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CHAPTER § -~ INTRCDUCTION

The amount of land area being farmed per person in the
United States has been on the decline for the past several years,
Yet today the people of America are eating better than ever
before, This is due in part to the development of new straihs.
of crops that reach maturity faster and give a higher yleld than
the old strains., But at the same time the amount of energy
required per given area of farm land has increased, Larger, more
powerful pieces of farm equipment are being used today than ever
before., It is customarily the case that these machines are
fueled by an oil product., It is estimated that in 1974 the
equivalent of 487 million gallons of gasoline was consumed on the
86,000 farmé in the state of Kansas alone (1). This fuel was
consumed in the process of tillage and harvesting operations,
tirrigation, grain drying. marketing, business and management
transportation, and poultry and livestock operations., The
production of fertilizer, a large consumer of natural gas, is
not included in the above estimates, Therefore, it should be
clear that the American farm is very dependent on an available
supply of oil product fuels.,

Common sense indicates that the supply of oil will even-
tually be exhausted at the rate it is presently being consumed.
Estimates of our remaining oil reserves range from 3G~SO years
(2,3), Many industries are today converting to-electricity
produced by coal or niuclear powered plants., But there does not
appear to be a method available at the present time to allow a
conversion from petroleum fuels to electricity for the mobile

high encrgy demands of most farm equipment,
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The conversion from petroleum based fuels to a more plen-
tiful energy supply for even only a few farm operations would
help the overall situation. If, for example, irrigation water
could be pumped without having to deplete the limited supply of
natural gas (the fuel used on the majority of midwestern farms
for irrigation pumps) there would be that much natural gas
available for other uses, The simple conversion to an electric
pump might help, but most of the electrical power generated in
the midwest still depends on petroleum fuel supplies, 8o, an
alternative source of energy that could easily be used to pump
irrigation water without depleting limited fossil fuels would
be a better solution,

The use of methane derived from animal wastes has been
proposed as a substitute for the natural gas presantly being
used. So has hydrogen produced electrolytically at the farm
site using electrical energy derived from solar sourcss (and
possibly from convential coal and nuclear fuecled generating sta-
tions during off peak periods)., This papsr is concerned with the
evaluation of two alternative energy systems for pumping irrigsa-~
tion water, The first method would utilize wind power coupled
mechanically to the pump, The second method would use wind pewer
to generate elentriciﬁy. electricity to preduce nydrogzen, and
hydrogen to [fuzl the pumps.

An extenslien of the second method could eventually lead to
production of hydrogen on a lavge scale and the use of hydrogen
as the basic fuel on the farm of the future,

There are many approaches that could be taken in developing

an "optimal" sysiem for use on a farm. There are many different



types of windmills curréntly available at a variety of prices,

. If hydrogen is going to be included in the system, some sort of
storage facllity should be considered for the hydrogen produced
during low energy demand times, Little actual optimization

work has been done on systems similar to those considered in
this paper. By considering the system as simply as possible,
linear programming could be applied to minimize the total cost
involved in establishing such a system, By viewing the problem
from different peoints of view, dynamic programming, stochastic
programming, or multi-objective decision problem techniques
could be utilized, A "system dynamics" approach is taken in this
paper, Rather than attempting to satisfy certain objective
functions subject to various constraints, as would be the case
with the teéhniques already mentioned, system dynamics is used
here to model a proposed system and to evaluate its performance,
From these findings, changes in the model of the proposed system
can be made, By continuing in this fashion, ar"best" design can

be forced to emerge.



CHAPTER 2 ~ GENERAL CONCEPTS OF SYSTEM DYNAMICS

2,1 BACKGROUND

When Vannevar Bush bﬁilt his differential analyzer in the
1930's to solve the equations of simple engineering problems, he
also laid the ground work for a powerful approach to understanding
the dynamics of compléx systems, This ground work eventually
lead to the development of "system dynamics", The differential
analyzer, set up in accordance to the equations that described
the system under investigation, became a simulator tracing the
dynamic behavior of the system, It was during this same period
in time that Norbert Wiener developed his concepts of feedback
systems that.were later labeled "cybernetics”". Some of the firét
introductory papers in the field of feedback control systems
(soon to be coined "servomechanisms") were written by Harold
L, Hazen. Gorden S, Grown created the Servomechanisms Laboratory
in the 1940's. It was here that the theory of feszdback systems
was first expanded,_taught, recorded, and introduced tov the
world on a large scale, Digital computers were first used for
system simulators in the 1950's at the Digital Computer Laboratory
and Division 6 of the Lincoln Laboratory under the direction of
Jay W, Forrester, Sinee 1956 Professor Forrester and a group of
associates at the M,I.T, Alfred P, Sloan School of Management
have extended the concepts of systemrdynamics to cope with the
great complexity of social systems (2), k

For many years the modeling of feedback-loop systems has
been known as "industrial dynamics", But with the application to
important areas outside of the industrial structure, the name

"system dynamics" has come into more general use, Applications



of system dynamics have been made in corporate policy, dynamics
of diabetes as a medical system, social forces affecting drug
addiction, and the behavior of yesearch and development

organizations to list just a few (4,5,6,7).

2,2 SYSTEMS

Almost anything can be thougnt of as é system, Man lives
in a social system, Through his scientific reseairch he has
uncovered some of nature's sysisms structures, Through his
technological breakthroughs he has created complex physical
systems, But, he still does not fully understand the principles
govérning the behavior of gystems.

As used .here, a "system” 1s a group of parts that operate
together with a common goal, A school is a system for eduecation,
Panting or shivering in a doz is a system for regulating body
temperature, Communication satellites in space provide a system
by which communicaticn between almost any two points on earth
is instantaniously possible. _

With systems being common ard easily defined, why is it that
man has been so late in grasping the concepts and principles of -
systems? Jay W, Forrester hes pointed out three possible answers
to this question (8); First of all, until recently there has
really been no need for understanding the nature of systems, The
systems that primitive man were eixposed to were mostly those of
nature and were accepted as being divinely given and beyond
comprehension and controel. 1In order tb survive, man adapted
himself to these natural systems and change came slowly, usually
through evolution rather than desire,

Secondly, many systems did not seem to possess:any meaning



or general theory. As man's societies emerged and systems of
trade, economics, and politics began to evolve, man was unable
1o distinguish all of the interactions and principles due to the
overall complexity of the systems., And finally, even after man
began to seek the underlying principles of systems, these princi-
ples were so obscure that they were undetected. During the last
century it has become clear that the barrier to uncovering the
principles of systems was not the absence of general concepts.
Rather, it was the difficulty of expressing these principles,
Mathematics have only relatively recently reached a level such
as to be adequate for handling the essential realiﬁies of some
of man's more complex systens,

Learniné from past experience is difficult without a
structure to interrelate facts and observations, Jerome S,
Bruner of Harvard (9)Ihas argued well the importance of structure
in education,

"Grasping the structure of a subjecf is
understanding it in a way that permits many other

things to be related to it meaningfully. To learn

structure, in short, is to learn how things are

related...,..go0od teaching that emphasizes the

structure of a subject is probably even more valuable

for the less éble student than for the gifted one,

for it is the former rather than the latter who is

most easily thrown off the track..."

2.3 SYSTEMS - OPEN AND FEEDBACK
All systems can be classified as either open systems or

closed systems, Closed systems are also called “feedback”



systems, 'The difference hetween an open sydtem and a feedbaclk
system is that in a feedback system the behavior 1s influenced
by its own past behavior whereas an open system is unaware of
its past behavier, A watch, taken by itself, is not aware of
its inacéuracies and can not correct itself, thus Lt may be
thought of as an open system, But, if you include the owner
of the watch in the system and the owner continuously corrects
the inaccuracies in the watch, the system may be thought of

as a closed (feedback) system. An open sysiem and a feedbhack
system are skematically illustrated in Figure 2.3.1.

Whether a system is classified as an onesn system or a
feedback system is more dependent on the viewpoint of the observer
defining the‘purpose of the system than the particular assembly
of parts, A broad purpose may be seen as a large feedback
system consisting of several small subsystems, each with its
own pﬁrpose. Each subsystem may then in turn be considered an
open or a feedback systen,

The basic structure of a feedback loop appears in Figure
2.3.2, The feedback loocp forms a closed path starting at a
decision that controls an action, passing through the level
(state or conditionl of the system, the information about the
level of the system, and terminating at the decision-making
reoint, The available information, at any peoint in time, is the
basis for the current decision that controls the action of the
loop. It is this action which alters the level of the system,
The level of the system generates information about the system.
This information may be delayed or erroneous, It is this infor-
mation (apparent level) of the system, though, that is used as

the basis for the decision process,
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Feedback loops fall into two catagories; pogitive feedback
and negative feedback,

In a positive feedback loop, the result of the action gener-
ates still greater action, thus generating a growith process,
Positive feedback loops are relatively rare in nature., fThe
compounding of interest on money in a bank account is an example !
of positive feedback (see Figure 2,3.3)., The amount of money in
the account at a given point in time determines the amount of
interest the account earns; the greater the amount of money, the
greater the amount of interest earned. The amount of money is
thus increased continuously by the interest paid and the amount
of interest paid increases continuously due to the increasing
amount of money in the account. Population also generally fol-
lows the rules of a pesitive feedback loop., A single cell splits
into two cells, These two cells then each split resultirg in a
total of four cells. The more cells there are before splitting
the more there will be after splitting.

In a negative feedhack loep, the action strives to maintain
a specific level, A thermostat in a building is an example of
a negative feedback loop (see Figure 2.3.4). The specific level
is the temperature set on the thermostat, If the rcom temper-
ature drops below this level, the heater comes on until the
room temperature reaches the specified level at which time the
heater is shut off., If it should become too warm in the room,
the air conditioner is switched on until the temperature is
reduced to the specified level, Negative feedback loops are
quite common in nature., The thermoregulation of the human

body follows closely that of the building thermostat already
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discussed with perspiration acting to cool the body when over
heated and sihivering and body metabolism acting to warm the body
when it is chilled,

The concept of informaticn-feedback loops, hoth positive
and negativa, prevides a basis for attempting to understand and
interpret the bzhavior of all systems, Feedback theory has
successiully been applied to mechanical and electrical éystems
over the past 50 years, During the past 15 years thesé same

principles have been applied to sccial systems as well,

2,4 MODELS

A model is a substitute for an object, situation, or system.
It can bé expfessed in many forms., Concrete models of cars,
airplanes, and ships are common toys on which children orften
focus imaginative adventures. Concrete models of various objects
also aid scientists and engineers in wind tunnel tests and in
visualizing space and arrangements in architectural designs and
in community developement, But even more common than concrete
models are abstract models, Any set of rules and relationships
that describe an object, situation, or system 1s an absiract
model of that object, situation, or system. Our mental pro-
cesses.use concepts of & model.which we manipulate into new
arrangements. These mental concepts are actually an abstract
model of the real -system. These abstract mental models are
subject to filtering, distortions, and delays as a result of
our individual perceptions and experiences, Mathematical
simulatién models are a special class of abstract medels,

The human mind is capable of absorbing, adapting, building,

and using fairly complex models of various systems. But the
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human miﬁd is subject to cértain inﬁerént‘drawbaﬁks. The effects -
of these drawbacks are amplified when the system becomes very
complex and dynamic (chanzing with time) behaviér ig introduced,
(1) = Mental models are often ill defined. Interpretations
and assumptions about real-life situations are continuously
changingz resulting in changes in what the models imply and

often resulting in internal mental contradictions,

(2) It is often not possible to review how a mental model
was formulated. Conseguently, assumptions are often not clearly
‘identifieﬂ.

(3) Formation of a mental model is an individual experience
subject to individual prejudices and personal feelings. As a
result of this, mental models are not easily communicated to
others, Two parties may feel they both have the same mental
model of a system but in actuality the two models may differ,
These differences may be slight but they can often lead to
heated disagreements and false conclusions, -

(&) The capacity of the human miﬁd for absorbing and
manirulating ideas is extremely vast but it is limited. When
one tries to manipulate complex dynamic mental models, confusion

is usually the result, The unaided human mind is just not

adequate for constructing and manipulating dynamic models.
System dynamics provide a foundationrfor translating mental
models into mathematical models which can, with the aid of a
computer, be manipulated with relative ease, By translating
mental models into mathematical models most of the problems
associated with mental models are alleviated. With all models

expressed in the same terminology confusion about terms, assump-
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tions, and communication of models is reduced.

Medels should not be judsed against imaginary perfection,
Rather, they should be judged in terms of how well they describe
the system comparzd to existiing models, The certainty with thch
models show the correct time-varying results of the model state-
ments compared to the same conciusion reached in extending
mental models is another base on which to judge the mathematical
model., Models should then be judged mot on an 2bsolute scale
that applauds or condemns them but rather on a relative scale
that-approves them 1f they satisfactorly clarify the known
facts about a system, One model is better than another only if
it better communicates the mental and physical siatements of

the system with a higher degree of ra2liability.

2,5 SIMULATION TECHNIQUES wvs ANALYTICAL SOLUTIONS

Simulation is an experimental attempt to represent the
behavier of systems., It consists of a step-by-step approach
to "simulate”™ the dynamic (time varying) behavior of the real
system the model represents., An analytic soluiion expresses
the system's condition in terms of any future time, not just

in terms of short time intervals between computations a3 in a

simulation approach, In addition, the form of an analytic
solution can tell much about the general nature of the response

of the system without having to carry out any numeric computations.,



For example, consider a simplified inventory cocntrol system
{assuming no delay between ordering of goods and their recelipt
into inventory). Figure 2.5.1 shows the simple first-order
negative feedback loopn that medels the system, The "goal" of
the system modeled is to maintain the desired inventory DI
which 18 a constant. Assume that merchandise can be egither
ordered or returned to the manufacturer; that is, the order rate
OR can be either positive or negative, In attempting to bring
the actual inventory toward the desired inventory, the order
rate must increase positively as inventory falls and negatively
as inventory increases beyond the desired inventory.

Assuming a linear relationship for the ordering rate, the

system could be described in equation form as:

- §
OR = %if (DI -~ I}

where OR order rate {units/week)
AT =~ adjustment time (weeks)
DI - desired inventory (units)

I « inventory (units)

The adjustment time AT factor 1s included to make the
equation dimenzionally balanced and by being a constant est-
ablishes the linearity of the system, Assume that the desired
inventory DI is 6000 units and that the adjustment time (the
time that any current order rate would require to correct the
invéntory) is 5 weeks. fThe equation describing the systiem

then becomes:

" OR = % (6000-1)

16
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Assuming also that the initial inventory is 1000 units, the
initial order rate becomes 1000, Now, if this order rate is in
effect for 2 weeks before a new order rate is calculated, there
will be 2000 units added to inventory which then becomes 3000
units, This new value of I results in a new order rate of 600
units per week. By continuing in this fashion itris possible
to simulate the dynamic behavior of the system through time,
Proceeding with these calculations yields the results shown
in Table 2.5.1. These vesults are shown plotted in Figure 2,5.2.
This demonstrates the simulation approach to a solution, Now
consider the analytical approach to the same problem,

Due to the relatively simple structure of this system,

it is possible to arrive at an analytic solutlion,

R S 2t I T 9.
OR, = 37 (DI In) EQ{2-1)
I, = I+ K% (DI - I )(time interval) EQ(2-2)

where the subscrips n and ntl dencte the present and next
time interval values respectively. Assuming that the +time
interval between successive simulation computations has become

vanishingly small;

s mp s Ll g :
Iogq = Iy = QI = 35 (DL - 1) dt Ea(2-3)
ar .. 1 :
—'"t' =8 AT (DI - I) BQ(Z"‘,‘I')
4T . 1 oy o o1 ' 10 (2
at tar (D) =7 gy (1) £ela-a)

Equation 2~5 is a first ovrder differential equation whose

solution yields:

18



Time (weecks)

Table 2,5.1

Computation of Inventory

Inventory (units)

0
2
i
6
B
10
12
14
16
18
20

22
2k

1000
3000
4200
4920
5352
5611
5767
5860
5916
5950
5970
5982
5989

Order Rate (units/week)

1000
600

19
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I(t) = Aoe“t/“T + b1 EQ(2-6)

Assuming an initial inventory of IO it is possible to detormine

the value of the constant Ao'

I(0) =1 = A  +DI EQ(2-7)
A, = I, ~DI ' ' EQ(2..8)

Therefore,
1(t) = (I - p1)e~¥/AT 4 pp EQ(2-9)

Substituting in the comstant valuss assummed in the simulation

solution:
I = 6000 - 5000 ¢~ /5

By subsztituting any time (in weeks) for %, the inventory at

that time can be computed directly without going through the
step-by-step calculations reguired in the simulation procedure.

