J
if we let
P
Q. = ¥ Q., or the total output in period j,
J top It

then Qj will be approximately normally distributed with mean
hjmj and variance hjvj when hj is sufficiently large. In
notation,

. % N(h.m.,h.v.) for large h.. (52)
QJ JoJalid € J

For the purpose of approximating the daily output distribu-~
tion, hj may be considered large enough to apply the Central
Limit Theorem if it is greater than five or six time incre-

ments., Let us define
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- total output (Kwh) in one day.
Since Qj's are independent, normally distributed random

variables, Qo is also normally distributed1 with mean

J
m_ = jfi hjmj and (53)
variance
J
v, = jfi hjvj' (54)

In notation,

J
Q N( £ h.m_, h.v.), or
P B A T
-
" N(mo,vo). (55)

Now, let n, used as a superscript, denote the design

of the windmill, and let

X = number of windmills of design n, and
Qn = ang, or
= total daily output from all windmills of design n.
Then
E(Q™) - xnmg, and (56)
vi@h = (™30, (57)

Since x™ acts as a scalar for the distribution of Qg, we get

. | (58)

Q" ~ N(xnmg, (x

|2
n)...vn
. . n n n .
Denoting the mean and variance of Q by m and v, respectively,
Q" v N(m",v?). (59)
1This can easily be shown using the moment generating

function of normal distribution. See Clark and Disney (7),
p. 156 and p. 190.
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As a final step for the proof of the normality of

the daily output from all windmills, let us denote

N n '
Q= X Q, or
n=1
= total daily output from all windmills of all
designs.
Then,
N n
E(Q) = T E(Q)
n=1
N n
n=1
N n N N i
v(Q) = zVv(@) + 2% I Cov(Qh,q))
n=1 i=1l j=i+1l
N N N - =
- otV +23 oz or V/vbh /@)
n=1 i=1 j=i+l *J
N N N - -
= vtz T or /vt VY, (61)
n=1 i=1l j=i+1 Y
where rij = correlation between the total daily output from

the windmills of design i and those of design j.
Since all the windmills are located in the same
sile, they are subject to the same wind conditions. There—
fore, the daily output from different designs should be
highly correlated. To illustrate, hypothetical probability
distributions of the daily output from two groups of the

windmills, design i and design j, are shown below:



71

N
Prob.
Density
N(m,v%)
p1
\ S
i .
Q Daily output of design i
i\
Prob.
Pensity

~
: 7~
QJ Daily output of design j

Figure 13. Hypothetical probability distributions of the
daily output from two windmill designs.

In the above figure, Py and p, are the points on the Q-axes
such that Pr(Qi < pl) = Pr(Qj < pz). The reasoning is that
if the output from design i is Py: the output from design j
should be near P, regardless of the shapes of power output
curves. A simple computer simulation was used to make
inferences on the degree of correlation of the output from
different designs. The result shown in Appendix B suggests
that the correlation would be close to 1.

When rij 2 1, the variance of the output from all

windmills given in Equation 61 becomes
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™M=
<
fa
+
\e]
™M=2
™M=
2
[
2
()

v(Q)
n-=1l i=1 j=i+l
N (2]
(3 vhHe. (62)
n=1
Also, when rij 2 1, Qp'~ are iimearly dependent to one ano-
ther (i.e., QF = aijQJ + bij for all i,j). This means that

Q is also a linear function of any Qn, and thus Q is nor-

mally distributed.t Then, from Equations 60 and 62,

N N
Qv N(Z m®, (Z/v2), or (63)
n=1

n=1
in terms of individual windmills,
N n N 2
Qv N( X x'my, (Z x\/v)7). (64)

n=1 n=1

The result of this analysis is summarized below.

Let

Q = total daily output (Kwh) from all windmills,

Qg = total daily output from one unit of design n
(n =1, ..., N),

x™ = number of windmills of design n

Q? = total output from one unit of design n in period
i (i=1, ...,J)

1

This normality can also be explained with the appli-

cation of the Central Limit Theorem to the sum of the "hourly"

output from the windpower system as a whole.
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number of time increments in period j

—
=7
i

;
m = mean of the probability distribution of Q
m’g - mean of the probability distribution of ng
m? = mean of the probability distribution of Q?
v, © variance of the probability distribution of Q
Vg = variance of the probability distribution of Qg
V? = variance of the probability distribution of Q?.
Then Q is normally distributed with mean
N n
m- X% .fnmo, and variance (65)
n=1
N n n,2
v- (T M2, (66)
n=1
where
n J n
m = Y2 h.,m,, and (67)
j=1 49
n J n
VO - 2 h.v.. (68)
j=1 99

For the above relations to hold, there should be little correla-
tion of the wind speeds between successive days, between successive

periods in each day, and between successive time increments in
each period.

Determination of Storage Requirements
In the preceding section, it was shown that the daily
output from the windpower system would be normally distributed
if the wind speeds show very little serial correlation.
This normality of the total daily output is quite useful

in computing the storage requirements since any mormal



74
distribution can be transformed into a standardized normal dis-
tribution. In this research, a storage system is completely
described by defining its input distribution,.fixed output,
storage capacity and the probability of shortage occurrences.
In addition, the conversion efficiencies in the input and
output processes are also considered in characterizing the
storage system (See System 1 in Chapter IV). In actual
modeling of windpower systems with storage, liowever, it is
more convenient to define the input to storage as the 'met"
input after conversion and the output from storage as the
"gross'" output before conversion. The following discusses
the standardization of input which is normally distributed,
the evaluation of shortage probabilities under a '"standard"
normal input, and a method of using the result of the evalu-
ation in economic decision making.

Any normal distribution can be transformed into a
"standard" normal distribution with mean w and variance 1.
Let

X, = net input to storage in day t, following a

normal distribution with mean W and standard
deviation D,

M fixed gross daily output from storage

K = storage capacity.

We also denote the input, output and storage capacity

Lo n is used to signify that the distribution is dif-
ferent from the standard normal distribution with mean 0 and
variance 1l.
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corresponding to the standardized normal input by Xy m and k,
respectively. A transformation of a hypothetical input distri-

bution to a "standard" normal distribution is illustrated below:

N
Standard Deviation = D
Prob. 1
Density |
|
M I K
|
\L | JL5>
]
o
W
0 X{ Daily Output
N
|
i
Prob. |
Density )
1 Standard Deviation = 1
1
]
m ' k
J J
1
(0] w 7 E>
X, Standardized Daily Output

Figure 14. Standardization of a normally distributed input.

In the lower diagram, w is a value such that Pr(xt < 0) ®= 0.
Any value around 3 or greater will give a probability close
to 0. In the upper diagram, the value of X corresponding to
X, = 0O is W - wD., The relationships between M and m, and
between K and k are

M= W - (w-m)D, and (69)

K = W+ (k-w)D. (70)

i

The shortage probability for the case of a "standard"

normal input and fixed k and m can be obtained by solving
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the simultaneous equations expressed by Equation 33 in Chapter
IV. Since the input Xt is a continuous variable, Equation
32 ought to be used; however, a closed form solution has not
been worked out for the input that is normally distributed.

The curves shown in Figure 15 are the result of solv-
ing many sets of simultaneous equations for the distribution
of storage level and plotting the probability that the storage level
is-less than or equal to zero. Since the standardized capacity
k and output m are really economic decision variables, the
shortage probabilities are computed for various combinations
of k and m. A discrete probability distribution that approx-
imates a "standard" normal distribution with mean 3.75
and variance 1 is used in obtaining the plots. Actually, it
is not necessary to separately compute the shortage probabil-
ities for the cases where m is greater than the mean w. This
is because in any symmetric input distribution,

Pr [shortage when m = w+d]

= Pr [overflow when m = w-d]

where d is a positive quantity. The proof is provided in
Appendix C. As the plots show, the shortage probability is
quite sensitive to the output, especially when the differ~
ence between the capacity and the output is small. The use
of the plots in designing an economical storage system will

be discussed in the formulation of the model.
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Pr(z, £0)
1.0
] Input X "V N(w,1), w = 3.75
Output Yt = m
009 -1
" Storage Level Zt
e

m=w + 1.00

m:w=1.0 m=w=-0.75 m=w-0.50 m=w-0.25

Figure 15. Probability of shortage under a standard normal
input and fixed output.
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Variables, Constants and Functions

Before presenting the general model formulation, the

constants and functions are first defined. In

defining the notation used, the subscript 3 refers to the

period of the day with respect to the diurnal variation of

wind speeds, and j refers to the period of the day with

respect to the demand variation.

1. Variables

n
X

U

- number of windmills of design n (n = 1, ..., N)

expected power (Kw) to be transmitted from the
storage system to the network in season i, period
jgd=1, co0y, I3 =1, ooy J)

capacity (Kwh) of the storage system

capacity (Kw) of the input conversicn facility for
storage

capacity (Kw) of the output conversion facility for
storage

capacity (Kw) of the transmission system (dependent
on 82)

expected daily output (Kwh) from the windpower
system in season i (dependent on x"'s)

standard deviation (Kwh) of the daily output from
the windpower system in season i (dependent on

XM s)

expected total electricity transmitted (Kwh) in a

year from the windpower system (dependent on yij'S)
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daily gross output (Kwh) from storage in season i,
corresponding to a normally distributed mnet input
with mean w and variance 1
storage capacity (Kwh) in season i for a mormally
distributed net input with mean w and variance 1
(Although the actual storage capacity Sp is fixed
for all seasons, the "relative'" capacity, in terms
of the "standard" normal input, changes from season
to season due to differences in variance of the

daily output.)

. Constants

Ae

Windpower system design

N = total number of designs
D™ = rotor diameter (ft.) of design n
VE = cut-in speed (mph) of design n
V? = flat-rate speed (mph) of design n
nn = conversion efficiency of design n
P: = rated power (Kw) of design n
- 4.00 x 107° nn(Dn)z(V:)B
H?' - tower height (ft.) of design n
A"™ - land use (acres) by one unit of design n
Windpower system costs
C: = installation cost (dollars) of ome unit of
design n
0w = ratio of the annual operating and mainte-

nance costs of a windmill to its installation
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cost (assumed fixed for all wind-
mills)
economic life of a windmill (assumed the same

for all windmills)

= price of land (dollars per acre)

Storage system

el:

b, =

2
2

input conversion efficiency of storage

output conversion efficiency of storage

per Kwh operating cost of the input facility
prer Kwh operating cost of the output facility
economic life of the storage

economic life of the input facility

economic life of the output facility

Power transmission

transmission efficiency (a fixed distance
assumed)

economic life of the facility

data, expected power output and demand

number of seasons in a year

number of periods in a day as broken down by the
wind variation

number of periods in a day as broken down by the
demand variation

maximum number of velocity increments used in
approximating wind distributions

expected number of days in season i, in which

no shortage occurs
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- number of hours in period j (with respect to the
wind variation)

= number of hours in period j (with respect to the
demaﬁa variati&gj

= velocity increment (mph) of the wind distribution
at the height of the measurements

= median speed (mph) of the kP interval of wind
distributions

= Pr[(k—-l)vo sviJf < kvo], where V, = is the wind
velocity iﬁ season i, period.E

= reference height (ft.) at which winds are measured

& = exponent of the wind profile function given by

E,.
1J

V., = VO(H/HO)a, where Vh and Vo are the veloci-
ties at height H and Ho’ respectively

= expected value of the power output (Kw) from
one unit of design n in season i, period 3

= variance of the power output (Kw) from one
unit of design n in season i, period 3

= expected daily output (Kwh) from one unit of
design n in season i

= standard deviation (Kwh) of the daily output

from one unit of design n in seasomn i

= expected demand (Kw) in season i, period j

Other constants

Pm

= minimum allowable capacity (Kw) of the windpower

system
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P maximum allowable capacity (Kw) ot the wind-
power system
AM = acres of land available for the system instal-
lation
r = annual interest rate applicable to all capital
investments
(a/p)?: capitalization factor for economic life b and
interest rate r
r(14r)P .
= —e—————— assuming no salvage value at the end
(1+r)P-1
of economic life
Functions
g(p) = installation cost of the transmission system as a

function of its capacity

f(E) = aggregate plant fuel cost (dollars/hour) as a

function of the total load E (Kw) (ET

where Em and EM

cities of the existing plants

< E s;EM,

are the minimum and maximum capa-

$.(S.) = installation cost of the storage system
00

<ﬁ(Sl) = installation cost of the input conversion facility

for storage

¢,(S,) = installation cost of the output conversion facility
for storage
y(w-m) = functional relationship between k-m and w-m giving

a certain shortage probability, where k is the

storage capacity and m is the fixed output in a

standardized storage system (see Figure 17).
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Formulation of the Model
The models for Case A and Case B are very similar,

and therecfore this section will deveiop the model for Case A

followed by a description of the simple modifications

required to handle Case B. The formulation of the model

for Case A involves

(a) expressing the mean and the standard deviation of the
daily windpower system output as functions of those of
the individual windmills,

(b) deriving a functional relationship between the storage
capacity and the storage output level for a specified
probability of shortage under a normal input, and

(c) setting up the model as a mathematical programming problem
with the objective of maximizing the net fuel cost savings.

It was previously shown that the total daily output
from the windpower system is nbrmally distributed if the wind
speeds show a very low serial correlation. From Equations

65 and 66, we can express the mean (Wz) and the standard

deviation (D:) of the daily output from the whole system

as lincar functions of those from individual windmills as

ffollows:
o N
W = Woex" (71)
i i
n=1
o N n n
D, = X D -x (72)
n=1

From Equations 67 and 68, we get
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J
- E 1:1? )
jz& hJ (qlJ) (73
Dn—(jh V(g™ (74)
i- jEl KR |

The calculation of E(q?j) based on the wind data and the
windmill design parameters is given by Equation 9 in Chapter

ITI. It is repeated below:

E(q?J-.-) - 4.00 x 1004 (O™2. [(u?/m )3

(o]
kg-l K
T \3 n ny3 -
.kfkn (vk) -Rijk + (vr) . zn Rijk 1, (75)
1 k=k2
where k? = L(Vz/vo)/(Hn/Ho)a J] + 1 and (76)
kg = [_(V:/vo)/(Hn/-Ho)a_j + 1. : (77)

The variance of the power output is given by

Ko-1
2
V(qy) = (k.00 x 10702, (™%, [(a™/m) %% = n(vk)G'RiEk
k=k
1
+ (Vn)6‘ Ié R.-.-k] - [E(qn—) ]2, (78)
r k:kg ij ij

where k;_l and k’g are defined in Equations 76 and 77. The
assumptions made in this model regarding the variability of
wind speed with respect to the tower height are the same as
those made in Chapter III.

The annual cost of a windmill consists of the installation



85
cost, the operating and maintenance cost, and the land cost,

and is equal to

b
[(a/p) ™ + 0 1+ C + C_A%.r. (79)

The user of the model must either specify the cost (CE) and
the land usage (A™) for each windmill design, or provide the
expressions for relating CE and A™ to the design parameters
(e.g., p® and V7).
r
The capacities of the storage input and output facil-

ities and the transmission facility are given by

N
. n _n
Sl = 2 Pr-x 3 (80)
n=1
1
S, = o @ag[yij], and (81)
<1 l,J
- ms - 2
p = @ag[yij] = e,5,. (82)
1,J

The above cquations are actually part of the constraints in
the final problem formulation. The equalities may be
replaced with "2" type inequalities without affecting the
solution value as long as the costs of the facilities
increase with their capacities. The annual equivalent

installation costs of the three facilities are given by

bl
(a/p) e 0 (5,), (83)

b,
(a/p)r '¢2(52)' (84)
b
r

(a/p) t-g(p), ' (85)
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where ¢l, ¢B and g are the functions provided by the user.
The annual operating and maintenance (O0&M) cost of the input

conversion facility is obtained by

I
0,- Z d, .-w;, (86)
1. i i
i=1
where Ei is equal to 1 - Pr(shortage) times the number of

days in season i (di), and O, is the per Kwh O&M cost. The

1
annual O&M cost of the output conversion facility is, on the

basis of the input to the facility,
(0,/e,) = U, (87)

where U is the expected total output from the facility in a

yvear, excluding the days when shortage occurs. More precisely,

I J
U= Z d. ( Z h, * vy..), (88)
= ':1

where the inner summation term represents the gross amount of
the daily input to the network divided into J periods.

The expected anmual fuel cost savings can be expressed

I J
Z z [f(E,.) - £(E, .-Xy..)]*h.-d., (89)
i=1 j=1 ij ij ij J i
where the terms inside the brackets represent the expected
per hour fuel cost savings when the demand is Eij Kw and

the net received power from the storage system is Ayij Kw.

At any time, the power from the storage system must be less
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than the difference between the demand and the minimum capacity

of the power plants, or

m
< - 1 4 1
)\yij Eij E" for all i,j. (90)

Other constraints that are of minor importance, as
{far as the formulation is concerned, are those on the land
availability and the desired minimum and maximum capacities

of the windpower system. They are

N M

T A%.xT s AT, (91)

n=1

s, 2P, and | (92)
M

s, SP, (93)

where AM is the maximum available land, and P" and fM are
the minimum and the maximum capacities of the windpower system.
In this model, the daily discharge from storage var-
ies from season to season, while the shortage probabilities
are kept the same for all seasons (the user of the model
specifies the shortage probability). Therefore, for a
given shortage probability and the characteristics of the
daily output from the windmills, the storage capacity
SO and the daily discharge from storage must be determined
simultaneously. To illustrate how this can be done, let us
take a two-season storage problem in which the input is nor-
mally distributed and the output is constant in each season.
Let

W W, = means of the input distributions in season 1 and

1’ "2

season 2,
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Dl,D2 = standard deviations corresponding to Wl and Wz,
and
Yl,Y2 = daily output from storage in Season 1 and Sea-

son 2 to be determined along with SO'
Figures 16-a and 16~b illustrate a possible way of operating
the storage system. To find how Yl,Y2 and SO are interre-
}ated, we first determine the ''relative' output my and m2

as indicated in Figure 16-c¢ from

W, - Y = (w—ml)-Dl, and (ok)
W, - Y, = (w—mz)-Dz. (95)

With m, and m, determined, the '"relative'" capacities kl and
kz are obtained from the relationship

k, -m = y(w-m ), for i = 1,2, (96)

where § sets the shortage probabilities in all seasons to a
pre-fixed value. Figure 17 gives an example of such a func-
tion for a 0.1 shortage probability. The points on the graph
are obtained from Figure 15 by drawing a horizontal line for
a 0.1 shortage probability and reading the intersections
between the line and the curves. The relationships between
SO and Yi's are given by

S. - Y, = (kl-ml)'D and (97)

0 1 1’

Sg = Y, = (k2—m2)-D2. (98)

0
For the given input distributions and shortage probability,
the interrelationships described by Equations 94-98 charac-

terize the operation of the storage system.
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c
Seasons 1 and 2 Standardized
Std. Dev.=1

ky Ky

-—— - ——

w Standardized Daily
Input to Storage

5 —>
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N
10 -
-
8-J
Input: mnormally distributed with
P. =~ mean w and variance 1

(0,7.0)
Shortage Probability: O.1

k-m = Y(w-m)

57 p 0.125,3.8)
(0.25,2.5)
2 P3
- (0.75,0.8)
5 5 (1.0,0.5)

o] 6~

I I I ] i 1 i T 1 I P
0.0 0.2 0.4 0.6 0.8 1.0

Figure 17. Relationship between the capacity and the output
for 0.1 shortage probability.
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In generating the equations which describe the stor-
age system optimization model, we must incorporate the input/
output conversion efficiencies into Equations 94-98 and sub-
stitute Yi's with
J
. h.*y. ..

J:.]. J 1\]

The complete formulation of the model is as follows:
I J

Maximize . L) . .=Ay. .)]-h.-q,
wximize i§1 jf& {[f(ElJ) f(E13 le)] hJ dl}

N b
w n n n
n?l {Ka/p)r +0w].Cw + Ca A er }. x

Po by b,
[(a/p)r °¢0(50) + (a/p)r '¢l(Sl) + (a/p)r -¢2(82)3

I _ 1
-[Z o0,4d W + = .0_-U]
. 1 e

i=1 1 i 5 2
by
- (a/p)r .g(p) (99)
N n (o]
subject to Z w‘i‘-x = W for all i (100)
n=1
N n n (o)
Z Dlex" =D for all i (101)
n=1 i 1
N n n
3 . _ ;
n:.l P +x =5 (102)
N n n M
T OATex S A (103)
n=1
s, 2 p™ (104)
M
S. S P (105)
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1 J o
I z hoey, . + (w—mi)'Di
12 =1 J 7Y
- wg for all i (106)
1 J o}
c e, Z h'“yi' * (ki~mi).Di
1%2 4-1 9 7Y
1 .
= =— . § for all i (107)
e 0
1
k. -— m, = p(w-m,) for all i (108)
1 1 1
I J _
r I (h.-y..) - d., =U (109)"
i=1 j=» 44 t
L .y  <s for all i, j (110)
e, ij 2 ’
e, * S, =P , (111)
A-y.. SE,. - E" for all i,j (112)
ij ij
x* =20 for all n. (113)

The objective function contains the terms representing
the expected fuel cost savings, windmill and land costs,
storage system costs and transmission facility cost, all in
annual equivalent costs or savings. No assumptions are made
in the formulation regarding the characteristics of the cost
functions f, ¢i's and g.

All the constraints in the above formulation were
discussed in detail during the model development. Therefore,

only brief descriptions of the constraints are provided below:



Constraint
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101
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103

104

105

106

107

108

109

110
111

112
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Description

Mean of the daily output from the windmills
Standard deviation of the daily output from
the windmills

Total capacity of the windpower system (which
is equal to the storage input capacity)

Land availability

Minimum capacity of the windpower system
Maximum capacity of the windpower system
Relationship between the daily input to the
storage and the output from the storage
Relationship between the storage capacity and
the daily output from the storage

Functional relationship between the storage capa-
city and the daily output used to specify the
probability of shortage

Annual total electricity transmitted to the
network

Storage output capacity

Transmission capacity

Maximum windpower usable in fuel cost saving

in the given time period

In Case B, the objective is to find a minimm cost

design for the windpower systems that will deliver specified

levels of power. Minor modifications of the model developed

for Case A are required to handle Case B. The changes required

are:
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. climinating the terms in the objective function that give
the annual fuel cost savings and dropping Constraint 112,
and
2. adding whatever constraints are necessary in specifying
the levels of power to be transmitted to the network.
The power levels can be specified in many ways. For example,
the user may simply want to set a lower bound on U, .the
total amount of electricity delivered by the windpower sys-—
tem in a year; or he may want to set limits on some or all
of the yij's, i.e., set limits on the Kw power generated by
the system in season i, period j. In either case, only

trivial changes are necessary to use the model for Case B.

Characteristics of the Model and Solution Techniques
The problem formulated contains I(J+4) + N + 5 vari-
ables and I(2J+5) + 6 constraints (not counting the non-
negativity constraints). The objective function is separable
since it is composed of single variable terms or functions.
We can treat w - m, and k, - m, in Constraints 106-108 as
single variables by substituting them with new variables.

The feasible solution space is non-convex because of the

non~-linear equality constraints 106 and 108. This non-
convexity of the feasible region Iesulting from the non-
linear equality constraints makes it difficult to solve for
a globally optimal solution. Some of the computationally
cfficient non-linear programming algorithms that can be used

in solving the problem are the penalty function method (or
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the Sequential Unconstrained Minimization Technique) discussed
in Zangwill (38) and the géneralized Benders partitioning
procedure (11). However, an in-depth search for the most
computationally efficient algorithm for the problem is out-
'side the scope of this research. Instead, the model will be
tested using separable programming after separating the pro-
duct terms in Constraints 106 and 107 by logarithmic trans-

formation. To do this, the following substitutions are wmade:

J
ei « T hey .+ T, =Wy (114)
1%2 j=1 9
J
1 1
. Z h.,y.. + 2, == +«3§ (115)
e e, jop 9 i3 i e 0
(o]
log T, - log (w-mi) - log D =0 (116)
o .
log Z, - log (ki—mi) - logD; =0 (117)

With the above constraints replacing Constraints 106 and 107
in the original formulation, the problem can now be solved as
a separable programming problem. However, due to the non-
linearity of the equality constraints 116 and 117, a globally
optimal solution cannot be guaranteed using this technique.
(See Chapter III for a further discussion on separable pro-

gramming. )

Data Generation
The general discussion given in Chapter III for the
no storage model also applies to the model developed in this

chapter. However, the generation of the data matrix is more



96
complex in this model because of the linear approximations
of the non-linear functions in the constraints. A computer
program has been developed to generate the problem matrix
which can be solved using the IBM 360 mathematical program-—
ming system (17) (see Appendix G for the documentation of the
program). Computational experience with this programmed

model will be presented in Chapter VI.

Consideration of the Condition of Significant Serial
Correlation of Wind Speeds

The preceding part of this chapter showed (a) how a
very low serial correlation of wind speeds led to mormally
distributed daily output for every windmill regardless of its
particular design characteristics and (b) how a storage model
discussed in Chapter IV could be incorporated into the wind-
power systems model in Chapter IITI for the case of this very
low serial correlation. This section deals with the wind
condition in which the velocities in successive time incre-—
ments indicate a significant degree of correlation.

Some elaboration is necessary at this point concerning
the methods of representing the persistence of wind speeds.
For the purpose of this research, the effects of seasonal and
diurnal variations of wind speeds must be distinguished from
their persistence. The seasonal éffect can be separated out
by simply measuring the correlation with each season. The
difficulty lies in distinguishing the "true" persistence
from the effect of diurnal variation. Two methods are com-
monly used in representing the correlation in any time series:

transition matrices and auto-correlation coefficients for
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various time lags. Of the two methods of representing the
serial correlation, auto-correlation as a function of time
appears to be easier to work with in windpower analysis.
Whichever method is used, one must consider an inherent assump-
tion made in expressing the correlation of a time series.

The assumption is that the time series is stationary, i.e.,

its underlying probability distribution is the same for all
time increments. For the wind characteristics that show low
diurnal variation, one may directly use the measured data in
constructing the velocity transition matrices or computing the
auto-correlation coefficients. However, if the wind speeds
show a significant diurnal variation, the data need to be
treated in someway so that the resulting time series may be-
come stationary. Two conceivable ways of doing this are to

(a) take the differences between the actual "hourly'" measure-
ments and their expected values and compute the correlation

in the differences and (b) express the measurements on a rel-
ative scale by dividing the actual "hourly" wind speeds by their
cxpected values and compute the correlation with the normalized
data.

The remainder of this section discusses how the previous
model can be modified for the case of low but significant serial
correlation and what analysis could be done for the case where
the correlation is high between the hours, but very low between
the days. If the daily averages are correlated, the storage
models in Chapter IV do not apply. Since little work has

been done in storage systems analysis with correlated inputs,
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the last case would probably require a simulation approach.

This case will not be addressed in this research.

Modification of the Model for Low Serial Correlation
The following presents a method of modifying the
model using auto-—correlation coefficients and the Central
Limit Theorem for finitely dependent variables in a stationary
time series.
Given a time series {Xi, i=1, ..., n}, the auto-

correlation coefficients r, 's for time lags t = 0,1, ..., L-1

t

are obtained by first calculating the auto-covariances vt's

of the series and then dividing v_ 's by v

t o° The formula fpr
calculating vt's is given by
n—-t n 2
1721 XXyt 1231 X3 .
P — - - for t = 0,1, ..., L-1. (118)
The auto-correlation coefficients rt's are given by
Vi
r, = — for t = 0,1, ..., L-1. (119)
t Vo

If wind data show insignificant diurnal variation and the
computed auto-correlation approaches zero within several hours,
the daily output from a wind power system will be approxi-
mately normal. In this case, the model develeoped in Chapter V
may be used for system optimization. This extended applica-
tion of the model is based on the Central Limit Theorem for
finitely dependent variables in a stationary stochastic pro-~

cess. Anderson (2) states the theorem as:
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Let Yy1Ygo eee be a stationary stochastic process such

that for cvery integer n and integers tl, ooy tm

(0< t, < ... <t )Y, 3, evey, ¥, is distributed inde-
1 n’ Jt, t,

pendently of y., ooy, ¥y, . and y y esss If E =
1 tl m-1 tn+m+1 Yy
T
0 and Ey2'<°° , then T yt/J T has a limiting normal
t t=1 <
distribution with mean 0 and variance
E 2 + 2E + oee + 2E . (120)

Y1 Y132 Y1Ym+1

Using the notations Xi's and v,'s, the theorem may be restated

t
as: 1if the time series {Xi's} is staticenary and Vi approaches
N
zero for t much shorter than some time length N, then X Xi
i=1
is approximately mnormally distributed with
mean = N « X and (121)
tO
variance = N » (v, + 2 % v, ), (122)
0] t
t=1
where X = expected value of Xi, and
to = shortest time lag beyond which re approaches zero.
In terms of Vo and rt‘s as defined in Equation 119,
tO
variance = N » (1L + 2 Z r,) « v.. (123)
£o1 t 0

In applying the theorem to the case of low serial
correlation and insignificant diurnal variation of wind
speceds, only minimal changes are necessary in the original

model formulation. The changes are:
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1. Subscript 3 used in Equations 73-78 is dropped since in the
absence of diurnal variation of wind speeds, only one
wind distribution is necessary for each season.

2. The equation used to compute the standard deviation of

daily output from one unit of design n (Equation 74) is

changed to
tO
D% = [he(142 £ =, )-V(g™1%, (124)
i t. i
t=1 i
vhere h = number of time increments in a day,

V(q?) = variance of power output (Kw) from one unit of
design n in season i,
r, = auto~correlation between the power output
* separated by t time increments in season i, and
to = shortest time lag beyond which ry becomes zero.

The difficulty in using Equation 124 is that the

auto-correlations of power output r, 's really depend on the

t.
i

power response characteristics of the windmill. Therefore,

to obtain the exact values of ry 's, the wind speeds in suc-
i .

cessive time increments must be transformed into the expected

power output and a separate set of r, 's must be calculated

i

for each windmill design. One way of avoiding this is to

t

approximate r, 's with the auto-correlation coefficients of

t.
i

the wind speeds. The accuracy of the approximation would
vary with the cut-in and flat-rate speeds of windmills. The

T, 's may also be approximated by the auto-correlation coef-
i

ficients of expected power output based on some "average"

cut-in and flat-rate speeds (e.g., 10 mph cut-in and 20 mph
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flat=1rate speed).
The preceding discussion on modifying the model
applies to the case of an insignificant diurnal variation and
a low serial correlation of wind speeds. When the wind speeds

show a significant diurnal variation in average value, but

not in variance, we can compute the auto-covariances vt's
of time series {x,, i = 1, ..., n}, where x; is the differ-

ence between the observed and the expected velocities in

time i. If the result shows a low correlation, then we can
procecd to calculate the variance of the daily output given
in Equation 124. However, the expected value of the daily
qutput should be computed using Equation 75. If both average
wind speed and variance change with the hour of day, the
model would not be applicable. This case may be treated in
the same way as the condition of high serial correlation dis-

cussed next.

An Approach to Modeling for High Serial Correlation

If the wind data indicate a high serial correlation,
the total daily output from the windmills may no longer be
normally distributed. Because the model in this chapter is
based on a normal daily output, other methods would have to
be used to solve the problem. One method might be fixing
the cut-in and flat-rate speed of windmills énd optimizing
over the diameter and the number of windmills, storage
capacity, and the electricity transmitted each day. Also,

this method can only be applied to the case where the
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daily nverage'wind speeds are not correlated in any given
scason because the storage models in Chapter IV require
independent, random input. The general steps involved in
this method are as follows:
1. Fix the cut—-in speed, flat-~rate speed and efficiency
of the windmills, and using the actual hourly observa-
tions of wind speeds, generate the distribution of the
expected daily output per unit-rotor area for each season.
2. Compute the shortage probabilities based on the per-unit-
area daily output distributions in much the same way as
the shortage probabilities for a normal distribution were
computed, and estimate the functional relationship y for
cach season (see Figure 17).
3. Construct a model similar to the model developed in this
chapter.
Notice in Steps 1 and 2 that the daily output distributions
are on a basis of per unit-rotor area. This should not cause
any particular problem in modeling because of the direct,
lincar relationship between the system daily output and the
per-unit-area daily output.