The negative exponential nature of the system shown in the plot
of the simulation solution {(Figure 2.5,2) is obvious from the

form of the znalytical solution,
Since the analytic solution of a system's behavior contains

50 much information and since it allows direct computation of
the condition of a system at any specified time, it might be
‘presummed that an analytic solution should always be obtained
for every system under study. However, this is not possible,
Present mathematical procedures do not permit fofmulation af
an analytical solution for many complex systems, When an
analytical solution is beyond the scope of today's mathematics,

simulation techniques are used to model the dynami¢ behavior of



21

P - me mm s e m mE - - —r s wm— —- - =

Desired Irr-,r\czn‘t:ory-—--~\1
00 " =

60
Looo
Inventory
(units)
2000 1

25

20

15

Time (weeks)

Figure 2,5.2 -~ Inventory System Response



the system.,

The use of simulation has heen limited in the past due
to the cests and time involved., Navigation tables dating from
the 1600's that were computed using simulation techniques
show the relatively long history of the simulation technique
(8, It was not until aﬂout 1955, when computation could first
be carried out on digital computers, that the time and costs
associated with simulation technigues were reduced Lo the point
where simulation solutions were not only more casily reached than
analytic solutions bhut Qere,inexpensive as well, Today, with
the aid of high speed electronic computers, a lengthy simulation
of a complex system takes only a few seconds and costs only a

few cents,

2,6 FLOW DIAGRAMS, COMPUTATIONS, AND EQUATIONS

Flow Diagrans, "A pleture is werth a thousand words", or

sy L

equations as the case may be, Often it is easier to grasp
the idea of the workings of a system if that system can be
rdiagramed effectively. That is the goai of flow diagraming.
Whereas the equations of a system focus on the composition of
the elements that make up the system, the flow diagram should
show how these elements are interrelated to include feedback

loops and how they effect the system, _ .
The Industrial Dynamics Research Group at the M.I.T.

Sloan School of Management has developed a set of standard flow
diagram symbols for dynamic models (10).

IEVELS ~ Levels are represented by a rectangle, Calculation of
all levels involves integration of incoming and outgoing daté

that are controlled by rates. The letter greup of the represented
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éortion of the system, the full name of_ﬁhe represented portion
of the system, and the equation number as a cross reference to
the formal definition of the system model are included in the
rectangle (see Figure 2.6,1),
RATES - Rate equations of a system model are the policy state-
ments and define the flow streams in the system. The only input
to a rate is information and the only cutput is in the form of

controlling flows.' A symbolic valve is used to represent a
rate due to this type of "controlling" output. The letter group

of the represented portion of the system, the full name of the
represented portion of the system, fhe equation number as a

cross reference to the formal system medel, and the information
inpuﬁé on which the rate depsnds should be shown with the rate
symbol (see Figure 2,6,2), |

AUXILIARY VARIABLES - Auxiliary variables lie in the flow channels
between levels and rates. They ars actualiy parts of the rates
but are subdivided separately because they represent independently
meaning concepis of interest or because they make the comp~-
utation of rates less conmplex, A circle is the symbol for an
auxiliary variable and should include the abbreviation of the
variable name, the variable name, the equation number as a cross
reference to the formal model of the system, and the input and

output flows (see Figure 2.6.3),.

FLOW LINES - Six types of flows are shown in Figure 2.6.,4,

_Use of the appropriate flow will eliminate the need to label

individual flows (with respect to type) within the flow diagram
of the system, '

INFORMATION TAKE-OFF - A small cirele at the information source
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Figure 2.6.,3 ~ Flow Diagram for an Auxiliary
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and the information flow line represents information take-off,
This represents the removal of information about an alement of the
system without affecting that element, In some instances, though,
the information taken from a flow, rate, level, or auxiliary

will be ﬁsed to change that flow, rate, level, or auxiliary (see

Figure 2,6.5).

SYSTEM PARAMETERS AND CONSTANTS -~ System parameters and other
constants do not chanze within a given simulation but may change
between successive simulations, Figure 2,6,6 shows the symbol

for a constant.

SDURCES-AHD SINKS - In some cases, the source or termination of

a flow has no influence on the system itself., In this case it

is assumed that the source c¢¢ sink is "infinite"., Such a source can
never ba exhausted and such a sink can nsver become full.

Pigure 2,6.7 shows the symbol for a source and a sink. Such

symbols have no dynamic characieristies,

OTHER SYMBOLS - Logic functions, delays, table functions, and
other special functions have special flow diagram symbols.
These are explained in further detail in Appendix 2 as well as

in (8,10,11,12),

Computations, Simulation is a step-by-step computation
based on a set of eguations describing a given system, This

step-by~step procedure calls for some sort of definite computing
sequence, System dynamics models contain only two basic types
of eguations; levels and rates. Other types of equations include

aﬁxilary and supplimentary equations, constants, and initial value
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equations, The time step size DT used in carrying out the step-
by-step -calculations of a simulation is also very important,

PTime can be broken into three distinet sectorsy past,
present, and future, The time notation convention utilized in
system dynamics is 1llustrated in Figure 2.6.,9. The “present”
instant in time is designated by 'K', an instant cne DT time
interval in the past by 'J', and an instant one D7 time interval
in the future %y 'L'. Values for levels at 'K*® can e calculated
from thelr values at *'J' (from previous caleculations) and from
the value of the rates involved during the interval 'JK', Given
this information, the values of the rateg during the next time
period 'KL' car be caleulated, This is the sitvation shown in
Figure 2,6.,8,

The sequence of calculations may now be repezted by advancing
the time indicators, J, K, and L, by one DT, This is shown in
Figure 2.6,9 . All calculations are carried ous exabtly the
same as before, The time interval that was pfeviously "KL' is |

now 'JK', This process is continued until the simulation has

been carried as fTar as desired,

Fauations., The variables and constants of a system are
represented in equation form by symbols (or abbreviations)., A
standardizsed style of establishing these abbreviations is
essential for practical purposeé. A symbol (or abbreviation)
for a variable or constant ir a system consists of up to seven
characters, the first being alphabetic. All variables are
followed by a pariod and a time postscript. Levels and auxiliary

variables carry a single letter postscript indicating the
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IJ’
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L1.J¢ R1.KL
Ri.JK
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...‘...R..%.;Lgli_.
- Ton
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WWW
b7 pr
Figure 2.6,8 - Computation Sequence
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§ RL.JK
- k2
R2,JK
J K L
d \r\./{f""v ¥
DT DT

Figure 2,6.,9

- Computaticon Sequence Extended
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point in time for which the value applies, Rates carry a iwo
letfer postseript indicating the time interval over which they

apply. Constants are characterized by no pestseript,

LEVEL EQUATIONS ~ A level esquation represents a reservolr (or
accumulator) that accumulates the rates of flow that flow into

and out of the reserveoir, A new value 15 calculated by adding

to or subtracting from the previous value the flows that have
occurred during the DT time interval., The level equation format

is given below.
i, L.K=L.J+(DT) (RIN,JK-ROUT,JK)
wnhere
L ~ level equation

L.K - value of L computed at K (units)

L.J - value of L from rrevious time peried J (units)

pr - length of time inter?al

RIN.JK = rate into I during interval JK (units/time)

ROUT,JK ~ rate out of I during interval JK (units/time)

The level eguation is the only equation type that contains the
time interval DT notation. Any number of rates nay be added or

subtracited from the level at one time.
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The level equation performs the process of integration. The

above equation could be written in the notation of calculus and

differential equations as

N b
L= L, + 56 (RIN - ROUT) &t

Level equations are represented by the letter “L*,



32

RATE EQUATIONS -~ Rate equations define'how flows within a system
are controlled, System levels and constﬁnts provide the input

to rates and rates in turn control the flows to, from, or hetwsen
levels.. The format o¢f the rate equation is: .

R R.KL = f(levels ard constants of the system)

Rate equations are denoted by the letter "R",

AUXILIARY EQUATIONS - Cften a rate equation will be subdivided

to enhance its meaning or to separate an intermediate value of
interest. This is accomplished by the use of auxiliary equations,
Since auxiliary egquations express the value of a particular
quantity at a point in time, they are followed by either "J" or

"K' time subscripts. The use of auxiliary equations is illustrated

below:
wr o L .
R CR.KL = AT(DI I1.X)
A I.K = Q.XK/CC
A Q.K = SAP/RP.K

Auxiliary equations are designated by the letter “A®,

SUPPLIMENTARY EQUATIONS - Supplimentary equations define
variables that are not actually variables in the system, but
which contain information whiéh it is desired to have printed
or plotted, These variables are then used only in printing

and plotting instructions,

INITIAL VALUE EQUATIONS ~ Al) levels must have their initial
values specified before a simulation can begin, These values
are necessary for determining the flow rates over thé first
time interval (0 - DT). These equations are designated by the

letter "N,
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CONSTANYS - Constant equatlons ave designated by the letter "C".
A constant contains no time postscript since it does not change

with time,



CHAPIER 3 - THE IRRTGATION SYSTEMS - STRUCTURE AND REQUIZEEENTS

3.1 A GENERAL OYERVIEW
Tha energy of the wind has been hacrnessed for hundreds of
years in Europe. Since the late 1800's the wird has heen used %o
punp water For livestock threouzhout the plains gtates of Amsrica,
e A B qoincidence that the areas that sesem in the anst need of
covar for crop irrigation are also the aress richest in wind
power, Therciore, 1t is often asked; Why not drive ilrrvigation
systems with wind power? (13). It i genevally accepted that it
can be dons, Bui no one has vet devised and tested successge
fully a sysiem that.will solve the economic and technical problems
which must be solved htefore widespread use of wind power for'

ircigation can becoue a reality. There szems %o be almest a

ferling of impatisnce centeriaz oround this problem. If the
Duteh eould pump the polders dry with win@ power 400 years ago,
why can't w2 ilvrigate with wind power today? The wrobdlem of
cosb-benefit veems to be of major concern today. We must be

caraful niot to gpend more for irrigation ithan & crop is worth,

&

The uze of system dynamicvs as a Lool for evaluniing various
S (] .

proposed systemns has net been explored as far ac the anthor can
deteraine,

The Nﬂdza' is the bread tasket of the United States, and

the United States is the bread basket of the werld, The wesiern

e

plains of the midwest are also rich in available wind energy. It
is in tris area, then, that the proposed wind powersd irrigation
systems (WPT) are considered,

1965 wind data from the U,.S. Weather Bureau Office in

Dodge City, Kansas, is used in the simulation of the two proposed



-
il

3
systems, 1965 wind data is used because it tends %o be a "typical®
year, The summer months during which irrigation will be taking
place have average wind veloecities within one half a standard
deviation of a 235 year average for the acea, The other nine
manths each have average wind veleocities within two standard
deviations of a 25 year averaga., Wind data were veccrdsd every
3 hours. The data was obtained at a height of 6 meters above the
terrain, |

The WPL. systems are designsd to provide energy to irrigate
160 acres with 6 to 8 acre-inches of water per month during June,

July, and August. The water table is assumed to be at 2C0 feet,

3.2 MODEL STRUCTURE - OPTION 1
Introduction. A schematic of Opition 1 appears in Flgure 3.2.1.
In this sysiem, the wind Turng 2 wind turbine (windmill)
which is coupled to a flywheal <throuzh a gear box., The energy
in the wind is directly related to the wveloclity of the wind,
But ths wind does not blow at a steady speed for more than a few
seconds at a.time. So the flywheel‘acts ag a buffer to sven out
the high and low wind pericds and it also sexrves to store a
cevtalin anount of energy for use when the wind is not blowing.
The ensrzy in the flywheel is passed through a transmissicn
o a mechanical pump where it does the work of pumping the
irrication water. A farm tractor provides a back up for those
periods when the wind is not blowing and the flywheel's stored
energy is 1§w, Fach component in the system has it own ef-
ficiency,ﬁli.
A casual loop diagram of COption ! ig shown in Figure 3,2.2

and the DYNAMO flow diagram of the model is shown in Figure 3.2.3.
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3
System Levels, There are six levels in Option t. Total
available energy TAE is the total amount of energy avallable
an any point in time,

oy

Total energy surplus {(wind) 1st index TESYWL is a lavel
which accumulates and keeps track of wind energy that is avail-
able from the votor bub can not be vut to use immadlately on
“stored in the flywheel for future use, This surplus znergy
coeurs when the flywheel storage'is full but the wind is stiil
blowing, TESWL ig used in evaluating the rotor and flywheel
combination, & large TESWL weould indicate that the rotor is too
lJarge or that the flywheel is toco small,

| Total encrgy curplus (wind) 2nd index TESW2 is a lavel which
accumulates and keeps track of wind enevrgy that can not be
generéted due to the vated wind specd RYWS of the systen, Suppose,
for ﬁxample,-hhat the rased wind speed of the system 1s L0 kﬁaﬁs.
Phe energy available from the wind is directly proportional o the
cube of the wird soeed, 50 as the wind speed increases from 5§
knots to 7 krots fo 10 knots the system will be able Lo axtpact
more ard mors enefgy feom the wind., But for any wind speed grealer
than 10 %nots the snergy extracted by ths system will be the same
as alt 10 knots., Thus, with the wird blowing at 12 knots, onity 10
krnots worth of energy can be extracteﬁ. TESWZ keeps track of ths
gifference between this amcunt of energy and the amount of enargy
available wera The system able to extract all 12 knotis worth of
energy, If simulation of a system results in a large TESW2 then
the rated wina spead RWS should be increased, There i3 a limit
to how large R¥S may become depending on the system, Suppose the

system has a mechanical device coupled directly to the mechanical



output of the rotor and that the rotor is rated at 10 knots,
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Assume zlso that the rotor will begin to extract energy from the

wind at about 4 knots. Then, at 4.64 knots the mechanical device
coupled to the rotor will be operating at only 10% of its rating.
If RWS is increased to 21,54 knots then the device would be
operating at only 1% of its vating at 4.64 knots. This is why
RWS must be limited. A range of 10 to 15 knots between the
speed at which the rofor begins to extract energy and the rated
wind speed is approximately as large as most mechanical devices
will tolerate and still operate.

The system described by Option 1 could thecretically pump
irrigation water 24 hours a day, every day, for the three summer
months; Junhe, July, and August., But such a constraint would not
correctly describe the physical situation and would cost a
eonsiderable amount. I the system were to be pumping 24 hours
everyday, more water wogld be avallable than would be nsaded,
More reazlistically, the pump would be shut off during times when
the wind were not blowing., These times when the punp is shqt
off are referred to as "down" time, And.the daily amcunts
of down time are stored in the DOWN accumulator. The amount of
down time allowed per day is specified in the program as down
time allowed DTA. DNTOT accumulates the total amount of down
time occurring in the complete simulation run,

When the system has already been "down" for the allowed
amount of time and the wind is not providing enough energy for
the system, the farm tractor is attached to the system as a

back up. Running tha tractor cost additional money. Therefore,

the total amount of tractor energy used in the complete simulation
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run i8 recorded in the total tracter energy used TTEU accumulator,
All "ENERGY'S" are expressed in kilowatt-hours (kWh) and all
"POWER'S" are expressed in kilowatts (kW).

Structure and Assumptions, The 22 equations that describe Option

1 and the assumptions underlying them are explained below,
1 TOTAL AVAILABLE ENERGY TAE |

The total available energy TAE is a level and is expressed
in kilowatt-hours (kWh). This is the total amount of energy that
exists in the system at a given point in time, TAE at any point
in time is caleulated as the flywheel energy at the preceding
point in time plus the power to the flywheel sinee the last period
minus the flywheel power used since the last periocd plus the
tractor power used since the last period., Mechanical enevgy
into and out of the flywheel must pass through a gear box or
transmission with an associated efficiency, These energies are
also affected Ly the efficiency of the flywheel itself, Initial
values must be provided for all levels. In the case of TAE it is
assumed that the initial level is 75% of the flywheel's.energy
capacity. A factor of 24 is included to convert the time units

from days fto hours.

TﬂE.K=FWE.J+{GT3lPTFN,JK4?HPU.JK+T?U4JK)*Z%*GBE*FHEFF 1

L
| TAE=, THxFWEC INITIAL CONDIQIONS 1.1
C GBE=.95 1.2
C FWIEFEF=495 1.3
TAE =  TOTAL AVAILADLE ENEQSY (KWH)
FWE =  FLYWHEEL EWNERGY {KwWH)
T~ TILAE INTERVAL (DAYS)Y
PTFW =  POWER TN FLYWHFREL {KW)
FWPU  ~  FLYWHEEL PIWER USEAGE (KW}
TPU = TRACTOR POAER USAGE (K4}
GAE ~ GEAR ROX EFFICIENCY (DICIMAL FRACTIUN)

FWEFF =  FLYWHEEL EFFICIENCY (DECIMAL FRACTIUN)



2 FLYWHEEL ENERGY FUE

If it were possible to store an infinite amount of energy
in the flywheel, the flywheel energy FWE and the total available
energy TAE would always be equal, But thé flywheel can anly
store a finite amount of energy. This amount of storage is
referred to as the flywheel energy capacitly FWEC and is expressed
in kWh's, So, in order %o assume a maximum energy storage capacity,
FWE is the same as TAE until TAE becomes larger than FWEC. When-
ever TAE is greater than FWEC, the flywheel is assumed to be

filled with energy to its capacity,

A FUE L K=MINIFWEC, TAE.K) 2
o FWEC=1000 2.1
FWE =~ FLYWHEEL ENERGY [KuH)
MIN = DYNAMD FUNCTICN FOR *MINIMUMY
FWEC - FLYWHEEL ENERGY CAPACIFY [KwH)
TAE = TOTAL AVAILASLE ENERGY (KWH)
3 POWER TO 'THE FLYWHEET, PTFW

The powsr to the flywheel PTFW is a rate that controls the.
wind energy input to the flywheel, For ithe next period in time
PTFW is assumed to be equal to the power from the rotor PFR
during the present period if PFR is positive. If PFR is negative,

PrFW is set to zero,

R PTFW.KL=CLIP{PER .Y, 0, PFR, K, D) 3

BT FW - POWER T FLYWHEEL (XW) -
CLIP = DYNAMD LDGIC FUNCTION
(SEE APPENDIX 2}
PFR - POWER FROM RUITAR (K4}
b POWER FROM THE ROTOR PFR

Wind power, Pw' is calculated from the kinetic energy, KE,

per unit time, t,
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el
P’;.r = KW = %Yt-- = i}m\fz = -é.m“rj

e}

i

t

where m is mass and i Lts flow rate, V is wind speed, ¢ is air
density, and A is cross-sectionzl area perpendicular to the
flow, For the sxamination of wind turbine performance, these

factors combine to give a function of the form:

P

iﬂ = 8,355 x 1075 v3 kilowatts/square meter

where V is in knots. However, this ascumes that the rotor is
1004 efficient and that it will perform over an infinite range
of wind speeds, A more realistic form would be:

P (k) = B.355 x 1075 x rotor size(mz) - rétor

efficiency (decimal fraction) x (V3 - Vg)
wherervs (in knots) ig the wind speed at which the rotor will
overcome friction and begin to turn, VS is sometimes referred to
as the cut-~in wind speed. In addition there is a rated wind
speed VR of the system, beyond which no increase in power will
result due fo én increase in wind speed., The Betz theoram (14)
indicates that the rotor efficiency has a thecretical maximum
of 16/27ths (=0,5926). Measured values range from 0,45 to
0,10 (15).

Another factor that should be conaidered when examining the
power in the wind is the height of the windmill., Near the ground
+the wind is slowed by frietion. The amount of this frictiop
depends on the roughness of the surface and obstacles in the wind's
path. Studies have shown that a power law increase of speed
with height is adequately descriptive for practiecal purposes (18},

Over flat terrain similar to that which we are considering for
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lrrigation, this power relation can be expressed asi

3/7

L (2.

5= )

where P is the power available, z is the height above ground,
and the subscripted values are those at the anemometer heigh<

at which the wind data was gethered., Thus, as the height of the

wind turbine is incrsased, the power available from the wind

increases,

All of these principles are considered in the equations for

power from the rotor.

 PFRLK=REX8, 366-54RS%{ WSA, KERS A, X WSA W K¥ (FXP [, 4255 THLOG I(HSF)) )=

A
X CIS%CIS*CIS) &
C RE=, 30 4al
r RS=1100 4.2
C HEF=5 L
C Cis=3 bt :
PFR = POYER FROM RITOR (KW}
fF = ROTOR EFFICIFNCY {OZCIMAL FRACTIOND
B.36F~5 = CONSTANT COEFFICTENT TO CONVERT TN DESISED UNITS
RS = RIOTOR STZE {SCGUALE METERS T
WSA =  WIND SPREFD (ADJUST=D) (KNOTS)
EXPL.42857)«LOGRINHSFY = HEISHT PIJZR FUNCTION
HSF -~ HEIGHT SCAL NG FACTJR = W INOMILL HEISHT
(IN METERS) DIVIODZD BY ANEMOMETER HZIIGHT.
ANEMOMET =R HEIGHT = 6 METERS [N 19635,
CIS = CUT-IN-SPELD (KK8IATS)
5 ADJUSTED WIND SPEED " WSA

As has already been mentioned, there exists a wind spesd above
which an increase in wind speed will not rgsult_in an -increase
in power from the rotor, This is referred to as the rated wind
speed RWS df thé system, The adjusted wind speed WSA is actual
wind data that has been adjusted so that any wind data that is
recorded as being higher than RWS is set equal to RWS., This

gdjustment is made here in a separate auxiliary equation in
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order to simplify the equatien for power from the rotor,

A WSAHK=CLIPIRNS g WS K WS, Ky Rl S) 5
C RWS=22 Se1 ’
WSA =  WIND SPEED {ADJUSTED] (KNOTS)
CLIP - DYNAMO LOGIC FUNCTION
RHS = RATZD WIND SPEED (KMNITS)

WS = WIND SPEED CATA {KNDTS[

6 WIND SPEED WS

The wind speed data used for this program was recorded
by the National Weather Bureau in Dodge City, Kansas. Long term
Weather Bureau wind data is recorded as a one minute visual
average as observed on a wind speed meter, This is typically
recorded every three hours, The standard height for recording
is 10 meters. However, the aneucmeter at Dodge City is only 6.6
meters high,

The cubic response to wind speed of the power in the wind
makes predictions very sensitive to averaging. The actual
energy output of a system will always be higher than the oufput
predicted by using average wind speeds (16)., This discrepency
can be reduced by using as short an averaging time pefiod as
possible, The Weather Bureau's 3 hour interval is used here,

The wind data is represented in table form,

CACTUAL WIND DATA FRGM JUN, JUL, ANG AUG 1965

dS.K=TAULE[NST,TI"\E.K.O,QO, 01251 6

WST=0

J09/ 3L/ 10/7 147064 L6712715/09703705701708716 714
FYZ/L270T /147007127017 08708/08/01/793712/13/215/710

MO - I

7057047037071 T218409/0T7 99/ 107 1L/ L4/ 167127087 10
X /0971071305716 £00 L0/IS/ NG IT/IRAIS I/ 52147 14
WS =  WIM) SPEEY (KNGTS) -
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7 FLYVHEEL POWER USAGE WPU

The mochanical irrigation pump draws its needed power from
the flywheel., The flywheel power nusage FWPU will be equal to
the pump power demand PPD as longlas there is energy available
in the flywheel., When the energy in the flywheel.drops below a
specified low energy level LEL, the pump will stop drawing power,
Whenever the pump is shut off, "down" time is accumulating.

The system can only tolerate a certain zmount of down time,
down time allowed per day DTA. II this amount of down time has
already accumulated and the flywheel energy is still low, the
tractor back up will be switched on and the pump will begin %o
draw power from the flywheel again,

Thus, in determining FWPU for the next interval of time, one
fTirst examines the systen to determine if the system was accumulating
down time in the previous time interval by looking at the down
time accumulation rate DTAR. IF no down timz was zccumulating,
then FWPY will edual PPD. If down time was acecumulating and DTA
has not been exceeded, the system will shut down for the next
fime interval, And if down time was aceumulat%ng and DTA has

been exceeded, FWPU will egqual PPD,

2 FHPULKL=CLIPICLIP(PPD K0 3 DOWNLKsDTA+L )} PPD R DTARLIK 2} 7_
C DTA=15 7.1
FWPY ~  FLYWHEEL PDYER USAGE (KW)
CLIP = DYNAYD LOGLC FUNCT LGN '
PPD =~ . PUYY POWER DEMAND (K4
. DOAN = DOWN TIME {(HIUAS/DAY)
DTA -~ DOWN TIME ALLNDWED {HOURS/DAY)

DTAR =  DJ4N TIME ACCUAULATION HATE (KW)
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8 PUMP POWER DEMAND PPN

The pump power demand referred to the input side of the
flywheel is equal to the pump rating PR divided by the -combined
flywheel and the flywheel-to-pump transmission efficlencies.
The pump rating depends on the demand that will be placed on the
irrigation system, The type of irrigation, the amcunt cf area
to be irrigated, and the depih of the water table are all important
and need to be counsidered., VYprinkler irrigation requires more
power than does flood irrigation, fer example. Assuning a 200
foot water table and sprinkler irrigation, a 100 kW (approximataly

134 HP) pump is assumed to be adequate to meet the farmer's needs,

A PPD.K=PR/TEFF 8
c PR=129 8.1
C TEFF=.90 8.2
' BPPO = PUMP POWER DEMAND (KW
PR =  PUMP RATING (KW}
TEFF = COMBINED FLY¥HEEL-TO~PUMP AND FLYWHEFL
CEFFICIENCIES (OECIMAL FRACT 1aN)
g TRACTOR POWER USAGE TPU

Tractor power serves as a back up for the irrigation system
when the wind is not blowing. This back up is activated when
the flywheel energy level FWE is low and the system has already
accumitlated the allowed amount of down time DTA, Therefore.iat
any point in time, tractor power usage is equal to zero or the

tractor power into the flywhecel TPIFW.

R TPU.KL=CLIPITPIFW.S ¢+ dyDOWNLKyDTAKL) 9
TPU - TRACTOR POAER USAGE (KW)
CLIP = DYMAMC LOGIC FUNCTIGN
TPIFW = TRACTOR POWER INTO THE FLYWHCEL (KW}
DCWN = DOWAN TIME (HIRS/DAY

oTA DOWN TIME ALLTAED [HOURS/DAY)
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10 TRACTOR POWER INTO THE FLYWHEEL TPIFW

Tractor power into the flywheel is defined as the product
of the tractor power rating TPR and the tractor-to-flywheel
transmission efficiency. PFarm tractors have beccme more powerful
each year as the'equipment that the farmer uses has growﬁ in size
and power requirementis. Tﬁday, tractors with 100 to 200 HP
ratings are not uncommon. A tractoer rating of 100 kW (approximately

134 HP) is assumed for this system.

A TPIFW. K=T PRETTFWE 10
c TPR=109 19,1
¥ :=095 1092
- T TPIFA - TRACTOR POMER INTO FLYWHEEL {Kd)
IPR - TRAZTOR POWER RATING (XKW} L
TTEME = TRACTOR-TO-FLYWHSEL TRANSYISSION EFFTCTENCY
(DEC IMAL FRACT I0N) _ _
11 TOTAL TRACTOR ENERCY USED TTEU

Total tractor energy used TTEU is a level, Every hour that
the tréctor is operating and putting energy into the irrigation
system cbsts money. It is, therefors, necegsary to keep a running
total of how much time the tractor is turned on in order to
examine the econcomic aspects of the irrigation system, At any
point in time the total tractor energy used is equal to the
total tractor energy used up to the previous period in time plus-
the tractor energy used in the pre#ious peried of time, One .
mist pay for all the enérgy put out by the tractor, not just .
that encrgy that is put into the flywheel after passing through
the tractor-to-flywheel transmission, Therefore, the tractor-to-
flywheel transmission efficiency must be divided out of the
tractor'power used in the previous time interval. Zefo initial

conditions are assumed,
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L TYEULK=TTEU . JHIRT I ITPULJK) ¥24/TTHRWE 11
N TTEU=0 INITIAL CONDITEINS 1.1
TYEY = TOTAL TRACTOZ ENCRGY USED {xKuWH)
DY =~ TIME INTERVAL (CAYS)
TPU = TRACTOR POWER USAGE [KwW)
TIEWE = - TRACTNR-T O~ FLYWHEEL TRANSHMISS {ON
EFFICIENCY {CECIMAL FRACTION)
12 DOWN TIME DOWN

Down time DOWN is a ie§91 and is the amount of time, in
hours, that the irrigation system would he down each day, ones
day at a time, if there were no back up. DOWN at any point in
time is equal to the amount of down time accumulated since the
previous midnight plus the amount of down time that will occur
in fhe next interval., If the flywheel energy level FWE is
below the specified low energy level I1EL at a point in time,

~then additicnal down {ime will be accumulated during the next
time interval, At the end of the day, the down time accumulator
is set equal to zero. Thiszs is accomplished by multiplying the
entire functlon for DOWN by a system status index SSI., Zero

down time 1s assumed as the initial valus of DOWN.

DOWN X=55 T d%(00WN. JFCLIP(D,DTI yENELJyLELD ) 12

L
N DEWN=0 INITIAL CONDITIONS 12.1
C LEL=600 12.2
C DTI=3 12.3
) DOWN  —  DOWN TIME (HIURS/DAY)
SSI = SYSTEM STATLS ItNEX (DIMENSIONLESS)
CLIP ~  DYNAMO LGGIC FUNCTIOUN
DTL = DELTA TIME IWNTERVAL = (2T7)=24 (HOU2S)
FWE = FLYWHcEL ENERGY {(KuH)
LEL -~ LOJ EMERGY LEVEL (K4H)
13 DOWN TIME ACCUMULATICN RATE DTAR

The down time accumulation rate DTAR is an index of whether
the system is aécumulating down time or not, If the flywheel

energy level FWE is below the specified low energy level LEL,



then down time will be accumulated at a rate related to the pump
power demand PPD., DTAR does not directly influence the level
of DOWN, Instead, it acts as an index as to the immediate

future accumulation of down time,

R DTARSKL=CLIP(1,PPNK,FWE, K, LEL) 13
DTAR = DOWY TIME ACCUMULATION RATE {XW)
CLIP =~ OYNAMO LOGIC FUNCTION
PPD =~ PUHAP POAES DEMAND (KW)
FWE = FLYAHEEL ENEQGY (KWH)
LEL = LOW ENERGY LEVEL (KWH)
14 SYSTEM STATUS INDEX SST

The s&stem‘status index SS8SI resets the DOWN accumulator to
zero every 24 hours at ﬁidnight. It is also used in the calculation
of the total down time accumulation rate TDTAR. It has the value
of 1 at every point in time excepi at midnight ecach day when
it has the value 0., These values are stored 1n table form.
Figure 3.2.% shcws one section of this table as the computer

interprets the system,

A SSI K=TARLELSSIT,TIME.K,0790,.125) 14
T 85 [T=04
X VN N AN Ve N AN Y AR NN A VAV AV LY VAV Va2 VAVEVEY,
x VAV YAV AN R ViV AV AN N AN AN AV AV A VAN AV N2 VWA,
X VAV N WUV VA VAVA VYR VA VEAVAVAVAVAY,
X AV VAV SO VAV AV VAV VAVAVAVAVAVAVAVE:!
SS1  ~ SYSTEM STATUS [NYEX {OIMENSIONLESS)
CSSET = SYSTEM STATLS INIEX TABLE :
15  ENERGY SURPLUS (WIND) 1st INDEX ESW1

In a given interval in time it is very possible that the
energy available from the wind exceeds the available storage

remaining in the flywheel, 1In such a case the excess energy
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can not be put to use. This surplus wind energy is noted by tha
auxiliary register BSWL. It is simply any positive difference
between the total available energy TAE and the flywheel energy
capacity FWEC, Thus, once the flywheel is filled +o capacity,
any excess wind energy is'noted.

A ESWIX=MAXITAE,K=FAEC,0) 15

ESWL 1S USED TO EVALUATE THE ROTOR SIZE =
FLYAHEEL SIZE COMBINATION

FSWl  — ENERGY SURPLUS WIND (1ST INDEX) (KWH)
MAX = DYNAMD FUNCTIOCH FUR fMaXTMUM '
CTAE = TOTAL AVAILABLE ENERGY (KHw)

FWEC = FLYWHEEL CNERGY CAPACITY (KAH)

16 TO@AE ENERGY SURPLUS (WIND) 1st INDEX TESW1

| Totalrenergy surpius TESWL accumﬁlates a running total of
ESW! while the system is operating, This level is equal to TESWL
up to the previous point in time plus the surplus wind energy
(1=t index) éf the previous period. The units are kilowatt-hours
and zero initial conditions are assumed.

By examining the total energy surplus (wind) Ist index and
the total tractor cnergy used TTEU at the end of a simulated
summner, a logical decision can be made concerning possible mod-
ifications in the system, If TESW1 and TTEU are about equal, one
would'know that over the summer there is enough power in the wind
'to meet the power demands of the irrigation system but that
possibly a larger flywheel is needed to even out periocds of
low and periods 6f high wind, Likewise, if TTEU.iS'much larger
than TESW1, then a larger rotor is needed to make the system less

dependent on back up enérgy.

tn

o
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TESWL.K=TESWL J+(NTI(ESWL. 4028 14
TESWL=0 INITIAL CONDITIONS lo.l

TESWL =  TUTAL ENCRGY SUR2LUS WIND (15T INOEX) (KAH)

DT = TIME INTERVAL (DAYS)
ESWL = EMERGY SURPLUS WLIND (1ST INDEX) (RWH)

ENERGY SURPLUS (WIND) 2nd INDEX E3W2

A wind power system of any kind will have a wind speed at

which the system will operate at its peak. This wind speed is

referred to as the rated wind speed R¥S since this is the speed

at which the system will perform at its maximum rating. The

energy available from the wind is directly proportional to the

cube of the wind speed, Thus, as the wind speed increases, more

and more energy can be extracted by the wind power system. But,

a5 has been explained already, beyond the rated wind. speed of the

system, no additional energy can be derived from an increase in

wind speed, 'This 2nd index of surplus wind energy keeps track

of the amount of energy in the wind that can not be extracted

due to the rated wind speed of the system.