The method discussed above requires an extensive data
analysis and tedious calculations of shortége probabilities.
Thus, the optimization of windpower systems for the condition of
high correlation of wind speeds appears to be very difficult
to obtain. Appendix D présents an analysis of a set of Okla-
homa wind data, carried out in line with the discussions given

in this section.



CHAPTER VI
COMPUTATIONAL RESULTS

This chapter presents the results of solving test
problems using the computer programs developed from the
economic models in Chapters III and V. The purpose of
presenting the computational results is to demonstrate the
usc of the programmed models in studying the economics
of large—scale windpower systems—-it is not to judge or
predict the economics of wind-generated electricity at
the present time in any particular location. The docu-
.mentations of the programs, used as matrix generators in
selling up the separable programming problems with the
input data, are provided in Appendices F and G, along with

cxample input data and the output matrix structures.

The Test Data

Appendix E gives a set of base case data required for
the computations. The data were compiled solely for testing
the models, and do not necessarily represent any existing or
planned windpower systems. Computational results were obtained
by solving a series of test problems created by changing part

of the base case data. Figure 18 shows the plots of
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per Kw wind turbine installation cost for the base case.
The cost data are the results of interpolating the data
produced in a current windpower systems research projecct at
Kaman Aerospace Corporation (Meier (21)). In the figure,
the cost is represented as a function of rated power which
is in turn a function of rotor diameter and flat-rate speed.
The land cost is excluded from the installation cost shown
in the figure. TFigure 19 shows the total plant fuel cost
function for the base case. The marginal fuel cost corres-
ponding to the total fuel cost increases from four mills per
Kwh at 1,000 Mw load to twelve mills per Kwh at 3,500 Mw
capacity 1oad.l The maximum average demand in the test data
is 2,840 Mw that occurs in the afternoon of the summer season.
The marginal fuel cost at this level of load is approximately
ten mills per Kwh., A complete list of the test data includ-
ing the demand, wind speed distribution and storage costs is
provided in Appendix E. The summaries of the test problems
and their solutions are tabulated in Tables 1 and 2 for the
model without storage and in Tables 3 and 4 for the model with

storage.

Windpower System with No Storage

Column 1 of Table 1 numbers the test problems for the

no storage model starting with 1 for the base case. Columns 2

lAssuming a 38 percent conversion efficiency, a fuel
cost of 12 mills per Kwh corresponds to a fuel input cost of
1.34 dollars per million Btu's.
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TABLE 1

TEST PROBLEMS FOR THE MODEL WITHOUT STORAGE

1 2 3 4 5 6 7
Problem Fuel Cost Mean Vel. Minimum Tower Cut—-in Windmill
N mber Multi 1§er at 146 ft. System Height Speed Per Kw
umbe 1pLi (mph) Capacity (ft) (mph) Install.
(Mw) Cost
1 1 13.0 0o D 7 f(Pr Vr)
2 to 5 3959799
6 5 100
7 5 16.3 100
8 5 19.5 100
3 5 9.8 100
10 5 100 0.5V
11 5 16.3 o.5f(5oolvr)
12 5 16.3 o.5f(Pr|vr)
13 5 16.3 100 0.5F(P_|V )
14 5 16.3 100 O.5f(500'Vr)

0T



TABLE 2

SOLUTIONS OF THE TEST PROBLEMS FOR THE MODEL WITHOUT STORAGE

L 2 3 4 5 6 7 o 9 10 11 12 13 14
Annual
Annual Per Annual
Problem Fuel Annual Windpower System Design Unit Trans~
Number Annual Cost Net Wind- mis- Average
System Sav- Sav- Flat- mill sion Load Factor
Cost ings ings Rate- Rated Number Cost Cost (Percent)
(MM (MM (MM Dia. Speed Power In- (M (M

dols.) dols.) dols.) (ft.) (mph) (Kw) stalled dols.) dols.) Sum Fall Win Spr

1 o} 0 0 - - - - - o} —_— = = =
2 to 5 0 0 0 - — -~ - - 0 _—_ = e -
6 11.32 5.80 -=5.52 150 25 563 178 63.5 12.1 18 25 28 31
7 - 11.32 9.21 -2.11 150 25 563 178 63.5 12.1 32 39 42 48
8 42,78 4y 43 1.63 150 25 563 673 63.5 45.8 46 Ll 53 60
9 11.32 2.70 -=-8.62 150 25 563 178 63.5 12.1 8 12 13 15
10 11.32 5.36 -5.96 150 25 563 178 63.5 12.1 15 23 26 30
11 33.86 50.10 16.24 150 23 4138 1,142 29.6 60.5 37 38 47 51
12 28.69 i, 91 16.22 150 25 563 889 32.2 60.5 32 35 43 48
13 28.69 36.42 7.73 150 25 563 889 32.2 60.5 24 29 35 40
14 33.99 42.52 8.53 90 23 158 3,171 10.7 60.5 29 33 4o 46

Average solution time on IBM 370 computer: 3.5 seconds.

80T
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to 7 list the differences between the base case problem and
the other problems. The blanks in each column indicate no
changes from the base case. The fuel costs changes from
the base case are made by multiplying the base case fuel
cost function by some factor, which is specified in Column 2.
Column 3 shows the mean of the wind speed distribution used
in each problem. The wind distributions for the problems
have the same coefficient of variation (i.e., the ratio of
the standard deviation to the mean). Different wind distri-
butions are obtained by multiplying a 2 mph increment of the
base case distribution by 0.75, 1.25 and 1.5 to get 9.8,
16.3 and 19.5 mph average velocities. Column 4 specifies
the minimum required capacity of windpower system. The max-
imum capacity is set equal to 500 Mw in all problems. The
tower height of wind turbines is shown in Column 5, and is
set equal to the rotor diameter in Problems 1 to 12 and 100
feet in Problems 13 and 14. The cut—-in speed shown in
Column 6 is fixed to 7 mph for all windmills in all problems
except in Problem 10 in which it is set equal to omne-half
of the flat-rate speed. The per Kw capacity installation cost

of windmills is shown in Column 7. The notation f(PriV is

)
r
used to represent that the per Kw installation cost is a
function of rated power for given flat-rate speed (see Fig-
ure 18). In Problems 11 and 14, the per Kw cost depends

only on the flat-rate speed, and is set equal to one-half

of the base case cost of a 500 Kw unit. In Problems 12 and
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13, the installation cost is simply reduced from the base
case cost by half.

Table 2 gives the solutions of the problems in
Table 1. Column 2 shows the annual equivalent cost of the
windpower system described in Columms 5 to 8. Column 3
gives the expected annual fuel cost savings. Column L4 shows
the net savings or losses, which is the difference between
Column 2 and Column 3. The annual per unit windmill cost in
Column 9 consists of the annual equivalent installation cost
(25 year economic life, 10 percent interest rate), the annual
cquivalent land cost (10 percent of the purchase cost), and
the annual O&M cost (4 percent of the installation cost). The
average load factors in Columns 11 to 14 represent the
ratio of the average power transmitted to the network in
ecach season to the capacity of the windpower system. Accor-
ding to the model formulation in Chapter III, the average
power transmitted may be less than the average power gener-—
ated. This case arises when the expected windpower generated
in some period is greater than the amount that the power
system can use for fuel cost savings. Although not shown
in Table 2, in Problems 6, 11 and 12, excess power is gener-—
ated in the first period of Seasons 2 and 4.

The solutions to Problems 1 to 5 indicate that it is
not economical to build a windpower system under the condi-
tions stated in the problem.

In Problem 6, the minimum capacity is set to 100 Mw
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in addition to increasing the fuel costs by a factor of four.
Under this condition, the annual losses would be 5.52 million
dollars with the installation of 178 units of windmills with
the largest diameter (150 ft.) and the highest flat-rate
speed (25 mph) considered in the problem. From Figure 18
the per Kw installation cost of these windmills is approx-
imately 740 dollars. Including the land and O&M costs, each
unit will cost 63,500 dollars on a yearly basis. The average
load factor would vary from 18 percent in the summer to 31
percent in the spring. The annual transmission cost is
almost negligible as compared to the annual total system
costs.

In Problems 7, 8 and 9, the average wind speed is
varied to see how the wind velocity distribution affects the
solution. The losses in Problem 7 is shown to be ‘less than
the losses in Problem 6. With the high average wind speed
(19.5 mph) in Problem 8, a 379 Mw windpower system would
yield 1.63 million dollar net savings, meaning that the
return on the capital investment would be greater than 10
percent. With a one-third decrease in average wind speed
in Problem 9, the losses would be 56 percent greater than
the losses indicated in Problem 6. Problem 10 is different
from Problem 6 in the cut-in speeds of the windmills. From
Column 4, it is seen that the changes in cut-in speed from
7 mph to one-half of the flat-rate speed do not have a

significant effect on the solution.
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In Problem 11, the per Kw installation cost of wind-
mills is made to depend only on the flat-rate speed. For a
given Vr’ the per Kw cost is‘set equal to half the cost at
500 Kw capacity shown in Figure 18. 1In addition, the fuel
cost is incrcased four times and 16.3 mph average wind speed
is used in the problem. In this case, the optimal capacity
of the windpower system is 500 Mw, the maximum allowed for
the system. The optimal design of windmills in this problem
is shown to be 150 ft. diameter and 23 wmph flat-rate speed.
Problem 12 is different from Problem 11 in that the per Kw
installation cost varies with the capacity as in the base
case. The optimal solution indicates the installation of a
500 Mw capacity system. Problem 13 is the same as Problem 12
except that the tower height is fixed to 100 feet. The
resulting solution gives a smaller value of net fuel cost
savings. In Problem 14, which is the same as Problem 11
except in the way the tower height is set, the optimal solu-
tion indicates the installation of 500 Mw system consisting
of 90 ft. diameter, 23 mph flat-rate speed units.

In the solutions giving the design of 150 ft. dia-
meter and 25 mph flat-rate speed windmills, the average load
factors are shown to increase with the average wind speed.
In the casc of the same rotor diameters, but different flat-
rate speceds as in Problems 11 and 12, the load factors are
shown to decrease with increasing flat-rate speed. However,

the latter case may not be generalized because the effect
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will depend on the wind and the demand data used.

The average computer time required to solve the prob-
lems was approximately 3.5 CPU seconds on the IBM 370/158J
at the University of Oklahoma. The number of Simplex pivots
taken before the optimal solution was found ranged from
68 ror Problem 11 to 77 for Problem 14 with an average of
71 pivots.

Although the data used in the computations are
realistic to a certain degree, the results shown should not
be considered as indicative of the economics of windpower
systems at the present time in any specific site. The prob-
lems were solved merely for the purpose of demonstrating the
use of the programmed model.

The approach for modeling the system is general
enough for the user to make many desired modifications on
the model without much effort. The changes might include
adding further comnstraints to the model, using a different
method of determining the value of windpower, and incorporat-
ing quantity discount factors for the windturbines. In most
instances, only minor changes in the input data will be
required. The model is relatively inexpensive to run, and
therefore sensitivity analysis on important parameters can

be performed.

Windpower System with Storage

Table 3 lists ten Case A and five Case B test

problcems for the model with storage. The base problem



TABLE 3

TEST PROBLEMS FOR THE MODEL WITH STORAGE

1 2 3 4 5 6 7 8
Minimum
Windmill Elect. .
Install. Mean Vel. Shortage Trans. Scale
Problem Fuel Cost Cost at 146 ft. Prob. Per Year Factog
Number Case Multiplier Multiplier (mph) (Percent) (MM Kwh) for Di

1 A 1 1 13.0 10 0 10
2,3 A 3,5

4 A 5 394.2 104

5 A 5 15 372.3 J,ol1

6 A 5 20 350. 4 10%

7 A 5 1/2 16.3 394.2 J_olt

8 A 5 1/2 19.5 394.2 10L1

9 A 3 1/3 19.5 394.2 1oll
10 A 3 1/3 19.5 15 372.3 10*
11 B - 1 13.0 5 416.1 lOlt
i2 B - 16.3
13 B - 1/2 19.5
14 B - 1/2 16.3
15 B - —

lIn Problem 15,

a lower limit of 100 Mw is set on the average power transmitted

during the third and fourth periods of the summer season.

RIT
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for Case A is numbered 1 and that for Case B is numbered 11.
Column 3 gives the fuel cost multiplier used in each problem.
This column does not apply to the Case B problems which are
concerned with finding a minimum cost design. Column 4 gives
the Tfactors by which the windmill installation cost is
multiplied in the problems. The blanks in this and the fol-
lowing columns are used to mean that the data has the same
value as the corresponding base problem. Column 5 lists
the changes in average velocity from the base problem.
Column 6 indicates the probability of shortage which is
specified. For Case A, the shortage probability was varied
between 0.1 to 0.2, while in Case B, it was set equal to
0.05. Column 7 specifies the minimum amount of wind-generated
energy which must be supplied to the network in a year. The
values in the column correspond to an average of 50 Mw power
transmitted to the network in the days when no shortage
occurs. However, Column 7 does not apply to Problem 15.
In that problem, the objective is to find a minimum cost
design that will transmit at least 100 Mw of power during
the summer peak periods (with a probability of 0.95).

Column 8 gives the factors used to scale down the
standard deviation of daily output from windpower system
(i.c., Dz). The scaling is necessary to avoid potentially
large errors resulting from making a linear approximation of
logafithmic functions. The logarithmic functions are used

to separate the variable products involving D: in the model
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formulation (see Equations 101, 106 énd 107). Based on the
computational experience, for a good approximation the scal-
ing factor for Dg should be such that the reduced value of
Dg lies between 1 to 100 Kwh. The programmed model in Appen-
dix G internally uses another factor to scale up w-m, and
ki-mi. The method used to make a linear approximation of
logarithmic functions, along with the uses df scaling factors,
is discussed more fully in Appendix G.

Table 4 presents the solutions of the problems. The
golutions listed may not be globally optimal due to the
non-convexity of feasible region. However, attempts were
made to obtain better solutions for some of the probiems by
initially setting the values of the approximating variables
at their upper bounds in the first run and then at their
iower bounds in the next, but no improvements on the solu-
tions were obtained. This raises the probability that the
solutions obtained were actually the global optimums.

Column 2 of Table 4 gives the annual equivalent cost
of the "optimal" windpower system, which is described in
Columns 7 to 15. This annual cost of the system consists:
of the annual equivalent windmill cost, storage cost and
transmission cost. Columns 3 and 4 give the annual expected
fuel cost savings and the net savings (or loss) including
the windpower system cost. These two columns do not.apply
to Case B. Column 6 gives the Kwh cost and is obtained by

dividing Column 2 by Column 5. As in Table 2, the annual



TABLE 4

SOLUTIONS OF THE TEST PROBLEMS FOR THE MODEL WITH STORAGE

1 2 3 L 5 6 7 8 9 10 11
Annual Expected Windpower System Design Annual
Annual Fuel Annual Annual Per Kwh Per
System Cost Net Elec. Genera-— Flat- ’ Unit
Cost Savings Savings Transmitted tion Rate Rated Number Windmill
Problem (MM (MM (MM (MM Cost Dia. Speed Power In- Cost
Number dols.) dols.) dols.) Kwh) (Cents) (ft.) (mph) (Kw) stalled (M dols.)
1 0 0 0 0 : - - - - - -
2,3 0] 0 0 0 - - - - - -
4 44 19 11.01 -33.18 394.2 11.2 150 23 438 657 60.0
5 45.86  10.53 -35.33 372.3 12.3 {%'558 3% Z%é 6%3 23,‘81
6 L4k, 28 9.89 -34,39 350. 4 12.6 150 23 438 659 60.0
7 16.01 11.14 -4.87 394 .2 4,06 150 25 5613 371 32.2
8 12.42 11.21 ~1.21 394.2 3.15 150 25 563 275 32.2
9 9.46 6.65 -2.81 394.2 2.40 150 25 563 275 21.8
10 9.40 6.26 -3.14 372.3 2.52 150 25 563 277 21.8
11 41.29 - - 416.1 9.92 150 23 438 608 60.0
12 26.52 - - 416.1 6.37 150 25 563 354 63.5
13 12.19 - - 416.1 2.93 150 25 563 273 32.2
14 15.44 - - 416.1 3.71 150 25 563 356 32.2
15 5440 - - 539.3 10.09 150 21 333 868 58.2

LTT



TABLE 4--Continued.