&

X
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ESHZ;K=CL[ﬁfRE*B.B&E-S*RS*(WS.Kﬁﬁs.K*hS.K*(EXDI.42357;LUGN(43F)]I

~CISHCIS*CIS ) -PFR,LK, 0 4WS K, ®WS) 17
ESW2 IS USED TO EVALUATE THE RATED WIND SPEED OF THE SYSTEA
ESW2 - ENERGY SURPLUS WIND {2NMD INCEX) {KwH)
CLiP  ~ OYNAMO LOGIC FUNCTION
RE - PRAOTOR EFFICIENCY (DECIMAL FRACTION)
§.366-5 —  COUSTANT CNEFFICIENT T CUNVERT TO DESIRED UNITS
RS = ROTOR STIZF (3WJAIE MITERS)
WS  ~  WIND SPEED DATA (XNATS)
EXPL.42857Y=LOGNIHSFY  ~  HEIGHT POWER FUNCTION
HSF = HEIGHT SCALING FACTJIR = WIANDMILL HEIGHT
[IN METERSY DIVIOED BY ANEMOMETER HE[3MT
CIS - CUY=-IN=SPEED (KNOTS)
PFR . —  POWER FROM THE RITAR (KW)

KWS = RATED WIND SPEED {KiITS)

TOTAL ENERGY SURPLUS (WIND) 2nd INDEX ~ TESW2



Totol energy surplus TESW2 accumulates a running total of
ESW2 throughout the sinmulation of the system, This level is
equal to TESW2 up to the previous point in time plus the surplus
wind energy (2nd index) of the previcus period., The units are
kilowatt~hours and zero initial conditions are assumed, As has
already been explained, there is a limit as to how large the
rated wind speed of a system may practically be considered,
Therefore, it may never be possible Lo change RWS enough to

reduce TESW2 to zero,

L TESW2. K=TESH2.J+{DT){ESW2.J)"8 18

N TESW2=0 18a.1
TESW2 = TOTAL ENERGY SURPLUS WIND (2MD INDEX) (KAH)

DT = TIME INTERVAL {DAYS)
ESW2  ~ ENERGY SURPLUS AIND (2ND LHDEX)  (KWH)

19 {TOTAL) CAPITAL COST . cc

Capital cost CC is expressged in dollars. CC includes the
cost of the flywheel and rotor system. In addition, each time
the tractor is turned on as a back up, the cost of this energy
is assessed,

The rotor ¢ost is assumed to be $100 per square meter and
includes the cost of a 30 meter tower. This figure is based on
cost information provided by various manufacturers. It
assumes the rotor will be a Darrieus design with a Savonious
self-starting capability.

The flywheel capital cost is assumed to be $35 per kWh of
storage capacity. Such a flywheel would be approximately 8 - 10
feet in diameter and weigh between 50 and 75 tons for a storage

capacity up to 5000 kWh's (19).



The other cost considered is that of operating tiie back up,
the tractor energy. Assuming a tractor rating of 100 kW, each
kWh of energy costs between $0.10 and $0.20. $0,20 is assumed
for the purpeses of this model.

It 45 not the author's intention to slight any of the other
costs zssociated with a system such as is proposed here, It is
asasumed, theough, that the cost of the transmissions and the gear
box are miner and they are thervefore not considered., The rotor
capital cost and the flywheel capital cost can be assumed to
equal zero 1f just the cost of maintaining the back up system

is desired,

A CO K=TTEU K= TECC+RS*RCTHF WECHFALE 19

c TECC=.20 19,1

c RCC =100 19.2

‘ FUCC=35 19,3

¢ ’ CC —  (TOTAL) CAPITAL COST (%)
TTEU = . TOTAL TRACTLP ENERGY USED (KWH)
TECC - TRACTOR GNERGY CAPETAL COST (#/KdH)

8% - RAOTIM SIZE (SHUARE METERS)

RCE - ROTOR CAPITAL COST {5/SQUARE METER)
FUEL = FLYWHECL EMERGY CAPACITY (Kul}k
FWCC ~ FLYWHECL CAPITAL CUST (5/KWH)

20 TOTAL DOWN TIME ACCUMULATICN RATE TDTAR

This rate controls the accumulaticn of the total number of
hours the system is actually "down" during a simulation run. As
the system has been defined, there is a maximun number of hours
of down time allowed per day DTA, At the end of each day, TDTAR
looks at the DCWN accumulator, If DOWN is less than DTA, TDTAR
assumes the value of DOWN., If DOWN is greater than DTA, TDTAR
assumes the value of DTA, In the calculation of the total down
time DNTOT, TDTAR is multiplied by the time interval DT, DT is

defined as being equal to ,125 days, or 1/8th of a day.
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To cancel the effect of this, the entire function for TDTAR is

multiplied by 8.

R TOTARLKL=SWHITCHIMINIDTA S DCY ML K) 33, 551.K) %3 20
é TOFAR =~ TOUTAL DOWN TIME ACCUMULATION RATE {HIURS)
SWITCH -~  DYMNAMO LUGIC FUNCTION
(SEE APPEINDTIX 2}

MIN = [DYRAMO FUNCTION FOR PMINEMUM?
OTA = DY TIME ALLIOAED (HJAS/UAY)
DA = DOWUN TIME (HIURS/DAY)
SSI =  SYSTEM STATUS [MOEX (DIMUNS ICNLESS)

21 TOTAL DOWN TIKE ACCUMULATED DNTQT

This level accumulates the total number of hours tﬁe system
is "down" during a simulation run, DNTOT can be used to determine
the load factor {percent of time the system is operating) during

a simulation run. Zero initial conditions are assumed,

L OMTOT K=DNTAT L J+{DTHTDTAR, JK} 21
N ONTOT=0 INITIAL CUNDETTINS 21l.1
DNTOT -~ TOTAL DOWN TIME ACCUAULATED (HOURS}
DT -~  TIAE INTERVAL (DAYS)
TOTAR =  TOTAL DOWN TIi¥E ACCUMULAT TON RATc (HIURS)
22 LOAD FACTCR LOADFAC

The load factor, as calculated by this auxiliary equation,
is the percent of time the ifrigation,system is operating during
the summer months of June, July, and August. At any point in
time, LOADFAC is the percent of the elapsed time that the system
has been operating.

Using a pump rated at 100 kW, it would be necessary to
Voperate the pump 50 -~ 60% of the time in order to provide 6 to 8
acre-inches of irrigation per month. The down time allowed
per day DTA ean be adjusted until, at the end of the summer,

the overall load factor is between 50 and 60%,



A LOADFAC K=1=DNTOTA/L24%T1HE, K) 22
' LOADFAC =  LOUAD FACTNOR {SIMENSIONLESS)
THE L.CAD FAGTCR [S TAHE PERCENT OF THE
TIHME THE SYSTEM [S TURNED ON DURLING
: JUHE, JULY, AND AUGUST.
ONTOT = TATAL DOk {[NE.&CCUMULATED A HUURS )

3.3 MODEL STRUCTURE - OPTION 2

Introduction. A schematic of Option 2 appears in Figure 3.3.1.

In this system the wind turns a wind turbine (windmill) which is

coupled to an electrical alternator, The electricity generated
is then rectified and fed into an electrolysis cell, The
electrolysis cell produces hydrogeh and oxygen from water (Hzﬂ),

The hydregen gas produced is then piped off and stored in an

57

exhausted natural gas'well. When it becomes necessary to provide

energy for irrigation, the hydirogen is piped to an internal
combustion engine which drives the irrigation pump, Propane
provides a back up for operation of the system when no nydrogen
is available. '

Option 2 involves three energ& conversicens, wind power to

electrical, electrical to production of hydrogen, and burning

- the hydrogen to provide mechanical energy, compared to the simple

conversion of wind power into mechaniecal power as in Option 1,
Thus, Option 2 is inherently less efficient. However, Option 2
provides a means for storing much more energy at a lower cost
than Option 1. Therefore, the sysiem could easily operate
during the entire year, storing the hydrogen produced during

the months of September through May for use during June, July,

and August. Thus, it is possible to provide the same amount of

total energy as Option I at a lower total cost.
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A casnal loop diagram of Option 2 is shown in Figure 3.3.2
and the DYNAMO flow diagram for the model is shown in Figure

3.3.3.

system Levels, There are four levels in ¢gption 2. Hydrogen

storage level H2S5L is the number of kilowati-hours of hydrogen
energy that are in the natural gas well at any given point in
time,

Total energy surplus (wind) 2nd index TESWZ2 serves the same
function as TESW2 in Option 1. Similarly, down time DOWN serves
the same function as DOWN in Option 1,

The propane usea PU is similar to the total tractor esnergy
used in Optien 1. When the system has been "down" for the allowed
amount of time and there is not enough hydrogen to power the
system, propane is used to power the irrigation pump., PU is
the tetal amount of propans used up to any poeint in time.

Due to the large capacity for energy storage of Option 2,
it is no longer critical to be pumping water whenever the wind is
blowing. Therefore, the approach to establishing the load factor
of the syétem is different than in Option 1. These differences
are explained below,

All "ENEﬁGY'S“ are expressed in kilowatt-hours {(kWh) and

all "POWER'S" are expressed in kilowatts (kWw).

Structure and Assumptions. The 18 equations that describe Cption

2 and their underlying assumptions are explained below,
1 HYDROGEN STORAGE LEVEL H2SL
The hydrogen storage level HZS5L contains the number of

kilowatt-hours of hydrogen that are available for use in the
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hydrogen internal combustion engine. HZ5L at any point in time
is equal to the H2EL value at the previcuslpoint in time plus

the hydrogen produced during the last time interval minus the
hydrogen used during the last time interval. .In addition, any
propane used asrback up fuel must be considered. The amount of
hydrogen into and out of the gas well storﬁge is also effected by
the.hydrogen storage efficiency H2SEFF. The calcuiated value of
H2SL at each »oint in time is first compared with zero and the
larger of the two 1s assigned as the actual H2SL, This is to
insure that there is nevef any "negatiive energy" stored in the

gas well, Zero initial constitions are assumed for this level,

HQSL.KzMﬁX(O,FZSL.J+[?T?{HEPR.JK;Hﬁu{.JK+PU§.JK *24*H25E?Fl

L
N HeSL=H2 LD INITIAL CUNDIT ECNS 1.t
G H2L-)=0 1.2
C HA5EFF=,95 1.3
HZ2SL  ~  HYDROGEN STOAGE LEVSL (KWH}
MAX = DYNARD FUMCTICN FCR tMAXI MM
ar = TIA4E INTERVAL (DAYS) '
H2 PR - HYDROGEN PRCDUCTION ATE (KW}
H2UR -~  HYDJRODGEN USAGE RATE (KW
PUR  ~  PRIPANE USACE RATE (KW
H2SEFF =  HYDROGEN STCRAGE FFFICIENCY
(DFCIMAL FRACTICNI
2 HYDROCGEN FRODUCTION RATE H2PR

The rate of production of hydrogen over an interval of time
is assumed to be equal to the amount of hydrogen produced by the

electrolysis cell during the same time pericd.

2 H2PRLKL=H2FC.K =~ 2
; HIPR =~  HYDROGEN PRODUCTION RATE (KW
HZFC - HYDROGEN FRCM (ELECTROLYS!S) CELL {Kw)

3 HYDROGEN FROM (ELECTROLYSIS) CELL H2FC
The amount of.hydrogen produced by the electrolysis cell
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H2FC is equal to the amount of electrical power produced by the
rotor EPFR times the rectifier efficicncy REFF (the rectifier
convcrté the alternating current power produced by the alternator
to direct current peower for the producticn of hydrogen) times
the electrolysis cell efficiency CEFF, The rectifier is a
solid state device with an efficiency easily approaching 95%.
There presently does not exist an slectrolysis cell of the size
needed for this system, However, General Electric projects a
cost of $50/kW at 93% efficiency for this size of cell by 1985

(20), Por this simulation, an efficiency of 90#% ic assumed,

A H2FC K =UPFR . KHREFF*CEFF 3

g REFF=.95 3.1

C th’quq 302
H2FC ~ HYJRNGEN FRCM (ELECTROLYSIS) OFLL (kW)
EPFR -~  ELSCTRICAL POJER FROW 20TO2 (KW}
REFF - RECTIFI®R EFFICIENCY (DSCIMAL FRACT UM )
CEFF = (ELFCTROLYSIS) CaLL EEFICIEWNCY :

[OECIMAL FRACTION)
4 ELFECTRICAL POWER FROM THE ROTOR EPFR

The mechanical output from the rotor is used to turn the
alternator to preduce electrical power. The electrical power
being generated by the rotor EPFR will equal the mechanical

power from the rotor times the alternator efficiency AEFF,

A EPFR.K=CLIP{PFR.K®AEFF.K,0,PFR.K,0) 4

EPFR ~ ELECTRICAL POWER FROM ROTOR (KW)

CLIP = DYNAMO LCGIC FUNCTION

PFR -~ POWER FRCM ROTOR (KXW}

AEFF =~ ALTERNATOR EFFICIENCY (DEC IMAL FRACTION)
5 ALTERNATOR EFFICIENCY AEFF

The alternator efficiency is load dependent., A typical

efficiency-load curve for an alternator is shown in Figure 3,3.4,
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In this system the alternator will be operating under full lcad
at the rated wind speed RWS. Thus, the input rating of the
alternator ALTRAT can be calculated by computing how much power
will be available from the reotor at the rated wind speed, The
efficiency of the alternator at a given point in time may then
be czleulated based on PFR at that same point in time, AEFF

is represented in table form as shown in Figure 3.3.5.

AEFF K=TARHL (AEFFT  PIR.K, 0y o5 #ALTRAT  »O5#ALTRAT)

A
N ALTRAT=RE#*A,3HE-5¥REX(RAS*RWS#RASH(EXPI. 42857« LAGN(HSF)) )~
X CIS*CI3%:CIS)
L tHSF=5
T AEFFT=3/.15/.337.50/.637.7572.36/.93/.94/.315/.95
AEFF -  ALTERNATOR EFFICIENCY [CECIMAL FRACTION)
TABAL = TASLE (AIGH - L4} FUNCTICN
AEFFT -~ ALTFANATOR EFFICIcNCY TABLE
PER -  POANER FRCH ROTLCR {KA)
ALTRAT = ALTEFNATOR RATING (KW}
RE = RAOTAOR EFFICIENCY (DECIMAL FRACTION)
8.386E~5 ~ CCNSTANT COEFFICIENT T CONVERT TO DESIREID
RS -~  ROTOR SIZE (SQUARE METZERS)
RWS = RATED WIND SPZED (KNJTS)
EXPl.42857) < LCGMNIHSF) -  HelGHT POJER FUNCTION
HSF - HEIGHT SCALING FACTOR = WINDUAILL HFRIGHT
(I METEGS ) DIVIDED RY ANEVMUMETCIR HEISH
CIS - CUT-IN=-3PEZZC (4ANITS)
6 POWER FROM THE ROTOR PFR

PFR in Option 2 is the same as in Option 1, The effects of
rotor size and efficiency, rated wind speed, tower height, gnd

cut-in-speed are all considered,

A PERK=FE*D, 36E-B%RS%{ WSA KEWSA K WSALK*(EXP(, 4285 I=LNGMNL-I
X CIS»CIS=CIS} &
c RE=.30 el
C RS=T00 6.2
C ClS=8 63
PFR -~ POWER FROM ROTIR (KW)
RE =  ROTOR EFFICISNCY {DECIMAL FRACTIONY
Ba26Z=5 =~ CONSTAMT COEFFICIENT T CCANVERT TUO DESIRE
RS = ROTOR STZE (SQUARE METERS)
WSA = WIND SPEED (ACJUSTEDNY (KNOTS}

EXPL.4285T7) LOGNIHSE) - HEIGHT POWeR FUNCTIDNMN
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Figure 3.3.5 - Alternator Efficiency Table
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MSE = HZIGHT SCALING FACTOR = WINDMILL MEIGHT
[IN METERS) DIVIDED BY ANEMOMETER HE I3HT
€IS - CUT-IN-SPESD (KNUTS)
7 ADJUSTED WIND SPEED WSA

WSA in Option 2 is the same as in Option 1., The effect of

the rated wind speed RWS of the system is considered,

A 0 WSALK=CLIPIRWS, WS . K, W5.K,RAS) 7
C RWS5=22 7.1
WSA -  WIND SPEED (ADJUSTED) (KNOTS)
CLIP -~ DYMAMOD LCGIC FUNCTION
RKS =~ PATED WIND SPEED (KNCTS)
WS = WIND SPEED DATA [KNOTS)
8 WIND SPEED WS

The wind speed data used in Option 2 is the same as that
used in Option 1 with one exceptioh. Optien 1 is only concerned
with June, July, and August, But the system modeled in Option
2 would operate year round and thus uses wind data from all 12.
months, To prevent an overflow of the computer memary, wind
data is used in 3 month blocks beginning with September, October,
and November and ending with June, July, and August, . Thus, the
system is able to produce and store hydrogen for 9 months before
~the irrigatlion pump is turned on.

WS K=TABLE(WST,TIME, K ,05,0F 4. 125) 3

A

C 0S=0 : 8.1

c DF =94 8.2
NS -~ {(wIND) DATA STARTING TIME

DE = {WIdD) DATA FINAL TIME

ACTHAL WIND DATA FROM 1965, DATA FUR SEPT, UCT,y MNUV,
WST=0
JLT7106/15/710a/20/22/719/152101/710/03/13/14/71L0/12/16
/13/1L/10/07/14/a7/1410;/01/na/cn/ua/cvluqflaluq

> v —
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L
.
L]

X 2107077077092 106703203/06210/L3212/14/721716207/08
X F0S/CT/LU/OG /07708723 /07707 008/07713/13/16/06716
WS - WIND SPEED (KNCTS) '
CWST. - ACTUAL WIND SPEED DATA [KNOTS)
9 HYDROGEN USAGE RATE H2UR

The hydrogen usage rate H2UR is similar to the flywheel
power usage FWPU of Option 1, H2UR will be equal to the pump
power demand PPD as long as the awmount of hydrogen in storage
is greater than a specified low energy level LEL. When the
hydrogen storage level H2SL drops below LEL, the pump will cease
burning hydrogen. Whenever the pump is turned off, "down" +time
is accumulating, The system can only itolerate a set amount of
down time per day DTA, If the amount of down time accumﬁlated
is equal to er greater than DTA, the system will begin to burn
propane as a back up.

Therefore, in determining H2UR for the next interval of
time, one first examines the system to determine if the systen
was accumulating down time in the previous time interval, If
no down time was accumulating, then H2UR will equal PPD., If
down time was accumulating and DTA has not been exceeded, the
system will shut down for the next time interval., And if down

time was accumulating and DTA has been exceeded, H2UR will equal

PED.
R H?UR.KL=CLIP(fLTP(P”U;K-U,DUWN.K;UTﬂfl).PPD.K,DTAH.JK.Z! 4]
C NTA=0 S.1 :

HZUR - = HYDROGEN USAGE RATE (KW)
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CLIP = DYNA4D LUGIC FUNCTION

PRD =~ PUMP POWER DEMAND (KW)
DOWYN = DOWN TIME (HOURS/AY)
DTA - DCY4N TIME ALLOWED [HIURS/CAY)
DTAR = DOGAN TIME ACCUMULATICN RATE (KW)
10 PUMP POWER DEMAND PPD -

The pump power demand of Qption 2 differs from that of
Optioen 1, In Option 1 it was desirous to have the system pumping
whenever the wind was blowing., Due to the very large (assumed
infinite for purposes here) storage capacity of Option 2, this is
ne longer important. Whenever the wind is bloﬁing, hydrogen will
be being produced, And whenever the system is pumping, hydrogen
will be being consumed,

As has already been mentioned, with a 100 kW pump, the
system would need to be operating approximately 60% of the time
(load factor = ,80) in order to meet the irrigation requirements.
Since 1t is assumed here that it makes no difference when the
pump is on, as long as it is on 60% of the time, the pump raling
is reduced to 60 KW and DTA is set equal to zero. So instead of
having a 100 kﬁ pump operating 60% of the time as in Option 1,

this system assumes a 60 kW pump operating 100% of the time,

PPD.K=CLIP(CLIP(O,PR/PEFF, TIME.K,IRROFF) 30, TIME.K, IRRON) 10.

A
C PR=60 10.1 .
C PEFF=,13 10.2
C IRRCN=2706 10.3
C IRROFF=356 10.4

PPD ~ PUMP PCWER CEMAND .{KwW)

CLIp - DyNAMO LOGIC FUNCTION

PR =  PUMP RATING (KW)
PEFF = PUMP EFFICIENCY (DECIMAL FRACTIUN]
IRROFF =~ TIME IRRIGATION IS TURNED OFF

IRRON TIME IRRIGATICN [S TURNED GN



11 PROPANE USAGE RATE PUR

The propane usage rate PUR corresponds to the tractor power
'usage iﬁ Option 1. Propane serves as the back up for Option 2,
This back up is activated when the hydrogen storage level HZSL
falls below a specified low energy level LEL., Therefore, at

any roint in time, PUR is equal to zero or PPD,

R PURGKL=CLIPIPPDLY O, DWNJK, LT A+ 1} 11
PUL =  PRAOPANE USAGE RATE {(XW)
CLIP = DYNAMO LOGIC FUNCTION
PPD - PUMP PCWER CEMAND [K49)
DOWH  ~ DAMN TIME (HILRS/DAY)

DT A C GOWN TTME ALLOmED ( HQU_RS/DAY]
12 . PROPANE USED PU

Propane used is a level and accumulates the total amount of
propane used during the simulation run, Each kilowatt-hour of
propane used costs money and must thus be considered in the total
cost of the system. PU at a point in time 13 equal to the value
of PU at the previocus point in time plus the amount of propane

used during the last time interval, Zero initial conditions are

assumed,
L PUK=PU.JFIDTHIPUR, JK ) %24 -5
N PU=D PHITIAL CONDITICNS 12.1
PU - PRUPANE USED {K4H)
DT - TIME INTERVAL (DAYS)
PUR = PROPANE USAGE RATE- (KW)
13 DOWN TIME DOWN

DOWN is defined the same as in Option 1, However, since
Option 2 is designed to operate continuously during June, July,

and August, no actual down time will accumulate. The DOWN level
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is kept in the program to make the model more flexible and to

have Option 2 parallel Option 1,

L DCWN.K:SSI.J*(DCHN-J+CLf?(U,UTI'HZSL.J}LEL]l 13
N 20WN=D INITIAL CONDITIONS 1?.[
C LEL=225 13,3
DIWN = DOWM TIME (HOULRS/DAY)
§51 ~ SYSTEM STATUS INDEX {DIMENSIONLESS)
CLIP = ODYNAYMD LOGIC FUNCTIUON i
DTI =~ CELTA TIME INTCRVAL = (DT)=24 (HOURS)
H2SL - HYDROGER STCRAGE LEVIL  [KWH)
LEL - LOW EMERGY LEVEL (KaH)
1L DOWN TIME ACCUMULATION RATE DTAR

DTAR is the same in COption 2 as in Option 1. Again it
serves as an index of whether or not the system is accumulating

down time while not actually directly influencing the level of

DOWN,

3 DTARJKL=CLIP{1,PPN.X, H25L oK, LEL) 14
DTAR - DOWN TIME ACCUMULATIOMN RATE (KW)
CLIP =~ DYNAMD LO5IC FUNCTION

PPD ~  PUMP POWER CEMAND (KW)
H2SL = HYDRUGEN STCRAGE LEVEL (KWH)
LEL — LO4 EMERGY LEVIL {K4H)
135 SYSTEM STATUS INDEX S31

SSI resets the DOWN accumulator to Zero every 24 hours at
midnight the same as in Option 1. Figure 3.2.4 shows one 24 hour

period as the computer interprets the table format,

SST.K=TABHL{SSIT , TIME K, IRRCN, [RROFF, . 125) 15
SS1T=0/ :
ARV VAV VAVAVAVAVAVANAWL VI VA WA VAV VAVA VLY
A Y AN SN VAN A VAW A WAV A AV WAV WAWA VA WAV

» _

[ ]

1]

lll/l/t!l/i/l/O/l/l/l/1/1/1/!101111/1/1!1/1/110/
VAV VEVANAVEVIVADSNA WA WA NS Wl
351 = S5YSTEM STATULS IHDEX (DIMCNSIUNLESS)

X -

>

7
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TABHL —  DYHAMO TABLE (HIGH - LW} FUNCTION
SSET - SYSTEM STATUS [NDEX TASLE
IRFEF =  TI4AE [RRIGATION 15 TURNED OFF
[KRCM = TI4E IRRIGATICH IS TURNED ON
16  ENERGY SURPLUS (WIND) 2nd INDEX ESW2

ESW2 is the same as in Option 1, noting the amount of
energy in the wind that can not be extracted due to the rated
wind speed of thé system,

Since infinite storage capacity is assumed, there is no

need for an ESW1 as in Cption 1.

@ ESHZ.K=CLIP {#E¥RL3LE-5FRE* (1S4 X WS KE WS KH {EXP(,4235 7%
% LOGN{HSFI) I=CISHCISHCIS)=PFR K, 045K, 2US) 16
o ESW2 1S USED TN EVALUATE THE RATED JIND SPEED OF THE SYSTEH
ESW2 - ENERGY SURBLUS WIND (20D INDEX) [KAH)
CLIP = OUYNAMD LEGIC FUNCTIGN .
RE - ROTI2 EFFICIENCY (DECIMAL FRACTION)
£.365-5 - CUNSTANT COSFFICIENT T CONVERT TO DESIRED UNITS
RS = RNTIR SIZE (SQUARE METERS)
WS - WIND SPEED DATA (KNOTS)
EXP(.4285T)%LOGRIHSF) =  HEIGHT PI4ER FUNCTION
MSF = HEISHT SCALING FaCTOic = 4 INDHILL FKZI5HT
(TN METERS) DIVIDED 8Y ANEMOMITER HEIGHT
C1S = CUT=IH-SPESD (KNITS)
RWS = RATED WIND SPECD (KNOTSH
17  TOTAL ENERGY SURPLUS (WIND) 2nd INDEX TESW2

TESW2 keeps a running total of ESW2 through the simulation
run as in Option 1, This level is equal to TESW2 up to the
previous point in time plus the surplus wind energy (2nd index)
of the previous period., The units are kilowatt-hours and zero

initial conditions are assumed,

L TESW2.K=TESW2WJ+IDTILESW2.J )%y 17
N TESW2=0 17.1
TESHZ = TOTAL ENFRGY SURPLUS WIND (280D ISDEX) (KiH)
0T = TIME INTFRVAL (3AYS)

ESW2 = ENERGY SURPLUS WINO (2ND INPEX) (XWH)
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18 (TOTAL) CAPITAL COST cc

Capital cost CC is expressed in dollars. CC includes the
costs of the rotor, alternator, electrolysis cell, and the propane
used and propane tank, The rotor capital cost is the same as
in bption 1. Alternator costs in the neighborhood of $50/kW
rated output are common today for alternators in the size range
represented by ALTRAT. The electrolysis cell capital cost
($60/kW) is a projected figure from General Electric for the year
1985 (20}, Operating costs include the cost of the back up.
Propane tanks in the'neighborhood of 500 gallon capacity (15,400
kWh) lease fer around $3/mcnth'($36/year). Propane is presently
available at a cost of $0.27/gallon (31 kWh). This cost will
surely rise in coming years causing the'ccst of the btack up
to rise, Therefore, the system should be designed'so as to
require as little tack up as possible during a "typical” year,
It is assumed that there exists an exhausted gas well and piping

already, thus their costs are not considered,

PS# CCHALTRAT®ALCC+CELLRATCELLCC FTANKGE #PUL X% PCL 18

A CC.K=

C RECC=100 18,1
C ALCC=5) 13.2
N CELLRAT=ALTRATHREFF 18.3
5 CELLCC =60 18.4
o TANKCGC=36 18.5
C PCC=8,77523F-3 18.6

CC  — (TOTAL) CAPITAL COST (%)
RS = ROTOR SIZE (SJUARE METEPS)
RCC = FOTCR CAPITAL CO3T (%/SUARE METER)
ALTRAT - ALTERNATOR RATING (KW) ' )
ALCC ~ ALTERMATOR CAPITAL COST (INCLUDING
INSTALLATINN AMD RECTIFIER COSTS) ($/K4W)

CELLRAT ~ CELL RATIRG (Kw)
CFLLCE = CELL CAPITAL CAST {$/KW)
TANKCC =~ TANK CAPITAL COST ($/YEAR)

LPU = PROPANE USED (KWH)
PCC =  PROPANE CAPITAL TOST $/Kud)
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CHAPTER 4 - RESULTS

4.1 A LOOK AT THE OUTPUT

When DYNA¥O is used with system dynamics to model a system,
two types of output are avallable; tabular and graphical, The
results are plotted verses TIME with the graphical output,

The tabulated results of the last 30 days of simulation are
shown in Table 4,1,1 for Option 1 and Table 4.,1.,2 for Option 2,
These tables show the values of each quantity at the end of each
24 hour period. When examining these tables, it should be kept
in mind that the calculations defined by the model are carried
out every 3 hours, or 8 times between table entries,

Figures 4.,1.1 and 4,1.2 show the graphical output from a
2 week period in Option 1. Here, a data point is calculated and
plotted every .125 days (3 hours)., DBy examining the graphical
ocutput, the operation of the system can easily be Tollowed.

Figure 4#.1.1 shows how the back up operates and in turn
affects the total cost of the sjstem. Whehever the wind is
blowing faster than the cut-in speed, power is being generated
by the system. This power is fed into the flywheel, The bottem
two curves in Figure %,1,1 show that whén the wind is blowing
well, the flywheel energy is increasing, and when the wind is
not blowing well, the flywheel energy decreases (due Lo the fact
that the pump is drawing energy from the flywheel),

Whenever the flywheel energy drops below the low energy
level, the pump shuts down and ceases to draw energy from the
flywheel unfil the wind has brought the flywheel energy back up

above the low energy level., But, if the pump is shut down more
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than the allowed amount of time per day, the back up (tractor
energy in this vase) is activated, This is shown between the
7th and 8th days in Figure 4,1,1. This use of tractor energy
costs money, which is reflected in the increase in the total
c¢apital cost of the system,

Figure 4,1.2 shows the accumulation of "surplus" energy.
Whenever the flywheel is filled to capacity with energy and the
wind is generating additional energy, this surplus energy is
noted by TESW!, This is shown between days 1 and 2 in Figure
4,1,2, Whenever the wind is blowing faster than the rated wind
cpeed of the system, the energy available, but not extracted by
the system, is noted by TESWZ (see Figure 4.1.2).

Figures 4.,1.3 and 4.1.4 show the graphical outpﬁt of +two
2 week periods in Option 2, Figure 4,1.3 shows a period from the
2nd quarter of the year (December, January, February). During
this period, no irrigation is taking place. Therefore, all the
energy extracted from the wind is going into the production of
hydrogen, Whenever the wind is blowing faster than the rated
wind speed of the system, the energy available, but not extracted
by the system, is noted by TESW2.

Figure 4.1.4 shows the same 2 week pericd of time as Figures
4.1.1 and 4.1,2, Irrigation is taking place during this period,
therefore, hydrogen is being used at a stéady rate. If the |
hydrogen storage level were to drop below the low energy level,
the back up (propane) would be activated. Use of propane causes
an increase in the total cost of the system. Since the hydrogen

storage level is well above the low energy level, no propane is
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used during the 2 week period shown in Figure 4.1.4,

4,2 BASIC ECONOMICS OF THE SYSTEMS-

The final total capital cost at the end of a simulation run
contains two costs, the cost of the system iiself and the cost of
‘operating the system for one year. The cost of the back up
systems constitute the operating cest for one year, while the
rest of the total capital cost is the cost of the system itself,
. Maintenance costs are assumed to be negligible and ars not
considered, Taxes are also not considered here. These cost are

summarized in Table %#.,2.1.
OPTION 1., The construction of the systenm modeled by Option 1

requires $145,000, It is assuméd that a farmer wishing to install
such a system could borrow the necessary capital at 104 annual
intersst, '

Case 1. .In case 1 tha lifetime of the system is assumed to be

10 years with zero salvage value at the end of that time., It

is also assumed that the farmer will make 12 monthly payments

each year to the bank against his loan for the system installation.
The amount of each monthly payment is cazleulated making use of

the formula for the Capital Recovery Factor (21) given in EQN

z;Izlit
i(1 + i)Y
A =P S EQN 4,2.1
(1 +1)" -1
where A = end-of-period cash flows in a series continuing for

a specified number of periods;

P = present sum of money. The equivalent worth of one
or more cash flows at a relative point in time
called the present; .



Fable 4.2.1
Costs From 1965 Wind Data

Option 1
Tetal CC ($) 146,680
System Cost (3$) 145,000

Operating Cost (&) 1,320

Option 2

109,286
109,260
26

83
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the effective interest rate per period;
the number of compounding periods.

il

With = $145,000

10% per year/12 months per year,
20 years * 12 months per yéar.