1 12 13 14 15 16 17 18 19 20 21
Storage System Design Annual
Input Output Storage Mean of Daily St. Dev. of
Stor- Conver- Conver- and Output Daily Output Daily Output
age sion sion Trans. from Windpower from Windpower from Storage
Capa- Capa- Capa- Costs System (Mwh) System (Mwh) (Mwh)
Problem city city city (oM
Number (Mwh) (Mw) (Mw) dols.) Summer Spring Summer Spring Summer Spring
1 - - - - - - - - - -
2,3 - - - - - - - - - -
L 2,156 288 94 L,77 1,514 2,571 314 456 950 1,360
5 1,953 245 95 4.35 1,574 2,521 300 405 988 1,365
6 1,832 289 96 h,74 1,519 2,579 315 457 951 1,381
7 2,112 209 95 4,06 1,581 2,419 297 377 993 1,369
8 2,154 155 95 3.56 1,693 2,236 250 273 1,067 1,362
9 2,154 155 84 3.46 1,693 2,236 250 273 1,067 1,362
10 2,003 156 84 3.36 1,700 2,245 251 274 1,072 1,359
11 3,216 266 76 4.81 1,402 2,381 291 Loo 879 1,460
i2 3,232 199 75 4.0k 1,505 2,302 283 359 945 1,436
13 2,519 153 72 3.40 1,676 2,214 248 270 1,051 1,382
14 2,869 200 75 3.98 1,514 2,315 o84 360 948 1,434
15 4,183 289 125 3.88 1,911 3,039 361 481 1,200 1,870

QTT

Average solution time on IBM 370 computer: 25 seconds.
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cquivalent per unit cost of windmills in Column 11 includes
land and O&M costs. The input conversion capacity in Column
13 is the same as the total capacity of windmills. In
Columns 16 to 21, the values are given only for summer and
spring because of space limitations. The values for fall
and winter generally lie between the values for spring and
summer . |

Problem 1 is the base case problem. The solution
indicates that it is best to not install a windpower system.
In Problems 2 and 3, the fuel cost is multiplied by a factor
of 3 and 5, respectively. The optimal solution again indicates
that it is best not to install a windpower system under the
conditions specified. In Problem 4, a lower limit is set
to the wind-generated electricity transmitted to the network.
In this case, the installation of a system consisting of 657
units of 150 ft. diameter windmill and a 2,156 Mwh storage
would result in a 33 million dollar loss per year. The sys-
tem will input an average of 50 Mw power to the transmission
line 90 percent of time. The standard deviation of the daily
output from this system would be approximately 21 percent of
the average in summer and 18 percent in spring. Out of the
average 1,514 Mwh daily output from windmills during the
summer, 20 percent is lost during input conversion and the
rest is stored. Each day of the summer, 1,188 Mwh equiva-
lent energy is retrieved from the storage and is reconverted

into electricity. ''he output conversion efficiency used is
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80 percent, thus during the summer only 950 Mwh is fed into
the transmission line per day. The daily gross oufput from
storage during the summer (1,188 Mwh) is approximately 98
percent of the average net input (1,211 Mwh). In spring,
the daily gross output from storage is approximately 83
percent of the average met input. In both seasons, the.
probability of shortage occurring is 10 percent.

In Problem 5, the probability of shortage is set
equal to 15 percent. The solution indicates that the instal-~
lation of a mixture of 150 ft. D, 21 mph Vr units and 150 ft.
D, 23 mph Vr units and a storage system would cause a 35
million dollar annual loss in transmitting 50 Mw power with
a 15 percent shortage probability. In Problem 6, the proba-
bility of shortage is increased to 20 percent. The result
is a 34 million dollar annual loss. As expected, Column 12
shows the decrease in storage capacity requirement with the
increase in the probability of shortage in Problems 4, 5 and
6. 1In comparing Problems 4 and 6 with respect to the daily
output from storage, we see that the output is approximately
the same for both problems. The difference is in the total
wind-generated electricity used to save the fuel cost in
cach year. In formulating the model in Chapter V, it is
assumed that if the quantity left in storage is less than
the fixed daily output, the stored energy is mot transmitted.
Thus, the average 50 Mw power transmission is done only

during the days when no shortage occurs.
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In Problems 7 and 8, the average annual wind speed
is increased to 16.3 mph and 19.5 mph, respectively. In
addition, the windmill cost is reduced to one-half of the
base cost. The decrease in losses shown in Column 4 is
largely attributable to the reduced windmill installation
cost. From Columns 10 and 13, the capacity of the system
necessary to meet the minimum electricity transmitted under
a 19.5 mph average wind speed (Problem 8) is approximately
74 percent of the capacity necessary under a 16.3 mph aver—
age wind speed (Problem 7).

In Problems 9 and 10, the windmill installation cost
is reduced to one-third of the base cost and the fuél cost
function is wultiplied by a factor of 3. In addition, the
annual average wind speed is adjusted to 19.5 wmph. The
losses resulting from setting minimum values for the elec-
tricity transmitted to the network are shown as 2.81 and 3.14
million dollars for aAlO and a 15 percent shortage probabil-
ity, respectively.

Although not shown in Table 4, the daily total out-
put from storage in each season is optimally divided by the
model into four six-hour periods. In the presence of an
output conversion facility of which the installation cost
depends on its capacity, the division is determined by the
capacity of the output conversion facility as well as by the
per Kwh fuel cost that varies with the time of the day. For

example, in Problem 4 the daily output from storage after
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the output conversion is 950 Mwh in summer and 1,360 Mwh in
spring. The 950 Mwh total output is divided into four
periods such that the actual power transmitted is 0 Mw in
Period 1, 7.0 Mw in Period 2, 75.6 Mw in Periods 3 and 4.
In spring, the power transmitted is O Mw in Period 1 and 75.6
Mw in Periods 2, 3 and 4. The 75.6 Mw power corresponds to
80 percent of the output conversion capacity shown in Column
1k,

Problems 11 to 15 are Case B problems in which min-
imum cost designs are sought. The 5 percent probability of
shortage in Column 6 of Table 3 is assumed to be low enough
to consider the windpower system as an addition to the total
capacity of the power system. In this case, the gemneration
cost shown in Column 6 of Table 4 becomes an appropriate
measure for determining the system economics.

The solution for Problem 11 indicates that the min-
imum cost design given in Columns 7 to 10 and 12 to 14 will
supply 416.1 Mwh electricity per year at 9.92 cents per Kwh.

Problem 12 is the same as Problem 11 except that the
average wind velocity is increased 25 percent from the base
data. From Column 6, this higher wind velocity can reduce
the per Kwh generation cost by 36 percent. An average 19.5
mph wind coupled with a 50 percent decrease in windmill
installation cost, as specified for Problem 13, indicates
that windpower can be generated for less than three cents.

In Problem 14, the average wind velocity is increased to
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16.3 mph and the windmill installation cost is decreased by
half from the base data. The 3.71 cents per Kwh generation
cost of this'problem together with the generation costs of
Problems 11, 12 and 13 illustrates the sensitivity of the
solution to the windmill installation cost and the average
wind velocity.

In Problem 15, the power transmitted in Periods 3 and
/i during the summer season is specified instead of setting a
lower 1limit on the total electricity transmitted per year as
in the preceding problems. Except the specification of the
summer loading, the problem is the same as Problem 11l. The
solution shows that to supply 100 Mw power to the network in
the peak periods of summer with a reliability of 95 percent
the system requires a 289 Mw total windmill capacity (Column
13). The minimum cost windmill design for this problem is
150 ft. in diameter and 21 mph in flat-rate speed. The rela-
tively low flat-rate speed is apparently suitable for power
generation in the summer when the average wind speed is low.

The average computer time required to solve the
problems was approximately 25 CPU seconds. The number of
Simplex pivots required to obtain an optimal solution varied
from 208 for Problem 6 to 390 for Problem 2 with an average
of 265 pivots.

As has been demonstrated, the model can be used to
determine the optimal economic design of windpower systems

with storage, which are either installed for fuel cost savings
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or for capacity expansion. More specifically, thé model can
be utilized in selecting the sites, finding an optimal system
design for the sites, and determining the system economics by
the expected "net" fuel costksaved or by comparing the
expected per Kwh generation cost with that of other alter-
native power sources. One should recall that the model was
developed for the case in which the wind conditions are such
that the "hourly" average wind speeds are mnearly random or
show a low serial correlation. If wind speeds in successive
time increments show a high correlation, the model in Chap-
ter V cannot be used and therefore some other approach to

modeling the windpower systems may be required.



CHAPTER VII

SUMMARY AND FURTHER RESEARCH

Summarx

Two economic models of windpower systems, one for
systems without storage and the other for systems with stor-
age, are developed in this research. The models are designed
for use in assessing the economics of large scale windpower
systems that are operated in conjunction with existing power
networks.

In the model without storage presented in Chapter
III, all the power generated by windmills is transmitted to
the network. The fluctuation of output power caused by the
intermittence of wind is assumed to pose no severe problem
to the whole power system. The wind-generated power delivered
to the network is valued in terms of the fuel costs saved on
the existing power plants. The optimization is carried out
with respect to the design and the total capacity of wind-
mills. The required input data include site wind conditions
and per Kwh fuel cost that varies with demand. The model is
formulated as a non-~linear programming problem, and separable
programming is used as the solution technique.

Before developing the model for systems with storage,
Chapter IV presents two analytical storage models adapted

125
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from Moran's original model. In terms of wind energy storage
the first model represents a system in which all the energy
is first stored and a fixed amount of energy is then released
in each interval of time. The second model represents a
system in which only part of the energy is stored and the
rest is output directly. In both systems, losses occur dur-
ing input and output conversions. The purpose of this anal-
ysis is to determine the functional relationship between
storage capacity, level of output, and the probability of
shortage, so that the optimization model for windpower sys-—
tems with storage can be developed.

Following the storage systems analysis, Chapter V
incorporates the first storage model into the model devel-
oped in Chapter III for the site wind condition in which
the daily output from the windpower system is normally dis-
tributed. This condition arises when the wind speeds in
successive time increments indicate very low serial correla-
tion. Two cases are considered in modeling the system:

Case A where the objective is to maximize the difference
between the fuel cost saved and the windpower system cost,
and Case B where the objective is to find a minimum cost
design in meeting specified levels of demand. The optimiza-
tion model formulated is considerably more complex than

the model in Chapter III due to the non-linear constraints
associated with storage. As in the model without storage,
separable programming is used as the solution technique.

Chapter V also discusses how to deal with situations in
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which the wind speeds are significantly correlated.

Computational results are presented in Chapter VI
to demonstrate the use of the models in studying the eco-
nomics of large scale windpower éystems. The test problems
used in the computations include a base case problem for
each of the two modeis and a range of other problems cre-
ated by changing part of the base case data. The results
show that the values of the solutions are most semsitive to
the changes in the average wind speed and in the windturbine
installation cpst. Mainly due to the decrease in the per Kw
installation cost of windturbines with the increase in the
rated power, large windturbines having high flat-rate speeds
are selected under the conditions stated in the problems.
The results indicate that the programmed models based on
separable programming can solve a variety of economic wind-

power system design problems and are computationally efficient.

Further Research

Further research can be done in the following areas:
1. Modeling of the systems with storage for the condition

of highly correlated wind speeds.

Under this wind condition, the daily output from
the windpower system may not be normally distributed. The
major effort involved in modeling for this situation will
probably be (a) deriving a power output distribution from
the given wind speed distribution and the conversion charac-

teristics of the windturbines and (b) finding the relationship

~
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among the shortage probability, the storage capacity and
the output from storage.
2. Modeling of windpower systems in which only part of the
power ggnerated is stored.

A basic analytical model for this mode of storage
operation is presented in Chapter IV. Therefore, for the
case of normally distributed daily input to storage, the
analytical storage model can be relatively easily developed,
and then incorporated into the overall system model, follow-
ing the approach taken in Chapter V.

3. Modeling of multi-location windpower systems.

Under this system operation, the "windfarms" are
dispersed over a suffiéiently broad region, thereby increas-—
ing the probability that the wind is blowing in one or more
locations at any particular point in time. To analyze this
system, one would first have to do a detailed study of wind
data to determine the possible correlation between the wind-
power available at the dispersed locations. Then, based on
the probability distribution for the total power output,
one must decide what percentage of the expected total power
output could be considered as capacity expansion, with the
remainder valued by the fuel cost savings.

4, Incorporation of a variable leakage factor into the model
for systems with storage.

This is an extension of the model developed in

Chapter V to consider the energy lost during storage. To
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handle this leakagé factor, an analytical storage model
similar to those in Chapter IV would first have to be devel-
oped, and then incorporated into the general model in Chap-

ter III.
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APPENDIX A
TABLE 5

EXPERIMENTAL WINDMILLS

Builder, Year

Smith— St.

Desi Putnam Albans Alps, Gedser,

esign Vermont , Dorset, FRG Denmark

U.S.A. England 1957 1957
1941 1953

Diameter (ft.) 175 79 112 79
Number of Blades 2 2 2 3
Blade Tip Speed (mph) 179 268 168 87
Rotor rpm 29 95 4o 30
Rated Power (Kw) 1,250 100 100 200
Flat-Rate Speed (mph) 29 31 18 24
Efficiency (percent) 44 22 63 35
Cut-in Speed (mph) 17 13 - 13
Tower Height (ft.) 117 98 72 79
Type of Generator Synch. Synch. Synch. Asynch.
Generator rpm 600 —_ — 750
Step-Up Method Gear Dr. Pneumatic Gear Dr. Chain
Step-Up Ratio 21 — - 25
Blade Pitch Regu-~ Entire Entire Entire Blade

lation blade blade blade tip
Blade Pitch Servo Hydraulic Hydraulic Hydraulic Pneumatic
Roto? Position Rel~ Lee Lee Lee Wind

ative to Tower
Rotor Direction Elec. Elec. Elec. Elec.

Servo

Source: SBderg8rd, B., "Amalysis of the Possible Use of
Windpower in Sweden. Part I--Wind-Power Resources,
Theory of Wind-Power Machines," December 1973.
The figures in the original table are given in
MKS units.

lThe efficiency of the Smith-~-Putnam turbine refers to the
overall conversion efficiency, while the efficiencies of the
other three windmills are most likely given in terms of the
percent of the theoretical maximum (i.e., 60 percent).
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APPENDIX B

A SIMULATION OF DAILY OUTPUT FROM VARIOUS WINDMILLS

The purpose of this simulation is to make inferences

about the kind of correlation that the daily output from any

two windmills in a windpower system would show. To accom-

plish this, four arbitrary probability distributions of power

output are devised and the daily output from windmills is sim-—

ulated based on these distributions.

butions are made very different from

below:
1.0 1.0
Prob. Design 1 Prob.
0.5 ] 0.5
0.0 T T 0.0
o 1 1 2
X¢
1.0 1.0
Prob, Design 3 Prob.
0-5 by 0'5
0.0 T T 0.0
1 2
X
Figure 20.
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The hypothetical distri-

one another as shown

Design 2
-
§
0 1 2 2
Xt
T
Design 4
) LD
0 1 4 2
Xt

Hypothetical power output distributions.
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In the above figure, xi represents the power output from
windmill i during the time increment t. For simplicity, let

us assume that there are n time increments in a day and that the
wind speed distributions are the same in all time increments.
Let

n .
x* = I xi' for i = 1,2,3,4
t=1

total daily output from windmill i.

Then, we can generate the daily totals (Xi's) for many days
using a random number generator and compute the correlation
between Xi's. The procedure is: first, xi's are deter-
mined from the probability distributions using n random
numbers that apply to all i; then, xi's are summed over t
for each i to get‘xi for the day.

The result of a simulation for mn = 10 and 500 repli-

cations is given in the correlation matrix below:

Design
1 2 3 4
1 1.0 0.98 0.93 0.98
Design 2 1.0 0.98 0.99
3 1.0 0.98
4 1.0

The correlation matrices for n = 20 and n = 30 differed

1ittle from the above.



APPENDIX C

RELATIONSHIP BETWEEN THE SHORTAGE AND OVERFLOW PROBABILITIES UNDER
SYMMETRICAL INPUT AND FIXED OUTPUT

il

Let X input during the time t, following a symmetri-

t
cal probability'distribution over [O,M],
Yt = output during the time t which is the same as
the output in all other times,
Zt = storage level at the end of time t, and
k = capacity of storage.

Then, in a steady state

1

Pr(shortagelY, = M - m) = Pr(overflowIYt

t m),

where m is a value between 0 and M,
The proof is provided below:

{Zt} is a stochastic process that can be represented

by

Zy,p = min{k—m,max[O,Zt+Xt—Yt]}. (1)
Let Z% = storage level corresponding to Yt = m, and

Z% = storage level corresponding to Yt =M~ m.

s, = (em) - 22

Tt =M - Xt'
Then,

22, = (em) - 5,

= min{k-m,max [0, (k-m) - Sy + (M—Tt)
- (M-m)]}. (2)

Subtracting k -« m from both sides of the equation,
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~Si41 ° min{O,max[-(k—m),—St - T, + m ]}
= min{0,-min[k~m, s, + T, - m]}
= -max{0,min [k-m, S, + Ty = m]}
= ~min{k-m,max [0, S, * ’I‘t - m]}. (3)
Rewriting the above,
Sti1 = min{k-m,max [0,S5, -+ T, - m]]. (4)
From the definition of St’
Pr(zZ < 0) = Pr(s, 2 k-m). (5)

But, we recognize, from Equation 4 and Equation 1 with Yt =
that {St} and {Zi} are equivalent processes because the
"input" Tt in Equation 4 has the same probability distribu-

tion as Xt in Equation 1. Therefore,
Pr(s, = k-m) = Pr(Zi‘ 2 k-m). (6)
From Equations 5 and 6,

Pr(zf: < 0) = Pr(Zi‘Z k-m), or

Pr(shortage|Y, = M-m) = Pr(overflowlYt = m).

t



APPENDIX D

ANALYSIS OF A SET OF OKLAHOMA WIND DATA

The purpose of this analysis is to test the applica-
bility of the model developed in Chapter V for systems having
site wind characteristics similar to those in the data analyzed
here. The data come from the one-year hourly observations
made by the National Severe Storms Laboratory in Norman, Okla-
homa, at a television.tower outside Oklahoma City during the
June 1966-May 1967 period. The data represent the five min-
ute averages of the instantaneous wind velocities measured on
the hour at the 146 ft. level of the tower. A small per-
centage of the possible 8,760 data points were not gathered
due to instrument malfunctions, but were filled with smoothed
values by the author. Figures 21-a through 1 show the monthly
percentage frequency distributions of the measurements. The
percentage frequency distributions‘are based on 4 mph velocity
increments. For comparison, the monthly average wind speeds
taken from an Oklahoma City census datal are given in the
figures along with the monthly averages of the NSSL data.

Figures 22-a through d show the computed autocorrela-
tion coefficients of wind velocities (Vt‘s), velocity cubes
(Vg's), and a series (Pt's) defined by

P, = max {0, min(V,~10,20)}.

lU.S. Weather Bureau, '"Decennial Census of United
States Climate—-Summary of Hourly Observations, Oklahoma City,
Oklahoma, 1951-1960." Washington, D.C.: Government Printing
Office, 1963.
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m, = mean of the hourly observations of the NSSL data

m, = mean of the hourly observations of the Census data
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Figure 21. Continued.
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The velocity cubes signify the power content of the wind, and

the Pt's represent the power converted by windmills having

a 10 mph cut-in speed and a 20 mph flat-rate speed. Notice

~ the straight line approximation of the power output between

the cut-in and the flat-rate speed. The auto-correlation

coefficients were computed without comnsidering the effects

of the diurnal variation which set a cyclic trend in the

hourly averaged wind speeds (see Figure 6 in Chapter I).

The plots suggest the following:

1. The serial correlation of the power output can be closely
approximated by the serial correlation of the wind speed.
This closeness will probably not be affected by the vari-
ations in cut-in and flat-rate speeds.

2. The wind data show a high serial correlation. Because
of this, the model developed in the first part of Chapter
V cannot be applied to windpower systems under the wind
conditions similar to those of Oklahoma City.

When the wind Speeds are highly correlated between
successive hours, but not significantly correlated between
days, we may be able to model the windpower system if we can
obtain the probability distribution of the daily total power
output. For this particular data, a test was made to see
whether the expected power output in successive days was
significantly correlated. The test used is a rumns test

described in Miller and Freund1 and is based on counting the

11. Miller and J. E. Freund, Probability and Statis-
tics for Engineers, Englewood Cliffs: Prentice-Hall, 1965.




143

number of runs above and below the median of daily average
velocities. The use of daily average velocities instead of
expected power output is justified by the closeness of the
auto-correlations in the two series. The summary of the runs
test is presented in Table 6. The results indicate that the
daily power output was nct signi ed except

in two summer months and in November; therefore, it is rea-
sonable to treat the daily output Pt's as independent random
variables.

As the next step of the analysis, the probability
distributions of daily output were generated for two pairs of
cut-in and flat-rate speeds. Because of the small number of
data points in each month, the one~year data was divided into
four seasons. Figures 23-a through h show the frequency dis-
tributions for two pairs of cut-in and flat-rate speeds:

(7 mph,25 mph) and (10 mph,20 mph). (The horizontal axes of
the graphs are mnot scaled.) From the graphs, it is obvious
that no single probability distribution function, such as
gamma distribution, can fit all of the distributions without
additional data points which will give smoother distributions.
The analysis was therefore stopped at this point without

attempting to fit the distributions.
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TABLE 6

RUNS TEST ON DAILY AVERAGE WIND SPEEDS

Median Number of Runs Standard

Month ( ot ) Sta. Normal

Y Observed Expected Dev. Deviate
June! 13.3 8 16 2.74 -2,19
July 10.5 13 16 . 2.7h4 -1.09
Aug.”t 10.6 9 15.5 2.64 -2.46
Sent ., 8.3 13 15 2.6 -0.77
Oct. 12.3 12 16 2.74 -1.46
Nov.?! 14.8 10 16 2.74 ~2.19
Dec. 11.7 13 15.5 2.64 -0.95
Jan. 12.0 12 16 2.74 -1.46
Feb. 13.0 14 15 2.6 ~0.38
Mar. 13.2 15 16 2.74 -0.36
Apr. 16.2 13 15 2.6 -0.77
May 12.9 14 : 15 2.6 -0.38

lThe daily average wind speeds in these months are
not random at a 95 percent confidence level. The 95 percent
level corresponds to a negative 1.96 standard normal deviate.



Freq. a Fregq. b
25 Sept.-Nov. 25 _ Dec.-Feb.
Vv =7 Vv =7
c c
20 20 4 _
V. =25 V. =25
15 15 -
10 10 A
5 5 4
o o
Freq.
357
304
e Freq. £
25 4 Sept .-Nov. 25 A Dec.-Feb.
vV =10 VC = 10
20 Vv = 20 20 v = 20
157 157
104 10 ]
57 5
(0] o

20 4

15 +

10 A

5 4

Freq.
25 -

20 -

15

104

5 —

Mar.

-May

(0]

Freq. d

June-Aug.
Vv =7
V. = 25

20 -

SHT

June-Aug.
V. =10
c
V. = 20
r
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APPENDIX E

TEST DATA

The data listed in this appendix are just example
test data prepared for testing the models in Chapter VI.
Although attempts were made to obtain as much published
data as possible, it was mnecessary to make reasonable approxi-
mations for part of the required data. The listing is divided
into four parts: (1) windpower systems design and costs,
(2) storage design and costs, (3) electricity demand and fuel
costs, and (4) wind speed distributions.
1l. Windpower systems design and costs.

a. Windmill design.

Assumed fixed for

Efficiency (7 ) = 0.40
} all windmills

Cut-in speed (Vc) = 7 mph

Range of rotor diameter (Dm,ﬁM) = (70,150) ft. at 10
ft. fixed increments

Range of flat-rate speed (V:,Vf)z (15,25) mph at 2 mph
fixed increments

Tower height (H) = rotor diameter (D)

b. Windmill costs
First cost (Cw): determined by interpolating the cost
estimates produced in a research

project by Kaman Aerospace Corporation.1

lRichard C. Meier, "Concept Selection and Analysis of
Large Wind Generator Systems,'" presented at the 31lst Annual
National Forum of the American Helicopter Society, Washington
D.C., May 1975. Preprint No. S-997.

146
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See Figure 18 and the program
listing in Appendix F for the
approximate per Kw installation cost.

Economic life (bw) = 25 years

Annual O&M costs = 4 percent of the first cost

Interest rate = 10 percent (applicable to all the

facilities in the system)
c. Land use.

Occupied area (A) = (8D)2/43560 acres (i.e., each
windmill occupies a square land
area 8D units on a side)

Land cost (Ca) = 300 dollars per acre

Available land (A™) = unlimited

d. Windpower system capacity.

Minimum (P™) = O Kw

Maximum (PM) 500,000 Kw
e. Power transmission.
Efficiency (A) = 0.90
Installation cost (g(p)) = 1.2-p dollars
assuming a 10-mile distance to the nearest
conmection point
Economic life (bt) = 50 years
2. Storage design and costs.
The storage system adapted for testing the model in

Chapter V is a hydrogen storage system, in which (1) the

input power is converted by Allis—~Chalmers type electrolyzérs
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delivering 1,700 psig hydrogen; (2) the hydrogen is stored
in an above ground pressure vessel operating at 1,700 psi
and at a negligible boil-off rate (0.05% per day); and

(3) a fuel cell system burning a mixture of‘hydrogen and
air is used to generate power. The figures tabulated belcw
are partially based on an AGA study.l The conversion fac-—
tors used in éxpressing the storage capacity in Kwh, and
the input/output capacities in Kw are 325 Btus per standard

cubic foot of hydrogen and 3413 Btus per Kwh, respectively.

Input Sforage Output
Conversion Tank Conversion
Purchase cost (dollars) 75 S1 2.7 SO 75 52
Capacity range (0,5x105) (O,lxlO7) (0,5x105)
Kw Kwh Kw
Efficiency 0.80 1.00 0.80
Economic life 15 50 15
0&M Costs (mills/Kwh) 0.5 0 0.3

3. Electricity demand and fuel costs.

a. Electricity demand (Eij in Mw)

Period
1 2 3 4
Season 0-6 A.M. 6-12 noon_0—6 P.M. 6-12 P .M.
1 (June-Aug.) 1590 2080 2840 2560
2(Sept.-Nov.) 1095 1545 1830 1710
3 (Dec.-Feb.) 1245 1725 1715 1670
4 (Mar.-May) 1200 1635 1775 1625

Source: A partial 1974 Oklahoma Gas and Electric Com-
pany record.

1American Gas Association, A Hydrogen—-Energy System
prepared by the Institute of Gas Technology, 1573.
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b. Aggregate plant fuel cost (dollars per hour)

2 4+ 0.000,8E + 1,600

£f(E) = 1.6 x 1072 . E
for E in the range of (1,0,3.5) million Kw
(see Figure 19).
This function gives an average fuel cost of 4 mills per
Kwh at E = 1,000 Mw and 6.86 mills per Kwh at E =
3,500 Mw. At the 1,740 Mw annual avefage demand as
in the demand data, the function gives 4.5 mills per
Kwh. The average fuel cost of the 0.G.&E. system
in 1974 was approximately 3.8 mills per Kwh. It is
noted that in 1974 almost all O.G.&E; plants burned

natural gas. These cost figures are lower than the

. 1
national averages™ as shown below:

Fuel Type Feb. 1974 Feb. 1975
Coal 5.7 mills per Kwh 8.2
Residual Fuel 0il 18.6 20.2
Natural Gas k.0 . _6.5
Weighted AVerage2 8.2 10.6

4, Wind speed distributions.
Data: The Oklahoma City television tower data.
Seasonal and periodic breakdown: the same as in the
electricity demand data.

Reference height (Ho) = 146 ft.

lBased on a 10,000 Btus/Kwh conversion. Source:
Federal Energy Administration, "Monthly Energy Review,"
Washington D.C.: National Energy Information Center, July,
1975.

2Weighted in proportion to the total Btus of the
fuel used for power gemeration in the United States.
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Vh H &
Wind profile function used: v = (ﬁ—) )
o o

where 0 is estimated to be 0.26 (see the calculation below).

Level Annual Average Estimate
(ft.) Velocity (mph) of ¢
40 9.3 0.257
146 (H) 13.0 (V) - } - 0.26
296 ° 15.8 ©° 0.272
581 18.0 0.234
873.5 19.8 0.234
1,166 21.4 0.239

16

Maximum number of velocity increments (K)

Velocity increment (Vo) = 2 mph

The probability distributions of wind speeds in all
seasons and periods are shown in Table 7. They are
obtained by smoothing the actual frequency distributions

of the one-year measurements.



TABLE 7

TEST WIND DATA

Vel June-Aug. Sept.-Nov. Dec.-Feb, Mar .-May
(mph) p.ll p.2l p.31 p.lfl p.1 p.2 p.3 p.4 p.1 p.2 p.3 p.h p.l1 p.2 p.3 p.h
0- 2 .010 .020 .015 .005 .025 .025 .020 .015 ..015 .015 .020 .020 .015 .010 .010 .015
2- 4 ,025 .045 .030 .020 .045 .055 .055 .040 .035 .035 .0O45 .045 .025 .020 .025 .030
4- 6 .060 .075 .060 .035 .070 .075 .085 .065 .060 .065 .080 .075 .0O45 .04LO .040 .060
6- 8 .120 .110 .090 .085 .090 .090 .100 .115 .075 .090 .095 .115 .070 .065 .055 .090
8-10 .165 .135 .115 .130 .110 .105 .110 .150 .100 ,.,110 .105 .125 .095 .095 .065 .125
10-12 .180 .160 .135 .200 .120 .115 .110 .145 ,120 .115 .100 .115 .125 .115 .085 .130
12-14 .185 .150 .140 .190 .130 .110 .095 .125 .125 .110 .090 .105 .130 .125 .100 .1l15
14-16 .125 .125 .130 .135 .115 .095 .080 .095 .115 .095 .080 .090 .115 .120 .110 .100
16-18 .060 .080 .115 .075 .086 .080 .065 .065 .090 .080 .075 .075 .100 .105 .105 .085
18-20 .025 .050 .070 .050 .065 .065 .060 .050 .070 .065 .070 .065 .080 .085 .095 .070
20-22 .015 .025 .040 .025 .050 .055 .050 .04O .060 .055 .060 .050 .060 .070 .080 .055
22-24 ,010 .015 .025 .020 .04O .050 .040 .030 .045 .045 .050 .040 .045 .050 .070 .040O
24-26 .005 .005 .015 .015 .025 .035 .035 .020 .035 .035 .045 .030 .035 .040 .055 .030
26-28 .005 .005 .010 .010 .015 .025 .030 .015 .025 .025 .03%5 .020 .025 .030 .045 .020
28-30 .000 .000 .005 .005 .010 .015 .025 .010 .020 .020 .025 .015 .015 .020 .030 .015
30-32 .000 .000 .005 .000 .005 .005 .040 .020 .010 .020 .025 .015 .020 .010 .030 .010
v 11.1 i0.9 12.5 12.1 12.5 12.8 13.2 12.1 13.6 13.5 14.2 12.9 13.9 14.6 15.7 13.4
3 4,8 5.7 5.7 5.0 6.5 7.4 8.0 6.7 6.9 7.2 8.3 7.0 6.3 6.6 7.3 6.5
s/v 43 .52 .46 .41 .52 .58 .60 .55 .51 .53 .58 .54 45 .45 .46 .49

1p.1: 0-6 A.M.

P.2: 6-12 noon

p-3: 0-6 P.M.

2Average velocity of the original data before smoothing.

3Sta\ndard deviation corresponding to v.

P.4: 6-12 P.M.

TST



APPENDIX F
DOCUMENTATION OF THE COMPUTER PROGRAM

FOR THE MODEL WITHOUT STORAGE

This documentation includes:
List of wvariables, constants and functions.
Column (variable) names in the output matrix.
Setup of the output matrix.
List of the program including the test data in Appendix E

and the MPS/360 statements used for solving the problem.