$1,916/month = $22,994 /year

The total cost of the system for one year, then, is

it

il

=2 g 2 e

then A

it

$ 22,994 - capital recovery cost
+ 3 1,320 - operating cost

$ 20,31k

The number of kilowait-hours of energy produced during this
same period is: ' ‘

"

100 kW rating * 90 days * 24 hours/day * LOADFAC = 131,695 kWh .
Dividing the total cost of the system for one year by the nuﬁber
of kilowatt-hours produced in one year yields:

$24,314/131,695 kWwh = $0,18/kY
Cése 2, 1In case 2 the lifetime of the sy “em is assumed to be
20 years, The windmill and flywheel system should actually
have a lifetime of more than this, but the well and pump may
have a lifetime of only 10 to 15 years,

Using EQN 4,2.,1 yields:

A .= $1,399/month = $16,791 /year
Therefore, the total cost of the system for one year is:

$ 16,791 - capital recovery cost
+$ 1,320 - operating cost

$ 18,111

which comes to a cost of $0.14/kWh,

OPTION 2. The construction ef the system modeled by Option 2

requires $109,260. Again, 10% annual interest is assumed,
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Casge 1.- In éase 1 aio yearllifetime with zero salvage value
is assumed, Using EQN 4,2,1 yields:

A = $1,444 /month = $17,327/year
The total cost of the system for one year comes tos

$ 17,327 - capital recovery cost
+ 3 26 - operating cost

$ 17,353

The total rumber of kilowatt-hours preduced during the same

period of time is:

60 kW * 90 days * 24 hours/day = 129,600 kWh
This results in an energy cost of $0.13/kWh.

Case 2, In case 2 a 20 year lifetime with zero salvage value
is assumed, Using EQN 4.2.,1 yields:

A = $1,054/month = $12,658/year
The total cost of the system for one year equals:

$°12,658 - capital recovery cost
+ $ 26 - operating cost

$ 12,684

which comes to an energy cost of $0,10/kWh,
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CHAFTER 5 - DISCUSSION AND COMMENTS

5.1 WHY THESE MODE;S?

Only two system models are presented in this paper. There
are a number of sysiem models that can be formulated in attempt-
ing to design a system that would harness the wind, Option 1
was formulated to be as simﬁle a design as possible, converting
the wind power to mechanical power and using tﬁis mechanical
power directly to accomplish the task of pumping irrigation
water., Starting with this basic system, many modifications
are possible, The flywheel storage could be eliminated and
replaced with a large water tank or reservoir. The system could
then pump water year round whenever the wind was blowing, storing
surplus for periods of low wind. Or add an alternator to the
system and you can drive the irrigation pump with an electric
motof. During the non-summer months the elecitricity produced
could be used for grain drying, space heating, and other demands
presented on the farm, Electric utility off peak power could
serve as back up., Add an electrolysis unit to the system and
the system would be essentially that presented by Option 2.

Option 1 was chosen as a system to be modeled due to its
relative simplicity. The balancing of the rotor size and fly-
wheel (for energy slorage) size deserves a more systematic
approach than is presented here,.

Using electricity produced by the wind to power irrigation
pumps has some advantages., However, in order to provide the

necessary back up, the irrigated field must be located near a
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three phase transmission line to minimize the cost of distribution
lines, TFor the same reason the field must also be located close
to other farm buildings if the electricity produced during non-
irrigation periods is to be used., The possibility of using
existing power company networks as an "infinite" storage device
does exist., This would probably require government intervention
on the state or federal level, however, before the utility
companies and other parties involved could reach an agreement,

Option 2 has several advantages over the other possibilities
discussed., The midwest, where it is proposed to install such
wind powered irrigation systems, is blessed with many natural
gas fields. Natural gas is presently used to power approximately
80% of the irrigation pumps in western Kansas, In years to come,
more and more of these gas fields will begin to run out of natural
gas, There are already numerous depleted wells in the area,
Existing gas engines and pipelines could be used in Option 2,
Depleted wells are available at nominal cost, and the turbine
could be used year round, By expanding the system, hydrogen could
be produced in large enough quantity to be used as the primary
energy source on the farm. The idea of a hydrogen economy is not
new, (22,23),

When examining Option 2 it should be pointed out that this
system could not be built teday for the cost cited in the model,
The primary obstacle to this is the large electrolysis cell
required. The specifications used in this paper reflect 1985

projected cells,

5.2 WHY THESE NUMBERS? 7
It has already been peinted out that the selection of the



88

rotor size - flywheel size combination in Cption 1 deserves a
more sophisticated approach than DYNAMQ can give, However,
several different combinations were considered, None of these
combinations placed "too large" a deperndency on the back up
system, "Toa large" is fairly arbitrary. It was felt that the
farmer should not have to use the back up more than once or
twice a week., From Figure 5,2.1 it can be seen that rotor size
of 1100 square meters with a flywheel energy capacity of 1000
kilowatt-hours is abvout in the middle of the combinations that
provide a load factor of approximately 60%. It was, therefore,
decided to use a rotor size of 1100 m2 and a flywheel with 1000
kWh of storage capacity in the simulation of Option 1.

In both Option 1 and Cption 2, the cost of the back up is
actually less than the cost of operating the system itself.
This enforced the desire to use as little back up as possible
A 'noneconomic' decision must be made to use as little back up as
possible since an attempt to simply minimize the cost would result in
the sige of tﬁe rotor increasesg, the cost of the system increases
linearly. Therefore, it is desired to have the rotor as small
as possible while still using as little back up as ppssible.
Figure 5.2,3 shows that a rotor size of 7?00 square meters
requires very little propane be used as back up in Option 2,
Therefore, a rotor size of 700 square meters was used in the
simulation of Option 2. Figure 5.2.3 is based on 1965 wind data.
This data was determined to be "typical" compared to averages

over 25 years.

5,3 WHY A SYSTEM DYNAMICS APPROACH?

System dynamics has been criticized by many (24) on the
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grounds that the assumptions used in many models have not been
relevant to egonomic theory and that the absence of proper esti-
mation technigues result in considerable abstraction from reality
(25)., DBut, as has been stated already, the models presented

here Eear no c¢laim of being "the" correct models, They merely
represent the best models available at the time given the avail=
able knowledge,

It has been said that increased promotion adds to awareness
of a product (26}, Such is the case with system dynamics and
the use of DYNAMO., Originally developed as a tool for use in
solving industrial management problems, system dynamics have
now been used to model a wide variety of topies (ﬁ.5,6.?).

The author feels, that by using system dynamics in an
area that in the past has been ignorant of the subject, he can
expose its existence, It might be argued that DYNAMO does not
rresent the best approach to attacking the problem of modeling
'wind powered irrigation systems. But it is an approach that can
be taken, And it is the author's hope that other people woerking
in these areas will become aware of the potential of system

dynamics as a methed for problem solving.

5.4 A LOCK TO THE.FUTURE

The energy costs of Option 1 and Option 2 compared with present
energy costs are shown in Table 5.4.1. As can be seen, even the
lowest cost assoclated with the proposed systems is 2% times as
high as the higher of the two present energy costs., But, look
to the future, |

By the year 1985 construction of Option 2 should be possible,

Natural gas prices will have surely risen considerable by then



Option 1

Option 2

Present

Table 5.4%.1 -~ Energy Costs

(10 year loan)
(20 year loan)

(10 year loan)
(20 year loan)
electricity
natural gas

cost ($/kWh)

0.18
0.14

0.13
0,10

0.04
0,01
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due to, if nothing else, the relative scarcity of the commodity.
The cost of fuel to utility companies will likewise have risen
resulting in a higher cost to the consumer for electric energy.
The cost of constructing the systems modeled will similarly

rise, But since these systems use the free wind as their primary
source of energy, the rise in energy costs for Option 1 and Option
2 should not be as great as the rise in price of presont forms

of energy, It is not unlikely, then, that within the next 10

to 15 years systems such as those presented here will produce
energy at a lower cost than present utilities, Add to that the
fact that our natural resources such as gas and oil will not

last foraver , but the wind should continue to blow always,
Therefore, it would not be unreasonable to expect these types

of energy producing devices to become wide spread in the future,
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OPTION L WPE

* 0°TION 1T WPI
L TAEK=FWE o+ {OTIIPTFU,, UK-FWPULJK+TPU, JK) 24 GREXFWEFF 13
N TAF=,T5%*FWEC INITIAL CONDIQTIOMS .l
c GRE=,95 1.2
FWEFF=,95 1.3
NOTE TAE - TOTAL AVAILABLE ENERGY (KWH}
NOTE FWE -  FLYWHEFEL ENERGY {(XWH)
NOT E DT~ TIME INTERVAL (DAYS)
NOTE PTFW = POWER TJ FLYWHEEL {(KW)
NOTE FWPU  ~ FLYWHEEL POWER USEAGE (KW}
NOTE FPUY - TRACTOR PNWER USAGE (KW}
NOTE GBE - GEAR ROX EFFICIENCY {DECIMAL FRACTIGN}

NUOT & FWEFF =  FLYWHEFL FFFICIENCY (DECIMAL FRACTION}

A FUE JK=HIN(FWEL,TAEK) 2

C FWEC=1000 2.1

NOTE FWE =  FLYWHEEL ENERGY (Kuw+)

NOTE TOMING - DYNAMO FUNCTIGM FOR YMEINIMUM?

MOTE FWET =  FLYWHEEL ENERGY CAPACITY {(KWH)

NOTE TAE = TOTAL AVAILABLE ENMERGY [KWH)

R PIFH.KL=CLIPIPFRLKy2,PFR.K,Q) 3

NOTE PTFW = 9OWER TO FLYWHEERL (KW)

NGTE S CLIP  —  OYNAMD LOGIC FUNCTION

NOTE {SEE APPENDIX 2)

NIOTE PFR ~  POWER FRCM RDTOR {Ku)

A PFRoK=RE*B,IHT-S4RSH{WSAKHWS A KAHS A KFIEXP L4285 T#LOGNIHSE) ) )~
X CIS=CIS*CIS) ‘ 4
C TE=,30 4.1

C 74=1100 442

C HSF=5 ""l’o3

C CI5=8 4%

NOTE PFR. - POWER FROM RUTOR (KW}

NOTE RE - ROTOR FEFICIENCY (DECIMAL FRACTION)

NOT E Be36E-5 = CONSTANT COEFFICIENT TO CONVERT T0O DESIRED UNITS
NOTE RS = RAOTOR SIZE (SQUARE METERS)

NQTE HWSA WIND SPEED {ADJUSTED) {KWATS)

NOTE C%P{.4285f)“LDuN(HSFI -~ HEIGHT PONWER FUNCTION

NOTE HSF - HEIGHT SCALING FACTNR = WINOGMILL HEIGHT

NOTE {IN METERS) DIVIRDED BY ANSMOMETER HEIGHT,
NOTE ANEMNDMETER HEIGHT = &6 METERS IN 1965,
NOTE CIS =~ CUT-IN-SPEED (KNOTS)

A WSAK=CLIP[RWS y WS K4yWS.K,RUS) 5

c AWs=22 5.1

NOTE WSA  ~ WIND SPEFD {ADJUSTED) {KNOTS)

NOTE CLIP ~ DYNAMC LOGIC FUNCTION

NOTE PYS - RATED WIMND SPEED [KNITS)

NOTE WS =  WIND SPEED DATA (KNUTS)

NOTE

NUTF

NOTE ACTUAL WIND DATA FROM JUN, JUL, AND AUG 19465

NOTE :

A WS e K=TABLE(WS T, TIME.K 0, 90..125) O

WsT=0

/D9/09!11/10fl#flbflb/lZ/1&/09!09/06/01/08/16/14
AL2/02/707/714/10/1273T/08/706/25/010/05/12/13/15/10
04/ 10/704/14/409/13/09/712/20/06/707705/06/06/403/15
F09/0T/06/0L/10/19/715/703/10/711/710/18/15/14/07/714
F2B/L0/ET /0471070070 /707/0%/7104/705/-23700/12/719/038
A18/10/07/714/712/10/06/711/10/704/05/13/13/15/701/04

PO M X K —



OPTION 1 WPI

PRl R S el o o T o T A A A i S e Al A T T T T T T S O 1

Z Z
ao
=3

il

=

[~

NOTE
NOTE
NOTE
NOTE
NOTE
NOTE
A

NOTFE
NOTE
NOTE
NOTE

NOTE

FC8/L1/08/1 4715718/ 13/L0/0T/07/705/09/01704/05/06
/O5/709/05/09/06/09/14/07/08/710/08/711/1s/10 7713708
F12/09/10/12/711709/718/10/14/11/710/39/10/14/13/7409
FL&/10/00/ 47154087 4/ /03/12/13/19/15/1L8/18/15
F16713210/70T7 /7047 L/15/08/10/09/36/035/09/10/714/15
J18/706/10/15/15/104/713/10/03/07/06/710/04/09/714/705
FORFQ3A13/10/207 L5/ 3B/0T/1B/LS5/713712/712/713/712/713
F147039/711/720/18/720/20/15/20/21/12/715/14/717/22/08
FOT/05/03/105 715711722/ 16/15/712/13/718/7104718/720/10
FOB/OT/FL3/LS/16/18/12/06/0°/12/712/13/15/718/716/1)
13/07/07/03/710/10/104/13/08/7101/705/710/0L707/710/07
FY3/18B/0%/09/04/05/03/06/07/99/18/711/712/15/710/713
FO9/L5/15/09/711/13/03/705/04/04/05/35/01/705/71L /707
F08/04/0L7103/11L/70L/0/07/07/03/707738/04/03/07/07
JOS/OT/O4/ L LAV /LL/L /09717 /736/03/15/16/4102/10/10
F14/710/7146/16/23/18/21 7107101 /713/709/709/10/14A/15/15
FLRZ06 /14 FLO/0S/0T/06/0L/06/7067437/721/10/09/70%/07
ALA/DTF08/09/710/733/03/00/08/07/708/06/13/12/12709
/0970821087 10/20/15/07715/10/712/18/719/713/7117/15
£08/705/05/05/07/10/15/710/415/710/13/714/716/16/714/19
F1le/03/07/710/15216/13/710/02/703/703/15/15/705/13708
FOR/DZSLT/2LA 074127037127 12706705/7103/10704/08712
FLL/06/04/008712/714716712712 /7257057357147 14711793
F08/07T/10/10/10/11/14/04/405/03/03/04/705/07/034/705
/01710710 /18/05/04/13/710/08404/37/07/716/14715/04
JO3/0T/05707T /147057 13/04/05/06/35/06/03/33/07/706
FOR/1D/0T/09/12/14710/05/1L0/L3/383/714/14/19/15/13
A15/10/1L/18/ 14/ 15/13/18/703/20/35/705/033/704/04/05
FYL/7L0/7 4207 /703/L0/10737/03/04/07/03/03/03/708/19
J06/05/05/05/03/10/03/14/05/C7/06/12/13/11/08/07
AO8/093/701/15/715/06/00/08/13/13/10/15/14/09/08/05
706/99/10/14/12/708/39/36/07/08/30/13/16/7/12/19/08
FlO07O6/0QT/LA/ 14/ T/15/06/C8/10/103/12/16/714712706
F1L/711/708/00/09/74/710/47014/09707/70T7/709/08/16708
F06/05/05/18/13/19/1L/70 /1 /06711714711 /13705/07
FU8707/05/07/10/08711/13/1L/13/11/09/05/08/10/06
F08/05/05/056/237/04/13/713/L/14710/100/717/703/305/01
A05/704/03/10/17/713/709/707709/710/11/714%716/12/08/10
J09/10/13/15/16/709/10/06/13/07/708/715/11/715/14/14

WS -  WIND SPEED (KNOTS)
WST  ~  ACTUAL WIND SPEED DATA (KNGTS)
FWPL KL=CLIP{CLIP(PPD K 04008 N.K,DTA+1),PPDK,DTARLIK +2)
DTA=15 7,1
FWPU = FLYWHEEL PDWER USAGE (KW)
CLIP - DYNAMO LOGIC FUNCTION
PP =  PYUMP POWFR DEMANG (KW}
DOWN = DIWN TIME {HOURS/DAY)
DTA - DOWN TIME ALLUWED (HIURS/DAY)
DTAR - D004 TIME ACCUMULATION RATE (KW}
PPN K=PR/TEFF 8
PR=109D 8.1
TEFF=,90 8.2
PPD - PUMP POWER DEMAND (KuW)
PR -~  PUMP RATING (KW)
TEFF = COMBINED FLYWHEEL-TO-PUMP AND FLYWHEEL
EFFICIENCIES [DECIMAL FRACT ION)
TPULKL=CLIO{ TPIFW.Ky0yDOWNL K, OTA+L) 9
TPU - = TRACTOR POWER USAGE (KW)

100
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OPTION 1 WPI

NOTE CLIP ~  0OYMNAMO LOGIC FUNCTION

NJTE TPIFW = TRACTOR POWER INTU THE FLYWHEEL (KW)
NOTF DOWN - COWN TIME {HIURS/DAY)

NOTE DTA - D0OWN TIME ALLOWED (HOURS/DAY)