152



List of wvariables,

Program Notation

153

constants and functions.

Definition or
Chapter III Notation

A(N)
ALPHA
AMAX
AN(DIA)
AP(B,RI)
BT

BW

CA

CW(N)
CWN(PR,VR)
Cc1

DD(N)
DELD(I)
DELH(J)
DELY(I,J)
E(I,J)
EMAX
EMIN
ENUM
ETA
F(PE)

G(PT)

HN (DIA)

Function used to compute A"

(a/p):

Increments of Yij

Number of increments in EM--Em
N (Fixed in the program.)
f(E)

g(p)

Output unit

Function used to compute S



3(%)
11
INT
JJ
KK
K1N
K2N
LUM

NN

NUMY(I,J)

OBJ(-)
ow

PMAX
PMIN
PNUM
PR(N)
Q(1,J,N)
R(I,J,K)
Ve

VH
VR(N)
VVV(K)

Ve

154

1

Nfébj% =

Z >

Number of increments of Yij

Coefficients of the objective function

OW
P

Pm

Number of increments of p
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Column (variable) names in the output matrix.

Program Notation

Yijm

Yij
Xn

Pm

Definition or
Chapter III Notation

Variable associated with the mth

increment of yij

iJ
n
x

Variable associated with the mth

increment of p

p

Right hand side of the constraints
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3. Setup of the output matrix.l

Columns
Rows Yo", Y. . x? P P RHS
ij ij
0B
RA. . 1 S - 0
iJ AY; 5
RB. . -1 Q" > 0
1J 1]
RC1 pe -1 = 0
r
1
RC2 1 N = 0]
RC3 A" < aM
min. O 0 n O 0 p"
Bounds E. -E
max. 1 S R 1 PM
A

lThe elements in the matrix are actually vectors or
matrices themselves. The superscripts m and n vary before
the subscripts i and j, and j varies before i. Refer to the
problem formulation in Chapter III for the correct dimensions
of the elements. The notation used the first time in this
problem setup is:

n

AY. DELY(I,J)

ij

AP PMAX/PNUM
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List of the program.

I R SRR R R R LR R SRS LSS SR RS S SRR R L L L L 2
* THE MODEL FOR WINDPOWER SYSTEMS WITHOUT STORAGE *?
R RS R R RS R R R R R RS 2SR ESESE RS S ER R LS S

INTEGER HosNUMY(6,8)

REAL INTLUM,VR(100)+DELH(8) .

REAL DELD(6) ¢R(6+8,80),Q(6+8,100)+PR(100),+DD(100)
REAL CW{100),08BJ(400)s A(100)sVVV(16)DELY(648)E{E,8)
DIMENSION 12(2)4J2(2)+G2(2),PM(2)5UL(2)

COMMON H

DATA C1/4.00E~-6/+R/1920%060/

DATA EQsGTsLTeNOC/" E %, G ?,* L 49 N L4
DATA RAWRBIRC+UOB/*RA,'RB?,'RC*,°0B*/

DATA K1sK29K3IsKO0sKIG/ 19233049/

DATA YoXosPsRO0O0,8LK/'Y X0 ,0p0 2R, 3/

DATA PM/SE+,'E="/,UL/°UR*,*LO",

AN(DIA) = (DIA*8 .0)%%2/ 43560,

HN(DIA)=DIA .

AP(BeRI) = (RI*{1.04RI)*%B)/((1C+R1)%%8~140)
FIPE)=(1 +6E~9 ) RPE*%2 40 ,00082PE+1600,0

G(PT) = 1.2%P7

IF H=6 (Ie¢Ees THE OUTPUT UNIT IS THE PRINTER)s THE FIRST
CHARACTERS IN THE LINES PRINTED ACCORDING TO THE FORMATS
112, 135, 205, 220 AND 240 MUST BE REPLACED WITH BLANKS.

H=10
READ THE INPUT DATA

READ (S5+¢5) 11,JJsKKsNN
5 FORMAT (1015}
READ (S515) (DELD(1)eI=1,11)
READ (S+15) (DELH(J)»Jd=14Jd)
READ (5»15) ETALUM,VC
15 FORMAT (10EB8.0)
READ (5+17) ((DD(N)+VR(N) ) s N=1+NN)
17 FORMAT (20F4,0)
READ (Sel15) OWLCA+BW+BT» INT
READ (S¢15}) EMINEMAXIENUMePMINGPMAX s PNUMyAMAX
READ (5+15) VO.+HO, ALPHA
DO 30 I=1+1I1
00 30 J=1,JJ
30 READ (5¢35) (R{Le+JeK)eK=1,KK)
35 FORMAT (16FS.0)
DO 40 I=1,11
40 READ (S5+15) (E(ledled=1sdJ)

COMPUTE THE CUBES OF THE MEDIAN WIND SPEEDS.
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D0 62 K=1 KK :
62 VVV(K) = ((FLOAT(K) = 0eS5)%VO) %43
D0 80 N=1,NN

COMPUTE Q{I+JsN)s THE EXPECTED POWER OUTPUY IN SEASON 1.,
PERIOD J FROM GONE UNIT OF DESIGN N '

HF=(HN(DD(N) ) /7HO ) *%ALPHA "
HF3=HF *%*3
VR3=VR(N)*x%3
CED=C1#ETA*DD{(N) %2
VH=VO#HF
KIN=IFIX(VC/VH)+1
K2N=IFIX(VR(N)/VHI+1
K2NM=K2N-1
DO 75 I=1,11
DC 75 J=1+JJ
QN=°.0
DO 65 K=KIN,K2NM

65 ON = ON+VVV(KI*R( I+ JsK)
QN= CN*HF 3 :
GNPR=0.0
IF (K2N +GTs KK) GO TQO 7S
DO 70 K=K2N.KK

70 QNPR=QONPR + R{lsJeK)
QNPR=QONPR* VR3

7S5 Q(I+sJeN) = (GONH+QNPR)*CED

COMPUTE THE RATED POWER (PR), INSTALLATION COST (CW) AND
THE LAND REQUIREMENT (A) OF ONE UNIT OF DESIGN Ne

PR(N) = CED*VR3
CWIN)= CWN(PR(N)sVP(N))
A(N)=2N(DDI(N))

80 CONTINUE

EXPRESS THE EXPECTEC ANNUAL FUEL COST SAVINGS AS A
PIECEWISE LINEAR FUNCTION OF THE DEMAND MINUS THE
DEL IVERED WINDPOWER.,

NC=0

DELE = (EMAX-EMIN) / ENUM
DO 100 I=1,11

DELDI = DELD(I)

DGC 95 J=1.JJ

YMAX = (E{IL+J)-EMIN) / LUNM
NYM =IFIX(YMAX/DELE*LUM) + 1
DLY=YMAX/FLOAT{NYM)

NUMY {I+J) = NYM

DELY(I.J) = DLY

EIJ=E{(I+J)
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90

95
100

159

OLE=DLY#LUM

DO 90 M=1,NYM

NCM=NC+M
TEMP=F(EIJ-FLOAT(M~=1 )*DLE )-F(E I1J=FLOAT(M)4DLE)
OBJ(NCM)=TEMP*DELL I*DELH(J)
CONT INUE

NC=NCM

CONTINUE

CONT INUE

NYMT = NC

1d=11%4J

NC = NYMT + 1J

COMPUTE THE ANNUAL EQUIVALENT COST OF ONE UNIT OF
DESIGN N.

105

APW=AP (BW,+ INT)

DO 105 N=1,4NN

NCN=NC+N

OBJINCN)I==APWXCW(N) = CA*A(N)*INT - OWXCWI(N)

COMPUTE THE ANNUAL EQUIVALENT TRANSMISSION COST.

110
111
112

APT=AP(BT+INT)

NC=NC+NN

NPM=PNUM .

DELPO=PMAX/FLOAT (NPM)

CO 110 M=14NPM

NCM=NC+M
OBJINCM)==APT* (G(FLOAT (M) *DELPO)=-G(FLOAT(M=1)*DELPO))
WRITE (H,112)

FORMAT (* NAME® 510X+ *MODEL1? 460X +/*ROWS*¢76X)

OUTPUT THE CONSTRAINT TYPES FOR THE ROWS SECTION.

113

115

120

WRITE (H,s113) NOC,0BsK0sKO
FORMAT (A4,22,211,72X)

DO 115 I=1,.11

0O 115 J=1,sJJ

WRITE (He113) EQsRAs1I,J
DO 120 I=1,11

CO 120 J=1,JJ

WRITE (FHs113) GTsRBeleJ
WRITE (Hs113) EQ+RCeK14KO
WRITE (Hy113) EQsRCeK2,KO
WRITE (Hel1l13) LTsRCeK3,KO

BEGINNING OF THE COLUMNS SECTION.
THE NCON-ZERO COEFFICIENTS OF THE PROBLEM MATRIX ARE
OUTPUT IN A COLUMN ORDER.
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C

NnOO

NnON

132
135

‘160

WRITE (Hs135) ‘
FORMAT (*COLUMNS®,473X)
NC=0 '

ONE=1.0

ONEM==1.0

C OUTPUT YIJM COLUMNS,.

DO 160 I=1,11
DO 160 J=1,4J
WRITE (He140) Yo IeJsKO

140 FORMAT (4Xe *MK? 3Al931154Xe? % MARKER®*%, 17X,

) §

150
1€0

0928 SEPORG* * 4, 33X)
MM=NUMY (15J)
DO 150 M=1,MM
NC=NC+1 | ’
CALL PRNT (2:Y+13JsMcs0Bp0s0s0BJI(NC)s 19RA»I+Js0ONELO)
CONTINUE '
NMARK=1
WRITE (He170) NMARK

170 FORMAT (44X ENOMK? o[ 103X "' "MARKER®*®* 417Xy

auT

180

ouTt

188
190 .

CeISEPEND® * " 33X)
PUT YIJ COLUMNS,

DO 180 I=1,11

DO 180 J=1eJJ

CA==1e0/DELY(144)

CALL PRNT (2+Y 0l sJs0sRAsI19J9sCAs1sRBrI5J9ONEM.O)
NC=NC+1J

PUT XN COLUMNS,

DO 195 N=1,NN

N1=N/10

N2=N~10%N1

CALL PRNT(1sX9sNL oN2409s0B+0,0+sCBIINCH+N)91+8LK90s0+004+0)

K=1 :

00 190 I=1,11

DO 190 J=1,4JJ

12(K)=1

J2(K)=J

Q2(K)=Q{(Ll+sJeN)

IF (K oLTe 2) GO 70 188

CALL PRNT (29X sN1oN2s0sRBeI12(1)9J2(1)+Q2(1)91»
RBeI2(2)+J2(2)9Q2(2)01)

K=1

GO 70 190

K=2

CONT INVUE

IF (K +€Qs 1) GO TT 193
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CALL PRNT (1eXeN1oN2s0oRBsI2(1)+42C1)+:Q2(1)s1,
BLKs090sCe0+0)
CALL PRNT (2:XsN1sN230esRColo0sPR{NJs1eRCes3Is0+A(N)s1)

195 CONTINUE

NC=NC+NN

OUTPUT PM AND P COLUMNS.

200

WRITE (Hel40) PoyKO KO KO

DO goo M=1 , NPM

CALL PRNT (2+sPeM409040BsCs0+s0BII(NCH+M) 91 9sRCs2+0+0NEQ)
NMARK=NMARK+1

WRITE (Hs170) NMARK

CA=-1,0/DELPO

CALL PRNT (2+P+s0305s0sRCs19s0+sONEMO0OsRCs2+s0sCA,1)

OUTPUT THE NON-ZERO ELEMENTS IN THE RIGHT HAND SIDEe.

203 WRITE (H,208)

208

FORMAT (*RHS®*,77X)
CALL PRNT (1 4R000+0s030sRC9390+sAMAX 31 9BLKe0+0400,0)

QUTPUT THE BOUNDS ON THE VARIABLES.

220

225

230

235

240

999

WRITE (H,220)

FORMAT (*BCUNDS® 74X)

DO 225 1I=1,11

00 225 J=1.JJ

MM=NUMY (I + J)

DO 225 M=1 MM

CALL PRNTB (YsIeJeMeONE+sQe140)
DC 230 I=1,1I1

DG 230 J=14JdJ

YMAX=(E(Is J)=-EMINI/LUM

CALL PRNTB (YslsJs0eYMAX ,1,1,0)
DQ 235 M=]1 ,NPM

CALL PRNTH (PeM3040eONE+sQel1s0)
CALL FRNTB (Ps0s0sCsPMAX31+150)
IF (PMIN +LTe 0.001) PMIN=0,001
CALL PRNTB (Ps0+s0+0+sPMINs1+42,0)
WRITE (He240)

FORMAT (*ENDATA? ,74X)

IF (H eLEe 7) GO TO 999

ENDFILE H

REWIND H

sSTOP

END
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FUNCTION CMN{PRsVR)

THIS IS A FUNCTION FOR CALCULATING THE WINDMILL
INSTALLATION COSTe THE USER MUST PROVIDE A NMETHGCD OF

CA

LCULATING THE COST AND REPLACE THIS PORTION OF THE

PROGRAM WITH [T.

10
11

DIMENSION CIJ(6+7)sVI{6)5PI(T7)

DATA VI/Z13691Se118e92009230+2847/

CATA PJ/71e30131069942¢042e¢301926699¢3¢0936301/

DATA ClJ/3e8393e67493¢659366293e¢6093e57»
Je70903e57930¢430303793e632+3e25,
3e6313047930309362293e15+3606,
Je6190308293e2493e13e3¢0342691
3609364293 2033207929442 77>
30649364593 e2093e07392¢9302e74,
Je70903¢4893¢2393e1C22eG5492073/

P=ALOG10(FR)

DO S I=1+6

IF (VI(I) «GEe VR} GO TO 6

CONTINUE

DO 10 J=1.+7

IF (PJ(J) +GEe P) GO TO 11

CONTINUE

Fl=(VI(I)=-VRIZ(VI(I)=VI(I-1))

F2=(PJ(J)=FI/(PJI)=-PJ(J"1))

C1=F1%{(ClU(I=14J~1)=ClJU(1+J-1))4CEU(T04~-1)

C2=F1%(CIJ(I-1,J)=CIJ(I:J))#CL1I( 1+

C=(Cl1-C2)*F2+C2

CWN=PR*¥10.0%%(C

RETURN

END

Stk e it p p

SUBROUTINE PRNT (NCOLsloeJsKsROWloL14M1oW1l, ICONL,
1 ROW2:L2+sM2,W2,ICON2)

THIS ROQUTINE IS USEC TO OQUTPUT THE CULUMNS SECTION IN
MPS/360 INPUT FORMAT, IT OUTPUTS ONE OR TWO NON=ZERD
COEFFICIENTS PER LINE AS SPECIFIED BY THE PARAMETER N,

DIMENSION PM(2)

INTEGER H

COMMGN H

DATA PM/E+°%,%E~-"/

Is1=1

INI=0

Vi=w1

IF (ICON1 «NEe 0) CALL CONV (V1,IS1,IN1,W1)
IF (N oNEe 1) GO TO 10
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WRITE (HsS) COLsIoJsKeRQROWIoll9MLleVLPM(IS1),INI
S FORMAT (4XeAle3F1eIX02(3X0A2621196XeF9e¢59A2011)41GX)
RETURN
10 I1s2=1
IN2=0
va=w2
IF (ICON2 oNEe 0) CALL CONV (V2+1IS2+sIN2,W2)
WRITE (HeS) COLsIeJsKeROW1 L1 sM1,V1,PM(IS1),IN1,
 § ' ROW2,L2sM2oV2+PM{IS2),1IN2
RETURN
END

SUBROUTINE PRNTB (COLsIsJsKeWs ICONsIUL . IONE)

Cc
C THIS ROUTINE WRITES YTHE BOUNDS SECTION IN MPS/360
C INPUT FORMAT.
C .
DIMENSION PM(2),UL(2)
INTEGER H
COMMON H
DATA PM/YE+Y,%E~-'/,UL/7%WP,'LOY/
1S=1
IN=0
V=W
IF (IONE <EQ. 1) GO TO 10
IF (ICON oNEe 0) CALL CONV (Vs ISsIN, W)
WRITE (HeS) UL(IUL)sCOLsIsJeKeVePM{IS),IN
S FORMAT (1XeA291Xe*BOUND® +S5X9A1 9311 e6XeF9eS5+A2s11944X)
RETURN
10 DO 15 I1I=1,1
0O 15 JJ=1.J
15 WRITE (HeS) ULCIUL)eCOLyII1eJJIsKeVePM(IS),IN
RE TURN
END
SUBROUTINE CONV (VeISeINsW)
C
C THIS ROUTINE IS USEC TO CONVERT A NUMBER INTO AN FfE*
C FORMATe. THE FORTRAN *E®* FORMAT MAY NOT BE USED BECAUSE
C THE MPS/360 DOES NOT ALLOW A BLANK BETWEEN ®E®* AND THE
C NON-NEGATIVE EXPONENT.
C
DOUBLE PRECISION X,RN
X=ABS(Y¥W)
I1s=1

RN=DLOG10(X)
IF (RN +GE. 040) GO 7O 10
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RN=RN=1.0
I1s=2

10 IN=RN
V=W/100%%IN
IN=IABS{IN)
RETURN
END

22 X222 SRR RSN R R RE S
* THE MPS/360 STATEMENTS *
I EELEEEEEEEREER SRR EL R LY

YHE DATA NAME FOR THE MODEL WITH STORAGE IS °*MODEL2°%.

PROGRAM

TITLE (°NOSTONOD®)
INITIALZ

MOVE (XDATA,*MODEL1"*)
MOVE (XPBNAME,*PEBFILE®)
CONVERT (°*SUMMARY?®)
MOVE (X0BJ,*0B00O*)

MOVE (XRHS, *R0OCO")
SETUP (°*BOUND', *BOUND®*, *MAX*)
PRIMAL

SOQLUTICN

EXIT

PEND
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1Se¢ 70
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19100,
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0+6
0+0

« 025
¢ 045
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« 045
« 0SS
¢ 0S5
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0045
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91.+0 9
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« 060
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e 065
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ol
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o1
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e160
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0120
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6.+0

21« 70.
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2161200
17¢1400
25

Oe
«0#0
80 .18S
«150
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110
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0125
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2105
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125
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20
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30
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1CG9EC.+3
124543
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1545.+23
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28406 +3
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171€.+3
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« 020
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045
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«0S0
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17« 80e
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25.15Ce

«00S
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e 045
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« 035
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« 005
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2010
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« 025
«030
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« 025
«025
«035
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« 025
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«045
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19 80.
15100«
230110
19130
15150,

«000
«000
«005
« 005
«01¢C
«C15S
e 025
«010
« 020
«020
eGC25
«015
015
«020
«030
«015

21
17
2Se
2%
17

« 000
« 000
¢ 00S
«000
« 005
« 005
« 040
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«010
« 020
¢ 025
«015
2020
«010
« 030
010
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APPENDIX G
DOCUMENTATION OF THE COMPUTER PROGRAM

FOR THE MODEL WITH STORAGE

This documentation includes:
List of variables, constants and functions.
Column (variable) names in the output matrix.
Piecewise linear approximation of logarithmic functions.
Setup of the output matrix.
List of the program including the test data in Appendix E.
(The subroutines are not listed because they are the same

as in the model without storage.)
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List of wvariables,

Program Notation

167

constants and functions.

Definition or
Chapter V Notation

A(N)

ACOR

ALPHA
AMAX
AN(DIA)
AP(B,RI)
BS(s+1)
BT

BW

CA

Ccw(N)
CWN ( PR,VR)
Cc1

D(I,N)
DD(N)
DELD(I)
DELHE (J)
DELHW(J)
DELOG(M)
DELS(s+1)
DELY(I,J)

DELX (M)

An

t
1 +2 Zo Ty where
t=1

r, = auto-~correlation coefficient

t
o
AM
Function used to compute A"

(a/p)>

k (s = 0,1,2)

m'? increment of log X (X 2 1)
Increment of S_ (s = 0,1,2)

Increments of Yij

mth increment of the variable X
in log X (see DELOG(M))



E(I,J)
EMAX
EMIN
ES(s+1)
ETA
F(PE)
G(PT)
H
HN(DIA)
HY

II

INT

JE

JW

KMM (M)
K1N

K2N

LUM

NN
NUMY(I,J)
OBJ(-)
0S(s+1)
ow
PHIO(S0)

PHI1(S1)

e (S = 0,1,2)
s
7 (Fixed in the program.)
£(E)
g(p)
Output unit
Function used to compute o
H

(o]
I

<

m'? increment of Y (w=-m)

2 » Nh's '_F':’

Number of increments of yij

Coefficients of the objective function

o (S = 0,1,2)
S

o
w

0o(S;)

6 (s,)



PHI2(S2)
PMAX
PMIN
PNUM
PR(N)
PS®
R(I,J,K)

SCALEl}
SCALE2

SIP

SMAX (s+1)
SNUM (s+1)
TUNIT
UMIN

Ve

VH

VR(N)
VVV(K)

Vo

W(I,N)

WMM(M)

169
¢2(82)
P

Pm

. . m
Number of increments in PM—P

n
r

P
Shortage probability

Rijk

Scale factors used in logarithmic
transformation (i.e., z, and z2)

y(0)

Maximum of S_ (s = 0,1,2)

Number of increments of S_ (s = 0,1,2)
Unit of time

Minimum allowable value of U

V2 (Fixed in the program.)

m*® increment of w-m in P(w~m)
(See KMM(M))
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Coluun (variable) names in the output matrix.

Definition or

Program Notation Chapter V Notation
Yijm Variable associated with the mth
increment of vy, .
13
Ssm Variable associated with the mth
increment of S_ (s = 0,1,2)
Yij Yij
Xn x*
Wi we
i
Di DY
i
U U
Dim Variables respectively assoc%ated
Tim with the mth increments of Dj, T;,
Zim Z;, w-m; and kj-m; that are scaled
Mim : and then logarithmically transformed.
Kim th
Nim Variable associated with the m

increment of w-m; as the dependent
variable of k.-m; in the function V.

R Right hand side of the constraints
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3. Piecewise linear approximation of logarithmic functions.

In using separable programming as the solution tech-
nique the product terms Dg(Wrmi? and Dg(ki—mi) in the model
formulation are made separable by logarithmic transformation.
In order to reduce the errors in approximating the resulting
logarithmic functions, the scaling factors zq and z_. are used

2

to scale down Dz and scale up w-m_and ki—mi. Defining

i
o
D; = Dy/zy,
Mi = (w-mi)zz,
Ki = (ki—mi)zz,
T = D..M., a.-l.l.d
i ii
Z. = D «K,,
i i i
we write log Ti = log Di + log Mi and (1)
log Z, = log D, + log K,. (2)

For the simplicity of programming, the variables defined above
are restricted to at ieast 1. The effect of this restriction
on the solution of the problem can be kept at a minimal level
if appropriate 24 and z, are used for scaling. Using nxXmn to

represent any of the variables in Equations 1 and 2, we can

write the variable X as

X = 1 + E Amxm m = 1,2, v 0o ey (3)
m
m th .
where A = m increment of X for X 2 1,
xm = variable associated with the mth increment of X

(0 sx"=s 1).
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Then, the function log X can be approximated by

log X = 3 d"%™ m=1,2, ... (4)
m |

m .. m=-1 . .
where d" = log (1L + £ A") - log(l + & a'x™).
i=1 i=1

The computer program uses the same set of increments (™ s)

for all variables. The first five increments of the variable

X and the corresponding values of d™ are given below:

m: 1 2 3 4 .5
A" 1.72 4,67 12.70 34.51 98.81
a: 1.0 1.0 1.0 1.0 1.0

To illustrate how the linear approximation of the
logarithmic transformation might affect the solution, let us
take an example case where Dg = 200,000 and w-m, = 0.5 and
Ti is to be approximated using Equations 1, 3 and 4. Consid-
ering the magnitudes of D: and w-m,, we select zy = 10,000
and z, = 10 to get Di = 20 and Mi = 5., Then, using the
values of AP and d™ listed above and Equations 1, 3 and 4,

log Ti = log Di + log Mi

22,99 + 1.49 = 4.48
Then, working backwards to find Ti corresponding to

log Ti=& L 48, we geot Ti % 102.03, which is close to the

exact value 100.



4, Setup of the output matrix.t

Columns
m m_.m.m n (0] O
Rows Yo, Y, stsysy XU W DY S, S, S, U )
OB
~h. 1
RAi —_l =
ez z
RBi w? -1
RCi p? -1
A
RD1 P2 -1
X
RD2 A
RD3 d.-h. -1
iJ
~h. 1
REi J— ot
ez elz
Pi _
R 1J 1 e2
RGi =1 1
AY,
-1
RH1 1 —A—S—-
o
RH2 1 25—
1 4
RH3 1 as_
1 2
RIi ==
RJi 1
RKi
RLi

©®, 0 o o ~
€LT

[

H o o K



RMi
1 _km Am _ ko—l

Bounds:

min. O O 000 O O O 0 P" o0 ™ o O 0O O Oo0 o©
Ei‘_Em M

max. '—J_'x 1 111 P 1 i 1 1 1 1

lThe elements in the matrix are actually vectors or matrices themselves. The super-
scripts m and n vary before the subscripts i and j, and j varies before i. Refer to the
problem formulation in Chapter V for the correct dimensions of the elements. The notation
used the first time in this problem setup is:

AY;; = DELY(I,J) A™ - DELX(M)
e = e ‘e, d™ - DELOG(M)
z = SCALE1/SCALE2 w" = WMM(M)+SCALE2
z, = SCALEL k™ = KMM(M).SCALE2
AS = DELS(s+1) k° = SI@.SCALE2

HLT



5
C
C
C
C
C

(aN e NalsNa)
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List of the program.

tEE SRS RS ER SRR RIS RELE2 SRS SRR RS RS 22
* THE MQDEL FOR WINDPOWER SYSTEMS WITH STORAGE *
3K AV I RA BB R R R KA TRk kR Aok k¥ kKK Rk Kk Aok ko ok

IF

INTEGER HosNUMY (6 +8)

REAL ES(3)+0S(3)+8S(3)eSMAX{3) +SNUM(3) DD(100),VR(100)

REAL INT oLUMeWMM(10) +KMM(10)DELX(IO0)+DELOAG(13)

REAL ODELD(6)sR{6+8540)sW(6+100)+D(6.100),PR{100)

REAL CW(100)+:08B4(40C)s AL10G)s VVV( 16 )+DELY(E28)+E(ELE)

DIMENSION PM(2),UL(2)CELHW(B) ,DELHE(B8),DELS(3)

COMMON H

DATA Cl/4.0E-6/,0BJ7400%0 e/ sPMsUL/EY9'E=-*, 'UPR', L0/

DATA EQsGT+LT,NOC/* E *e* G .0 L "' N 7

DATA RAJRB+sRCsRD+REIRFeRGsRHeRI/*'RAT ,IRB*,IRCY4*KD?,
SRE? 'RF? s RG*, *RH?*, 'RI*/,06/7%0B%/

DATA RJsRKIRLIRM 3T oZ+sWMsKNoWMP/'RJY 3 *RK* 4 "RL*¢*RM*,
T 0 070, M ,IKT,ENYYy

DATA KOoeKl oK2sK3 4K3/0e1+2e3+9/7 R/71920%0,0/

DATA XeWO0eDOsSeYoU/IX W, Dt geG50,0Yy0 ,0yty

CATA ROQO/*R®/ ,BLK/* v/

DATA MMDO sMMWMsMMKMyMMT ¢ MMZ/ 794577/

DATA DEILX/107234e674120¢70034e512093e¢819G648e22¢7006645+
I*Ce C/

DATA DELOG/S5%1eC92¢0+2¢0+3%060/

DATA KMNUMsPSO+SCALE]1+SCALE2+S10/64+0615100. 2010e97¢ 7/

DATA WMM/2%04125:3%0+25+028094%0.0/

DATA KMM/=36e235=1¢39= 10629059 =0e3+s=0+54+4%0,0/

HN(DIA)=DIA

AN(DIA) = (DIA*¥8.0)%%2/ 43560,

ARP(BoRI) = (RIX(1«0+RIJ*%*B)/((10+R1)%%B~1,0)

FIPE)=((]l e6E-S)%XPE%X%240,0008%PE+16000)%1.0

GIPT) = 1.2%PT

FHIO (S0)=2.7%S0

PHI1(S1)=75.0%S1

PH12(S2)=75.0%S2

H=6 (lsEsy THE OUTPUT UNIT IS THE PRINTER)s THE FIRST

CHARACTERS IN THE LINES PRINTED ACCORDING TC THE FORMATS
205+ 252s 530+ S40 AND 600 MUST EE REPLACED WITH BLANKS.,

H=10

READ THE INPUT DATA

S

READ (S+5) IlsJWsJEe+KKsNN

FORMAT (1015)

REAL (S+1S) (DELD(I)sl=1,11)

READ (5,15) ACOR

READ {Se15) (DELHW{(J)sJ=1+0W)+»TUNIT
READ (S+15) (DELHE(J)eJd=14JE)



(HEF* 1) U2k INMA=(N)IAAAXESHXxTID) +NT=NC 0L
NANZXNTIN=N 04 OO
0°0=NG
G322 (HGNMINM ) =NM SS9
EBAXYANM=UHINA
(NeC*TYH+UINA=HINM 09
ANENSH=N 09 00
S9 DL 09 (XX °19° N2M) d1
0°0=UdNM
EAHENM=NM
(AT IIURX(NIAAAFNMN=NR SG
WNCZSYENTIA=N SS 0d
0°® O=NA
mr* i=r 08 0G
0°0=NIQ
D°O=NIM
11¢1=1 S8 0Q
T-NZX=HNNZM
T+(HA/ (N)YA)IXTSI=NSH
T+(HA/DAIXIJI=NTIN
. dH&0A=HA
Z**x (N)OOxVY13%1D2=03D
Exk (N)UA=EYA
EkkSIH=EJIH
YHAdTY*x(OH/ ( (N)QQINH ) =dH
NN*I=N 06 OO0

°N NO2I1S30 d0
LINN 3IND WO¥3 I NOSV3IS NI 1INdINO AIVA 3HL 40 NJILVIA3CO
QYdVONV LS 3H1L ANV NV3IW 2HL *(N*1)C ONV (N*I)A 3iNdWOD

Ex®(OAR(S*0=-( MU} IVOTIS)I=(HIAAA OS5
ANt I=4 0S5 0Q

*S033dS ONIM NVIO3W 3H1 40 S38ND 3IHLI 31NdWOD

(arst=re(re*y)3) (Ssi¢s) avay oOf
11¢1=1 0O€ OQ
(0°S491) LvwWdDd S2
(INST=NS(MN*r*I)U) (SS*S) AQv3Hy €2
Mret=r €2 0Q
11*1=1 €2 oa
vHAIW *OH*0A (ST*S) av3y
(IIWNNS*(IIXVWS*(I)SA*(I)SO%(1)SI (ST1S) Qvay 12
£¢1=1 12 0Q
XVWVENINNE*XVWA* NIWDENNNI*XVYWIE*NINT (ST*S) Qv3d
INI®1G*MB*VYI*MD (SI1°S) av3y
(0*v302) L1vwdOd 2%
(NN T=NCCCNIBASIN)OQ)) (21°4S) Qv3y
(0°B8301) LVWHOSZ ST
JA*WNTI*YL3 (ST1¢5) Qv Iy

94T

VUVuVuwv

VLUV
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IF (K2N «GTs KK) GO TOQ 77
DO 75 K=K2NoKK
75 ON=DN4(CED*VR3I-WN)**23R( [sJsK)
77 WIN=WIN+WNRDELHW(J)XTUNIT
80 DIN=DINSDN#DELHW(J)I*TUNIT
W{IlsN)=WIN
8S D(IsN)=SQRT(DIN¥ACOR)

COMPUTE THE RATED POWER (PR)s INSTALLATION COST (CW) AND
THE LAND REQUIREMENT (A) OF ONE UNIT OF DESIGN N

PR (N)=CED*VR3
CWIN)= CWN(PR(N)sVR(N))
A(N)=AN(DD(N))