A TPIFWK=TPRXTTFWE 1Q

c TPR=100 10.1

C TTFWE=.95 10.2

NOTE TPIFW = TRACTOR POWER INTD FLYWHEEL (KW)
NOTE TPR = TRACTOR POWER RATING (KW)

NOTE TTFWE = TRACTOR=TO-FLYWHEEL TRANSMISSION EFFICIENCY
NOTE (DECTIMAL FRACTION)

L TTEU.K=TTEUJHIDTI (TP, JK) =24 /TTFWE 11

N TTEU=Q INITIAL CONDITIONS 1l.1

NOTE TTEU - TOTAL TRACTOR ENCRGY USED (KdH)
NOTE DT - TIME INTERVAL (DAYS)

NOT E S TP) -~ TRACTOR POWER USAGE (Kw)

NOTE TTEWE = TRACTOR-TO-FLYWHEEL TRANSMISS ION
NOTE EFFICLENCY (OFCIMAL FEACTION)

L DOWNGK=SS T = {DOWNLJ+CLIPLI DT, FdEJyLEL) ] 12
W J0WN=0 IMITIAL CONDITINNS 12.1

C LEL=500 12.2

C DTI=3 . 12.3

MOTE DOWN - DOWN TIME (HOURS/DAY)

NOT E §ST  ~ SYSTEM STATUS ITN2EX (DIMENSIUNLESS)
NOTE CLIP - DYNAMO LOGIC FUNCTION

NOTF 0TI = DELTA TIME INTERVAL = {(0T}%24 {HOURS)
NOTF FWE - FLYWHEEL ENERGY ({KWH)

NOTE LEL - LOW ENERGY LEVEL {(XWH)

R OTARJKL=CLIP{1,PPReK,FHEK,LFL) 13

NOTE DTAR = NOWN TIME ACCUMULATIOM RATE (KW)
NOTE CLIP - DYMAMO LOGIC FUNCTION

NOT E PRD - PUMP POWER DNEMAND {(KW)

NOTE FWE = FLYWHEEL ENERGY (KWH)

NOTE LEL LOW ENERGY LEVEL (KWH)

A S51.K= TADLE(351T1TIMF KyD290, .125) 14

T SSIT=0/

Mo XK KK o K K RO XM

I AV AVEN VANV VAVAVAVAVAVAWA WL N VAVSVAVAPSVAVATARAVA VA FS WAWA WYY
INAVANANAWANANAYSUAVAVAVAVANAVAVAVAVAVAVAVA VAW TAWAVAVA VAN VA VAV
IVAVAVAVAUARAVLVAVANAVAVARANSTAVEVAVAVSVA WA WINWE VWAV VA FAWA VAR
INAVEYAVAVAVAY L FAVANAFSVAVEFARLFAVAVAVAVAVAVIVAFAVAVAWS VA WAVA VAT
VAV AVAV AW ANA NIV S VAN ANAV VAN AN VA VSVAVAVEVAVAV SIS VAVAVAVAVAVEVAY
IV AV AVAVANAVAVIFAVAVAVAVAVARAUM VAN NANEVANSWANIA NS VAVEVAVAVAY VY
IVAVAVAVAWAUAVLIAVAVSVAVARARAVIVAVAVATAVAVAVAVO AN VAWE VA VA VA VIV
WAV AV AN AN SNV AVANANAVEAVANSFAVSNAVEVAVAPAVR A WAVA VAV U VWA
WA AVAVEVE WSV T AVEVEVAVEAVEVAVHVAVANEVAVAVE VAV FAWAVAVAVAFEVAWAY
IS VANANS NN AWLFSVAVANE AV WSV VIVAVAVAVEVAVAN N IANAVAVAVAVE VAW Y
IV AN SV AV AN AV VA VAVAVAR A VANV AVAWA VA VAWAWIN AN VAVAVAVAVA VY
IVAVAVEVETAVAN I T AVEVARAVAVARAWAVAVAVAVAVA VAVAVNIAVAVANAVAVA VA WIVY)
INAVARAVAVAWAVLVAVAVAWAWANA W WEVAVAVAVAVAVAVAVSTAVAVAVE VAVA YAWINY,
VAV AV VAU AN AW AN VA NAN AN WA NS PN VA VA AVANAVAPAWA VA VRV WS WA W)
INAVAVARAWAWEVHFAVAVAVAVAVANA VA VAVAVAVAVEVAVANS VA FAVA VA VA FE VAW
IV AVAVANSVA VISV ENAVAVAVAVAV LI FAVANAVANSUIWANAANSVA VA VA VE VA RV
INAVAVEVAVEVEVIVAVSVAVAVAVARANWLAFAVAVAVEVAVA VAV A WA VA VA VAWA VA WY
AN AVEFIVAVEVAIAVAVAVAVAWINAWN VA VAVAVAVEVAVATE VA VEVEYE VAV VAV,
IV AVAVAY AN ANBVATAVANSWANAWSIWAWLFEAVANAVANANS WA VA WAVANA VAW WA WA I
ISV AVAVAVAVANIFAVARAVAVANAVAVAFAVAVAVAVAVAVA VIS VA VA VE VA VE VA Wit
VAN AV AV AN AN AW AN AR AN SV AW ANA NN VAVAVAVAVAVE AWSVAVAVA VA VS WA
AV RV A AT AV A VAV AT A VAN A YAV VA VAVAVAV VANSUAVAVA WAV WA Y
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NPTION 1 WPl

X ISR AT VA VA VA FA VAVAWE A WA WS L]

NOTE SST =~ SYSTEM STATUS INDEX (DIMENSIONLESS)

NOT £ SSIT ~ SYSTEM STATUS TNDEX TABLE

A ESWL 4 K=MAX{TAE.K~-FWEC ,0) 15

NOTE ESWL IS USED TN EVALUATE THE ROTOR SIZE -

NOTE CLYWHEEL SIZE CUMBINATION

NEITE ESWL — ENERGY SURPLUS WIND (1ST INDEX} (KWH)

NOT E MAX =~  DYNAMO FUNCTION FOR YMAXIMUM® -

NOTE TAE - TOTAL AVAILASLE ENERGY (KHW)

NOTE FWEL =~ FLYWHEEL EMNERGY CAPACITY (KWH)

L TESWLaK=TESWLJd+{DT H{ ESWL.J)%8 lé

N TESHL=D IMITIAL CONDITIONS 16.1

NOTE TESWI = TOTAL ENERGY SURPLUS WIND [1ST IMDEX) (KdAH)
NOTE DT - TIME INTERV AL (DAYS) 5
NOTE ESWL - ENSRGY SURPLUS WIND {LS5T INPREX) {KwWH)

A ESHZ2.K=CLIPIPE*Z.36E-S*¥RSH[ WS dK*¥ WS KAWS e KX EXP[42357=LOGN(HSF) )
X ~CIS=CISHCIS)~PFP Ky J s WS K, RHS) 17

NOTE ESW2 1S USED TO EVALUATE THE RATED WIND SPEED NF THE SYSTEM
NOTE ESWH2 - ENERGY SURPLUS WIND (2NN INDEX) [KWH)

NOTE CLIP = DYNAMO LOGIC FUNCTICN

NOT = RE = ROTOR EFFICIENCY (DECIMAL FRACTION)

NOTE B.36E-5 -  CONSTANT COEFFICIENT TO CIONVERT T7 DESINgD UNITS
NOTE RS = ROTOR SIZE (SQUARE METERS)

NOTE WS = WIND SPEED DATA (XNITS)

NOTE  EXP(.4285T)*LOGN{HSF) = HEIGHT POWJER FUNCTION

ROTE HSF -  HEIGHT SCALING FACTOUR = JINDMILL HEIGHT
NOTE {IN HMETERS )Y DIVIDED BY ANEMOMETER HEIGHT
NOTE CIS -~ CUT-IN-SPEZD (XNOTS)

NOT E PFR =  POWER FRIM THE ROTUR (KW}

NOTE RWS ~ RATED WIND SPERD {KNDOTS)

L TESW2,K=TESWZJ+(DT)IESW2.J)%8 13

N TESW2=0 18.1

NOTE TESW2 - TOTAL EMNERGY SURPLUS WIND (2ND INDEX) {KWH)
NOTE DT - TIME INTERVAL (DAYS)

NOTE ESW2 - ENERGY SURPLUS WIND (28D INDEX) (KuWH)

A CLoK=TTEUWK*TECC+RS#RCLCHFWEC=FUWCC 19

C TECC=,20 19.1

c RCC=14q0 19,2

C FWCC=35 19.3

NIOTE CC - {TOTAL) CAPITAL CUOST (35}

NOTE -TTEU -~ TOTAL TRACTCR ENERGY USED [KWH)

NOTE TECC ~  TRACTOR CMERGY CAPITAL COST { £/KuH)

NOTF RS = ROTOR STZE (SAOUARE METERS)

NOTE RCC - ROTOR CAPITAL COST {$/SQUARE METER)

NOTE FWEC - FLYWHEEL ENFRGY CAPACITY (KuwH)

NOTE FWCC FLYAHESL CAPITAL COST {5/ KWH)

R TOTAR KL= SHITCH(MTV(DTA NOWNGK)Y 30 9S5ST K} %3 249

NGTE TDTAR -  TAOTAL DOWN TIME ACCUMULATION RATE (HOURS)
NOTE SWLTCH =  OYNAMO LOGIC FUNCTICN

NAT £ (SEE APPENDIX 2}

NOTE MIN = DYNAMO FUNCTICN FOR *MINIMUM?

NOTE - DTA = DOWM TIME ALLOWED (HOURS/DAY)

NOT & DOWN = DOWN TIME (HOURS/DAY)

NOTE S5F = SYSTEM STATUS INDEX (DIMENS IONLESS)

L DNTOT.K=DNTOTJ+{DTI(TOTARL JK) 21

N DNTOT=0 INITIAL CONDITIONS 21l.1

NOTE DNTOT ~  TOTAL DOWN TIME ACCUMULATED (HOUKS)

NOTE

nr

— TIME INTERVAL (DAYS)
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UPTIL Y 1 wol

NCTE
A

NNT =
NIIT
NOTE
HOTE
NOT S
NOTE
NiT e

TRTAR = TAOTAL ONWN TIME ACCUMULATINON RATE (HOURS)
LOANEAC K=1~=URTOT K/ 124TIA4E,K) 22 ’
LYANFAC = LOAD FACTAR (NEMFNS TINLESS)
THE LOAN FACTOR IS THE PERCENT 0OF THE
TIME THE SYSTFEM IS TURNED ON DURING
JUNT, JULY,, AND AUGHST.
NHNTOT = TOTAL D0WN TIME ACZUMULATED (HOURS)

CONTROL CARDS
NMT=.125
PRTOE M=ZLTP(1L,0,TIMF,K,4))
PLTOI? 4K= L‘!"(J.lLTl’(.lZ""] TIAFLKy23)y TIME K ,30)
VIHE/2)PTRW/2)EWES A ESWL/SITESWL/BYESW2/T)TE QHJ/i}uTNQIQI““WI/
lUif””l/‘!ITDL/lthTVH/1°!rC/1+)L3£\VAF

210D 4 AXY/FWF=200, 1203V /TTRU=310,9252)/CC=40 10353, 14753}
‘Fﬁb‘H“OJ g
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OPTION 2
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MOTE
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MOTE
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NOTE
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NITE
NOTE
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NOTE
NITE
NUTE
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NOTE
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HPG LeK=MAXTO, H2SE o J FIOT Y {HZPR LUK~ H2UR JJK +PUR, JK )2 24 H2SEFF ) 1

A2SL=i112L) INITITAL CONDITIONS 1.1
H21L 220 1.2
H2SEFF=,G5 1.3
H2SL = HYDRNGEM STORAGE LEVEL {KWH)
MAX = DYMAMD FUNCTIGN FJ32 tMAXTMUM?
DT =  TIME INTCRY AL (DAYS)
H2PE = HYUROGEM PAONUCTION RATE (KW)
H21JR  ~  HYDRIGEN USAGE RATE (KW)
PUL - PANPANE USAGE RATE (#W)
THIPSOFFE - HYDRAGEH STORAGE EFFICIENCY
(DECIMAL FRACTIGH)
FORE KL =HPFC WK 2
H2DW = HYJPOGDN PROUDLCTION RATE (KwW)
W2 EC -~ BYDPOGEN F2ANM {ELECTROLYSIS) ChLL {KW)
AP JK=EOT N K REFF*LEFF 3
o U B 3.l
CEEE=,0 2 o7
H2FEC ~  HYDRAOGEN FROM (ELECTRNLYSIS) CELL (KW)
EPFEY = FLECTRICAL POWER FREOYM 20TNR (KW)
BERF = FECTIFIER EFFICIENCY (NDECIMAL FReCTION)
FrefEf = (BELECTROLYSIS) CCELL =FFICIENCY
(DECIMAL FRACTION)
EPFRGE=CLIPLPFE JKBASET LK, 0, PF? K4 0) %
EPFR - ELECTRICAL PIOWER FROYM ROTO2 {KW)
CLIP =  [DYNAMO LYSIC FUNCTION
NEZ = POGE ER0M ROTIR (KW)
AEFF = ALTERNATOR EFFICIENCY {(DECIMAL FRACTION)
AEEF K=TABHLLATFFT  PEFR M3 0y o SRALTIAT, L O5%ALTRAT) 5

BLTRAT =R ¥ B 360 ~5%

RS [FWUSTRWS "RASH{SXPl 44230 7*LOGH{HSF) ) )~

CIS=CIS*IIS) 5.1
HSF=5 5.2
AEFFT=0/, 15/ 323 /.82/,03/. 757 %6/7.937,94/.945/ .95 543
AEFF = ALTERNATOR EFFICIENCY (DECIMAL FRACTION)
TARHL = TA2LE (HIGH = LO4) FUNCTIUON
AEFFT - ALTERNATCR EFFICIENCY TABLE
PFR =  POSER FROGM RITOR {(KA)
ALTRAT =  ALTEANATOR RATING (KW)
NE - ROTAR ERFICIENCY {DECIMAL FRACTION)
8,26F-5 =  CUNSTANT COCFRICTENT T2 CONVERT TJ DESIRED JMITS
RS = RAOTAR S12F (SCUARE HETERS)
) RHS = RATED WIHD SPEEN (KNITS)
EXOLLA2B57) CLTONINSF) = HEIGHT POWER FUNCTION
HSF = MHEIGHT SCALIMNG FACTAR = WIMDMILL HEIGHT
(1N METERS) DIVIDED BY ANEMOME TER HE]SHT
(IS ~ (UT=IM=SPEZD (KNITS)

PP K=k P 8,360 =5 RS WAL IO WSA L KEWSAL Kx (I XP (L4235 T*LOGNIHSF) )} )~

CI§+CTI5+01S)

RE=,30
RS=T709
CIS=8
PFR
RE
Be36E-5
RS
WS A

EXP(.42857*LOGHIHSR) =

6
L+
&

.1
Cz
«3

6

POWER FRCM ROTOR (KW)

COTOR EFFICICNCY {DECIMAL FRACTION)}

CONSTANT COEFFICIENT TO CONVERT TO DESIRED UNITS
FOITOR SIZE {SQUARE METERS)

WIND SPECU (ADJUSTED) (KNOTS)

HEIGHT PDWER FUNCTION
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GPTION 2 wpl

NOT R HSF = HEIGHT SCALING FACTOR = WINDMILL HEIGHT
NOTE (IM METERS) DIVIDED BY ANEMOMETER HEIGHT
HOT= crs - CUT-TM=SPEFD [KNATS}
A WEALMEOLIPIR WS s WSy WS Ky RUS) T
f, RWE=22 7.1
M W SA - WIND SPEED (ADJUSTED)Y (KNATS)
MiT = CLIP - LYMAMO LOUGLEC FUNCTION
HOTE R ws - RATZD WIND SPEED (KNAOTS)
NIT & WS o= WINGD SPEFD DATA (KMNOTS)
MICTE
A NSa KETABLIIWS T TIME K yDSs0F 4. 125) 3
T f)S:‘-O 801
r, NF =G4 Bs2
MOTE DS = (WINO) OATA STARTING TIME
T R nF - [(WINTY DATA FINAL TIME
NOTE
LT ACTHAL w1 DATA FEDM 1365, DATA FOR SEPT, QCT,y NV,
T WS T =)
AVYT/LA/LIS/ a2 22/ /157 1L /700 /7197 Wa/Laf12/1s