90 CONTINUE

EXPRESS THE EXPECTED ANNUAL FUEL COST SAVINGS AS A
PIECEWISE LINEAR FUNCTION OF THE CEMAND MINUS THE
DEL IVERED WINDPOWER

1Jd=11*JE
NC=JJENN+2XII+4
CELE=(EMAX-EMIN)/ ENUM
DO 105 I=1,11
DELDI=DELD(I)*(1.0-PS0O)
DC 100 J=1,JE
YMAX=(E(1+J)-EMINI/LUM
NYM=IFIX{YMAX/DELE*LUM)+1
OLY=YMAX/FLOAT(NYM)
NUMY ( T+ J3)=NYM
DELY(Is+J)=DLY
ETJ=E(I+J)
DLE=DLY #LUM
DO 95 M=1 4NYM
NCM=NC+M
TEMP=F(EI J=-FLOAT(M=1)%DLE)-F(ELJ-FLOAT(M)}*DLE)
OBJ(NCM)=TEMP*DELD I*DELHE(J)
95 CONTINUE
NC=NCM
100 CONTINUE
10€ CONTINUE
NYMT=NC
NC=1J

COMPUTE THE ANNUAL EQUIVALENTY COST OF ONE UNIT OF
DESIGN No

APW=2P(BWs INT)
DO 108 N=1,.NN
NCN=NC4N
108 OBJINCN)==APWRCWIN) = CAXA(N)I*INT — OWCW(N)



ON®I*I¥¢D3 (O12°'H) 3L1dM O¢2

11¢1=1 9vZ OQ )

ON*I*HN*DI (O012°%H) 3LIYM Sv2
£¢1=1 s¥2 00

FeI¢O8¢D3 (012°*H) IL1UHM 002
ar«i=r ove 0Q
I1¢tT=I oveZ OQ

FeIs 4819 (012¢H) 3L1¥M GEZ
Irsi=r gge 00
11*1=1 sgZ OQ

OM*I*3u*DT (O0T2*H) IALlum OFE2
1I1*1=1 o0c2 Qg
DMCENCQHCDI*ON*SH QUL ONINSAU*D3 (OIS H) ILlumM

OM*I*OH*D3 (O0T12%H) 3IJLI¥M S22
11¢1=]1 s22 0a

ON*I¢BU*D3 (O12°H) ILTUM 022
11¢1=1 022 0OQ

OM*¢l¢vH*n3 (OT2*H) 31rdm SI2
11*1=1 512 OQ

(X22%112%2vedv) LVWNOL 012
OM*ON*BO*DO0ON (OTI2*H) 3J11uM

*NOIlJ3S W!Qa,mtk ¥04 S3IdAL LINIVHLISNOD 3HL iNdLINOD

(X9L® aSMOH/*X09% +Z2T1ICON*XOT* s IWVYNS) LVWHOL SO2
(SO02°*H) 3ilum 002
3NNTI INDD 021
WW+S DN=5 DN
3NNILINOD BT

(((E)ST*ATNA)I~((EISI*CNI)D ) *xidV~ 1
(CQTWS) CIHA-(OWL) STHJ) *Sdv—-=(W+SDON)IIFB0 SI1

81l 01 09
((GTWA T IHD-(AORS) T IHd) xS dY —=(W+SON)I a0 E11T

811 0L 09

(C(QIWS)OIHA-( OW3) 0T HAI %SV —=(W+SONIFED 111
pe(stisgiretir) oL 09
{1)ST30*x( T-W)AVOVJI=CQINd
(1)STET« (W) LVOTI=AN I
WH*Tl=W 811 00
(INI*(]1)SB)dV=SdV
{IYWNNS=NKW
(IIWNNS/(I)XVYAWS=(1)51130
E*1=1 021 03

: *A1171O0Vd 1INdLNDO 3HL 40
1S0D 3HL 01 1S0D NOISSIWSNVYL 3HI aGv  *S3111710vd4 LNdAND
/ZLNdNT 3HL ONV dIDAH3S3H 3HL ONIANTIONI W3ILSAS 39viH0lS

3HL S0 1S0D> NOTAIVTIWLISNI IN3IWAINDI IVNANNY 3IH1L 31NdWOD

(LN1*18)dv=LdV
LWAN=SON

QLT

VOUVuLuwv



NNHNOON

NnON

C
C
C

C

247
2a8
249

250
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DO 247 1I=1,11

WRITE (H2210) EQsRJsI+KO

D0 248 I=1,11

WRITE (Hs210) EQesRKe I+KO

DO 249 I=1.11

WRITE (He210) EQeRLs I+KO

DO 250 1=1,11 -
WRITE (He210) EQsRMeI,+KO i

BEGINNING OF THE COLUMNS SECTION.
THE NON-ZERO (OEFFICIENYS OF THE PROBLEM MATRIX ARE
QUTPUT IN A COLUMN ORDER.

252

WRITE (H,252)

FORMAT (*COLUMNS®473X)
ONE=1.0

ONEM==1,0

NMARK=1

NC=T J#NN+2*II+4

QUTPUT YIJM COLUMNS.

255

260
265

CC 265 1=1+11

D0 2€5 .4=1.+JE

WRITE (Hs235) YeleJsKO

FORMAT (A Xe"MK' Al 9311 94Xe? **MARKER®®¢,17X,

1 P8ISEPORGY*! ,33X)

MM=NUMY (I,J)

DO 260 M=1 ¢MM

NC=NC+1

CALL PRNT (2¢eY9i3JeMs0Be0+s0+0BIINC)» 1+RGs1sJsONEO)
CONTINUE

QUTPUT SIM COLUMNS,

270
278

280

DO 275 J=1,3

I=4-1

WRITE (He255) Sel1sKOsKO

MM=SNUM(J)

DD 270 M=1 MM

NC=NC+1

CALL FRNT (29SeIsMsK0s0B909s0s0BI(NC) s1sRHsJsKOsONE,O)
CONTINUE

WRITE (Hs280) NMARK

FORMAT (AXs*ENDMK? s I1+4X+* " *MARKER®*®%,17X,
1 e CSEPEND? * ¢ ,33X)

C OUTPUT YIJ CCLUMNS.

C

€O 290 I=1,11
DO 290 J=1.JE
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CA=~CELHE(J)/ES(2)/ES(3) /SCALE 1 #SCALE2
CB=DELD(1)*(1¢0=-PSO)*CELHE(J)
CALL PRNT (2¢Y2l 9J3s0sRAsI+03CAs1eRDs3+09CHBe1) ‘
CALL PRNT (29Y9[9JeOsRE2140+sCA14RFeIe¢JeCONEMs0)
CA ==1e0/DELY(1,J)
CALL PRNT (1eY ol oJdoOsRGeIsJsCA914BLK9Ces0eCe0,40)
290 CONTINUE
112=(11/2)%2
I11=%1~-112
C
C OQUTPUT XN COLUMNS.
C
DO 305 N=1eNN
Ni=N/10
N2=N-10%N1
CALL PRNT(19XeN1 oN250+0B90+0s0BJ(IJ+N)+1+BLK90+0+04e40)
IF (Il «EQe 1) GO TO 296
00 295 I=1,112,2
IPi=1+1
295 CALL PRNT (2¢XaeN1ogNZ2s0sRBsI+s0eW(IeN)ols
1 RB+IP1 0 W(IP1eN)y1)
IF (I11 .EQe 0) GO TO 298
296 CALL PRNT (1o XoeN1eN2:0+RBsIIs0+eW(IToN)s1sBLKs0s0s0040)
IF (11 «EQe 1) GO TO 301
298 CO 700 I=1411242
IPi=1+1}
300 CALL FRNT (29X sN1eN29s0sRCsI20+4D(IsN)sly
| RC+IP1,0sD(IP14N)s1)
IF (111 <«EQe 0) GO TO 303
301 CALL PRNT (1eXeN1eN2s0sRCoITo0eD(ITIN)s1:8LKeCs0¢0es0)
303 CALL FRNT (2¢XeN1eN2+0sRDe1e0sPR(N)s14RDeZe0e¢ A(N)s1)
305 CONTINUE

QUTPUY wlI AND DI COLUMNS.

(a1 2 o

00 310 I=1,.11

CA= ~0S(2)*CELD(I)*(1.0-PS0O)

CB=0ONE/SCALE1%SCALE2

CALL PRNT (29“0'1000o:DBQOoOOCAvloRAoIoOoCBol)

CALL FRNT (1 +WO0el90e0sRBeI90+CNEM0sB8LK»0509060590)
310 CONTINUE

CA=1 .0/SCALE1

DO 315 I=1,11
315 CALL PRNT (2¢D00eI90+s0sRCoI9s0¢ONEMesOsRI1909CA4l)

CUTPUT SOeS19S2 COLUMNS,.

anon

CA=1+0/ES(2)/SCALEL*SCALE2
CB==1,0/DELS(1)
OC 325 I=1,11
325 CALL PRNT (1+4Se09sCs0IREeE509CAs19BLKe0+09060490)



C
C
C

(a N a N s}
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® .
CALL PRNT (1+S9030909RHe190¢CB9108LKs0209060,0)
CA==1.,0/DELS(2)
CALL PRNT(2+S9140+0+RDsl1+0, ONEM;O.RH.ZoOoCA.l)
DO 330 I=1.11
CO 330 J=14+JE

330 CALL PBRNT (105'200000RF0l9J; ES(3)+s0+BLK9090s0e0,0)

CA=~1.,0/DELS(3)

CALL PRNT (19S+2+0+s09RHe3+s03CAg1+BLK+GCs0+0e0+0)
CA=-0S(3)/ES(3)

CALL PRNT (2+U90+050s0B9sCs0+sCAs19RDe390+s0ONEM,0)
OQUTPUT DIMSsTIMoZIM MIMNIM,AND KIM COLUMNS.
DO a4C4 I=1,11

WRITE (Hs2ES) DOs1I+KO4KO
CO 404 M=} +MMDO

CALL FRNT (14D0s I eMyOsRII+09s=~DELX(M)y]14+BLK909s090+04+0)

404 CALL PRNT (2sD0s 1 eMeOsRJ91+09-DELOG{(M) 1,

1 RK91+09~DELOG(M),1)
DO 408 I=1,II

WRITE (He25SS) Tel1sKO0eKO
DC 408 M=]1 ,MMT
408 CALL PRNT (297'1oNoOoRAonOo-DELX(M’olo

1 RJe I+0+DELOGEM) 1)
DO 412 1=1,11

WRITE (He255) ZsI9KO0OKO
DO 412 M=) ,MM2
412 CALL PRNT (2¢Z2+I sMeOsRE 9 I204=DELX(M) o1,

1 RKe140+DELOGIM) 1)
DO 41€ I=1,11

WRITE (Hy255) WMs I KQsKO
CO 416 M=1 ,MMwM
5§16 CALL PRNY (2¢WMo I sMsO9sRJI910,~CELOG(M) ol
1 RL+I»0e=~CELX(M)ys1)
DC 420 I=1,11
WRITE (He25S) WMP,IsK0.KQ
00 420 M=1,KMNUM
420 CALL FRNT (2sWMP oI M0 sRLI 0o WMM(M) XSCALE2,1,

1 RMel 40 e ~KMM(M)*¥SCALE2,1)
DO 422 I=1,11

WRITE (He255) KMy 1,K0.KO
CO 422 M=1,MNMKM
422 CALL PRNT (2¢KMeIsMs0+RK9I+0+=DELOG(M),s 1,

1 RMsI+04DELX{M) 1)
NMARK=NMARK +1

WRITE (Hs280) NMARK

CUTPUT THE NON-~ZERC ELEMENTS IN THE RIGHT HANC SIDE.,

WRITE (He530)
S30 FORMAT (°RHS®+77X)



anon

§32

534

836

537

$38
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DO 532 I=1,11 .

CALL PRNT (1sRC0090+s0+0sRAIs04ONEsO+BLKs090+0e0+0)
CALL PRNT (1sR000+0+0s0sRD9s290¢AMAX 1sBLK9090+000y0)
DO S34 1=1,11

CALL PRNT (1+R000+090s0+REs[s0¢ONE +0+BLK3090+9040+0)
DC 536 I=1.11

CALL PRNT (1sR0003509s0309sRIeIs0sONE2O+BLKs0s09060+0)
DO S37 1I=1,11 X

CALL PRNT (1+sR000¢0s0+0sRLs Is0sONEDOsBLK 30904000490}
DO S38 I=1,.11

CA=SIO*SCALE2-1.0

CALL PRNT {(1:R000+03090+sRMs1409CAs1+sBLK90s09060+0)

OUTFUT THE BCUNDS ON THE VARIABLES.

$40

545

§65

64¢

999

WRITE (Hs540)

FORMAT ('BOUNDS®,74X)

DO S45 1I=1,11¢

DO 545 J=1,JE

MM=NUMY {1 +J)

DO S§45 M=]1,MM

CALL PRNTB (Yo IsJeMsONE+Os1,0)

DO S50 I=1,11

0 550 J=1,JE

YMAX=(E(]+J)~EMIN)/LUM

CALL FRNTB (YeloeJsOs¥YMAXsle1+0)

DO 555 1=1,3

MM=SNUM(I)

J=1I~1

CC 555 M=1,MM

CALL FRNTB (SeJesMesO+sONE+0+1,0)

CALL PRNTB (Se130s0sPMAXs1s1,0)

IF (PMIN ¢LTe« 0.001) PMIN=0.001

CALL FPRNTB (Ss1+s0+0+PMINs1+2+0)

IF (UMIN +LTe 1e0) UMIN=140

CALL PRNTB (UesO0sD9s0sUMINs1,2,0)

CALL PRNTB (CO+sIIosMMDO=1+0sONE +0s1,1)
CALL PRNTB (Te IIyMMT~15309s0NEs0Os1s1)
CALL PRNTB (2911 ¢oMNZ~-140430NE9sOelsl)
CALL PRNTE (WMeIIsMMWM=1,0,0NE+Qel,1l)
CALL PRNTE (WMPeII1+KNNUMsOsONEsOel1,4s1)
CALL PRNTHB (KMoiIsMMKM=14,0+s0NEsOslsl)
WRITE (He600)

FORMAT ("ENDATA® ,74X)

IF (H o+LE+. ?7) GO TO 999

ENDF ILE H

REWIND H

sSTCP

END



PEREERAR AR R ERR AR SR A BRBRRE AR R A EE KR ERE KK

* THE DATA FOR THE MODEL WITH STORAGE #
FER AR VR R PR E R AR R R KRR R KRR R R ERE R KER KX

4 4 4 16 Sa
9240 9140 90.+0 G240
10¢0
640 6040 Ge %0 Get+0 140
. Get0 640 6e+0 640
04040 09040 7.00+0 .
TO0e 1Se 70¢ 176 700e 19¢ 70¢ 21¢ 70e 23¢ 70e 2S¢ 80s 1S, 80Ce
"80e 23¢ 80e 25e¢ 90e 1S5S¢ 90e 17¢ 90 19¢ 90e 21¢ 90¢ 23, 90,
100¢ 19¢10Ce 2101005 23¢100¢ 25¢110¢ 1Sel110¢ 17110« 19,110,
120¢ 15e120¢ 17¢120¢ 19¢120¢ 21¢120¢ 23¢120¢ 25¢1'3Ce 151300,
130¢ 23¢130¢ 25¢140e 151800 171400 19¢140¢ 211406 23140
150¢ 19¢150¢ 214150¢ 2361506 250
00440 3C0e¢0 2Se+0 S0e¢0 01040
10¢+E€ 3.5+6 Se0+#C Ce04+0 S0Ce+3 0.0+0 1046
10040 C.00+0 S004¢0 10047 1004¢0
08040 0.50~-3 15040 S.00%S 1,00+0
08040 0.30--3 15.0+C 5.00+4E5 1.0C+0
2040 14640 02620

THE PROSABILITY

WI 740UT STORAGE.

DISTRIBUTIONS OF WINC SPEEDS ANC THE DEMAND

DATA ARE THE SAME AS THGSE LISTED IN THE DATA FOR THE MODEL

17. 80
25100
21110
171300
25e15C,

19¢ 80e
1510Ce
231100
19130
15150

21
17«
2S5
21,
17