/lB/:l/IDfuf/le/)ffihl}7101/J*Idﬁ/o&/b?/o@/iw/OQ
FYA/V3F G422/ 26422010408/ 18/7027104/103/15/718/13/048
/1J/JTI}4f}nfu%/JGIJWID%/Jq/l?/15119/14!13![3/10
FOS703/06 /0519705720127 13/ L4/ L7106/ 14712/12/712
LU/ OT/I6 OB/ 14/ 8/ L3 /el 13/102710/15/12/15/10/10
AV 1L/ WAV 329707 /00 /D5 /04703711713 /10
AL/ 6/ SN/ 0T/08/ 08/ 21/QT/05/03 711712710
FA9SR L3/ /LGB LT AL/ LB/OT/05/L9/ 0/ 05/70T/12
FLE/ V208 /0040 0103725420/ 13704713/ 0L /GR/204/406 /707
FA4/027 06/ L1715/ 14 /12715 /06/7/04/08/ 10710708704
FLE706000 LS/ LLADG S /12/4153/15/183/0A7:03/10/06/79D5
SO/ 0T/ 09 /0T LY/09/710/07 /0571017716710 /10/710/046
FADTIOCAOS/1I/0B412/08/05/DT/7 12/ L/15/14/01/708
SAFLISSARANGS Lol IS/ 13/ 137058 A0/ 1871 772471 3/1L9/1 )
Ale/ e/ 12/19/7 19/ 10/03/167 10782206/ 1LT/0T/1G/20/18
AAS/NG/1 /267237 2C/15/708/09 /7337090 T/10/734/43T703
FOT409/03/08/705/06/95/84/703/04/706/713/10/13/709/09
FLL/QT/QR/LL/ L3/ L6708/10/08700/15/14/23/18/146/13
FLL/D2705 710716/ 0706/06/408/ VY /12219/18/20/01/06
ADTADGLLO/0G/03/06/Q6/0T7/09/15/1L7/1L3/10/05/04/05
JUTAOT/OT/OB/1LT/LTSI6/20/ 20/ VAL 18/15/15716/708/04
FAN/ ARSI/ ALT/LS /L0901 /0800712713 713/11
FO2/IBI05/05/03/09/735/03/03/02/06/405/705/0B/06/08
VAL MNESIG/LR 2D/ 2YT/ N4/ 4/ 127106/ 15/20/710/D4
AROT/ S IQLLT/LE/N37AT/10/LL /08403401 /13/19/05 /06
FOS/L00T/ L2/ 120/ L7100/ 127007 04/1a/07/16/07/08
FOMITSOGSYRS IR NRADTSAT/ ALY L2/ LA LT/ L 640TAOT
INTLUAICG/O5/12/ 0370 /13713/10/03/13/717/14/08/08
FOG/23 /0T 705 /705706713 /70T/0T/708/0T/707/14/10407/07
FARSAGIDT/I6 /DAL FIRS08/03/L0/1L/1 2715715707711
JORSL2AN27027 00709/ 07407703/ 0/13/19/17/14/06/06
FO/0T/05 /142 3706203 /1037107137 0/14713/7/24/718/107
AL2/LE/ 1413508708/ 2/12/ 120/ 0/13704/C3/03 /05
FOSLLAOT/ L2/ 05/712708/08710/038/107LT/17/18/08/10
ALZ2/L3FIT/VL/ VTN 03/10/09/00/735/723/23/15/13/12
FQ3/IA/OT/09/71T/15203/15/14/101L/01L715/11/705/06/0T
ALA/LI7VQ713 /127124057047 10/14/415/712/15710/03/06
AU/ LIS LG/ 157097 3T/03/ %404/ 34709/ 1L6220/10T/17
14/ 14710/709/05/07/706/05/13/10/14/11L/17/09/405/01

Ko 2P P K 2 ] K O RO MK DG DN S B e B ad DR M D e b M 3 M 3
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NOT =

NETE
NilT F
NRTE
MTE
MOTE
L
p\.;.
MiT £
T =
HETE
L
N
1
.
NETE
NATE
NOTZ
M7 T
NOTE
HOTF
B
NATE
NUTE
MNOTE
CONPTE
NOT E
A
T

2 wng

AOA/OS/06/10/13 /147147117 16/06/06707/12/09/03/705%
A2/ A6409/ LT /AR IT/LL/G9/09/05/05/036/05704/03
FONGTIOH/ATLOR/Q6L10/0T/08/1C/03/03/08/09/706/708
JUT/IRI09 710/ L2/06/06713/0%/14/12/10/706/06/05708
FYL/QGS/10/047 105710 /09/CT/0T09/15/16/723/21 /707 /08
ZL3/DT/07/09/71A03/033/706410/103712/14/21/716/0T7/08
ARSI VLIOVSCTIORSIZ/AT/AITLIBLIOSLISLA/LO6/05/16

WS = WIND SPEED IKNOTS}
WST =  ACTUAL  WIND SPEED DATA [(KNOTS}
HRUC ML =CLTPICLIPIPPR K QeDOHNL K DTA+ L) 3PPD K DTARLIK 2)
NTA=D a,1
HAUR - HYDRAGEMN USAGE 2ATE {KW)
CLip - DYNAMOD LOGTC FUNCTION
nopn - AR POWER DFEMAND {KW)
DN = DUWN TIYF {(HOIURS/DAY)
NTA = DOWN TIME ALLCWED (WIURS/ZDAY)
DTAY = DOWN TIME ACCUMULATION RATE (KW)
PP K=CLTIR{CLIP{O,PRIPEFF T TAL Ky TRRIFF) 3 0, TIME LK, TRRUN)
Po=6) 12,1
PEFF=,3 1042
TERN=2TE 12.2
IRFOFE=305 1JDe%
PP - POYE POWER DEMAND [KW}
CLAP -~ DYNAMO LOGIC FUNCTION
PR = PUMP RATING (K4W)
PEFFE —  pyuMp FEFICEENLY (DEC DMAL FHACTION)
[PRORFE - TIMO [RRIGATICN IS THRMED NFF
IFPEON = TIAE IRRIGATION IS TURNED ON
PUR L =CLIPT{DPD 430 DOWN,,K,DT A+L) 1L
PUs =  PROPANE USAGE RATE {KW)
CLIP =~ DYMNAMO LOGIC FUNCTION
PR - PUAP PIOWER CEMAND (KW}
DNWN = DI4N TIME [HOURS/DAY)
DTA  — DN TIME ALLOWED [HIURS/DAY)
A K=PULJ+{DTIIPURLIK ) 24 12
PLI=0 INITIAL CONDITIONS 12.1
PU =] PROPANE USED (KWH) )
ny - TIAZ INTERVAL (DAYS)
DUR = PRNOANE USAGE RATE (KW)

NN K=SS 1o {OCHN G JFCLIP (O DT o H2SLeJLLEL )}

NNwk =9
NTI=3
LEL=225
(R
851
ceie
DTl
H2SL
LEL

ODTA%KL=CLIP(]

DTAR
CLIP
PO
H2 5L
LEL

SSTeK=TARHLISSIT TIM JK4IRRCN,IRROFF,.125)

SS1T=0/

DOWN TIME

SYSTEM STA
DYNAMO LOG
PELTA TIME

HYDRONGEN STORAGE LEVEL

LOW ENERGY

P PP, H2SL oK LEL)

D0WN TIME
DYNAMO LOG
PUMP POWER

HYDRUGEN STORAGE LEVEL

LOW ENIZIRGY

IRITIAL CONDITIONS

{HIURS/DAYY}
TUs
IC FUNCTION

INTERVAL =

LEVEL {KWH)

{BT)*24 (HOURS)

{KWH)

14

ACCUMULATION RATE (KW}

1C FUNCTION
COMAND (KW

LEVEL (KWH)

(KWH}

13
13.1
13.2

13.3

INDEX (DIMENSIONLESS)

15

107

9

10
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INAVACS VAN AV VA TSVAVAVAVAVAVSNFANANAVEAVAVARAVIVAWA VSV VAN WA WA
NN VANAVINS NN AVAWAVARAWAN A FIVAVEVAVARAVAVAVIE VAVEVAVENE VA AV
|V AVENANSWIVAVAVEVAVAVANAWONIWATINAVAWS VAW VANSVAVIVEWE FAWL I
IV AV YRV AVEVAVAVAVSNAVENSWIFLIFAFAVAFETAVAVEVAVVSNA VA NAVAVE VAT
(VA AV VAN VAV RIS VAN NAVANANAWAFAVSTA VA VAVAVE VAN VAR VA VS VAWAIY)
IV AYAVAVAVAVHISVAVAVAVAVAVAVA VAV VAVAVASA VAV IS WAV VAVANS FE WAV
NN VANV IPAUN A NAVANEVAVAWANLFAVARSVAVAFS VAN VAN VAVEVAWA VAW LV
AR VAN SN AN ANV AYARENAN SN ANAWI N NSNS VAWAW AW FAWAVA VA VANE YA WY
IFATAVEVANAPAVIIA VSRS VANSWAN VIV VAVAVEPVE VAV AWV VTSV VANL V]
INEVAVAVAVAWAVEANANAVAVINAWANSFAVIUA VA VA VA VAV FANAVATEVEVAV AV T
I FAVAVAVANAFEVAIAUSFAVANATA FAWLNSFAWAVAVARS VAWM YAWAVAVAVARA VAW T4
IVSUANANAWADAWLVAVAVAVAVANARSWAVAVAVAVAVANAVAVAFSUAFAVA VA WA FARAT)
1IN AV AYAVAVAVAY YA AN A VAN AN AP LP VAN AN AVAPAVA VLV AWAVAYEVARSTA VAT
A VATAVAVAVANAVEVANANVANAVAVADAVIFEVEVAVATAFSWLFSWA RIS FA VS WS Wi,
INANSRSWSWANAWO T AN AN AVANAWEWAVAVAVAVEVAVAVAVATE VA VAVE VA VA VA VA
IFAVAYAVAVSVAWLVAPAWAVAFSVANAVOHFINANAVATAWS NN FAWAVAVE FAUETE WA
PV AVENANAVAV VS NANE VATV ARA N NSNS FSVATA AN VWAV VAV VA VAW
|VAVSVEVANAVSWAFAFANAUSWAVA FANDFSVEVEVAVATAVAVFAWA TS A WS FE NI
INAWEVEAVENIWRUAVANANSVAVSNANSRNVAVANSVEVATE VAN TS NIVANS VNSV WL T
ISR ANA WA WA NNV VAVIVANEVAVANVAVAVE VA VAV VA VANMTAWA VA VAVIWE AN )
AV VS VAPS VAV AVANSVAVANSTAWAVAVANARAVAWAWSW VAW VA VANS WA TNV
VAPV NS DN NI EVEVA VS VAVAVARVAVATAVAVEVANSWLVEAWIVA VATEVAVA WIS
NATAVAVAVSFSFOTSWANSWAFSWEWE W)

581 - SYSTEM STATUS INDEX (DIMENSIONLESS)
TAGHL = DYHAMD TABLE (HIGH - LDWY FUNCTION
SSIT =  SYSTEM STATUS INJEX TABLE
FeRAFF = TIWFE IRRIGATION IS TURNED OFF
[eety = TIME (GRIGATICN L[S TURNED ON
EEWY  A=CLIPIPETS, 3T GRS WS K *WSe KEWSKF{EXP(.42857%
ECGHIHSFY )Y =CIS=CIS»C IS ) -PFR Ky O, WS JKsRHS} 16
PSW2 IS USED TO EVALUATE THE RATED WIND SPEFD OF THE SYSTEM
FSW2 =  ENERGY SURPLUS WIND (2ND INDEX) (KwH)
CLIP = DYNAMD LDGIC FUNCTION
RE = ROTH2 EFFICIENCY (DECIMAL FRACTION) )
Be36F=-5 = CONSTANT COEFFICIENT TOQ CONVERT TO DESIRED UNITS
RS « PRITOR SI7E (SQUARE METERS)
WS = WIND SPEzD DATA {KNOTS)
FXPL.4285TY=LOGNIHSE) ~  HEIGHT POWEPR FUNCTION
HSF = HEIGHT SCALING FACTOR = WINDMILL HEIGHT
{IN METERS) DIVINED BY ANEMOMETER HEIGHT
1S ~ CUT-IN-SPEED {KNOTS)
PRS- - RATED WIND SPEED {XNOTS)
TFSW2.K=TESW2,J+{ DT J{ESWZ.J1*+8 17
TESUWZ=D 17.1 .
TESW? =~ TOTAL ENFERGY SURPLUS WIND (2M0D INDEX) [(KWH)
DT = TIME INTERYAL (DAYS)

FSW?2 = ENERGY SURPLUS WIND (28D INDEX) (KWH)
CC.E=RS%FCC+ALTRATHALCCH+CELLRAT*L ELLCC+ TANKCC +P UL KxPCC 18
RCC =100 18.1
ALCC=50 18,2
CELLRAT =ALTRAT®REFF 18.3
CELLCM =60 18.4
TAMKCC=36 18.5
PCC=8,TTI53E~3 ‘ 13.6

CC = ({TONTAL) CAPITAL COST (%)}

RS = ROTOR SIZE (S5QUARE METERS)

RCC -~ ROTOR CAPITAL COST ($/SQUARE METER)
ALTRAT =~  ALTERNATOR RATING {KW)
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ALEL - ALTERHATNS CARPITAL COST ( [NCLUDING
THSTALLATEON AND RECTIFIER CISTS) (5/KW)
CELLIAT =~ CELL RATING (KW
CrELLCG = (ELL CAPTTAL COST {H/7KW)
TANKCD = TAUL CAPITAL COST ($/YFAR)
PIJ = PRARANE USED (Kwd)
PLL = PROSANE CAPITAL COST {$H/K4H)

rOMNTRL TARDGS
NDT=a12%
TTHC =T
TO=0
LEMNG TH=0s
PRTRE R K=CLTP(LyDsTIMT4K,270)
PLIPR oK=L 121 40, TIME K, 270)

PYAS/2) MO/ AVEOFR 4 VHICC/S) ESN2/a ) TEGWR/TIH2LL/A) H2U/9) 2P/ )
BHE LY RPUALIZ2 DD/ L2 INTAR/LA)CC

AS=l{ 0,82 H28L=2/01=3/00C =%

i
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APPENDIX 2
A SHORT GUIRE TO DYNAMO
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A SHORT GUIDE TO DYNAMO

1. VARIABLE NAMES
Variable names consist of from one through seven alphabetic

or numeric characters, the first of which must be alphabetic,

Examples

INV
LIST?

2, EQUATION TYPES

There are two main vériables in a dynamic model; level
variables and rate variables, Accordingly, the equations defining
these variables are called level and rate equations. There are
other types of equations, too, such as auxiliary, supplementary.
an& initial-value equations. When writing a model, the type of
equation should be specified in the first column of the punched

card., Example:

card

col

12345678, ..

L L1 .K=11,J+DT*( INFL,JK~OTFL,JK)
R RATT.KL=LEV.K/DELT

Other egquation types are épecified as follows:

A Auxiliary
3 Supplementary _
N Initial Cendition or Initial=Value

Constants. Constants ére designated by the letter C in
the first column., Several constants may be specified on a card.

Example:
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card

col

12345678, ..

C DTA=15

C A=5,CAT=173.00,HPF=5,125E-7

Equation Writing. The basiec format of an equation is:

quantity name = expression
The arithmetic operations used to from an expression ares:

+ Addition

- Subtraction

¥ Multiplication
/ Division

Exponentiation is not available as an operation, but powers and
roots can be calculated using the functions available in DYNAMO,
When more thah che operation appears within an expression,
multiplication and division are computed before addition and
subtraction with the order of operation being from left to right.
Parentheses may be used to alter these normal "precedences" and '
to eliminate the need for the symbol * for representing the
multiplication of two quantities. Example:
A=(B+C)*(D+E) is equivalent to A=(B+C)(D+E)
Subscripts. Level variables are always single-subscripted,
such as:
L1,k or LEVj.J
The same is true for auxiliary and supplementary variables, but
their single subscript is always K.
Rate variables are double-subscripted, such asi
RATT.JK or FLOWOUT.KL
Table A2.1 should be helpful in identifying the correct

subscripts (1i1).
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Card Punchinz., Equation or‘quantity type is to be punched

in column 1, The equation should start in column 7. No blanks
are allowed within the equation or statement; if there is any
blank, the compiler ignores what comes after the blank., Comments
may then be written on statement cards provided they are preceeded
by at least one blank, Should the material not fit on the first
card, one or more continuation cards may be used., These are
punched with an X in column 1, and the material is continued starting
in ¢olumn 7, If the material is continued it need not go through
column 72 of the original card, but may be broken after a quantity
name, number, or arithemetic operator, The unused portion of the
card must be blank, i.e. no comments are permitted within the

information,

- Numerical Computations., In DYNAMO there is no provision for

fixed-point arithmetic. All computations are carried out in
floating-point form, The numerical vaiues. however, may te
specified as fixed-point values; the compiler converts them into
floating-point values, Up to 8 digits, in addition to sign and
decimal peoint, may be used_to express numerical values, For
very large or small numbers the number may be expressed as a
number multiplied by some power of 10 by writing the number
followed by the letter E and fhe desired power of ten, Example:
82 billion can be written as 82E+9 or as 82E9 and

1 ten-thousandth can be written as 1E-4

3 DIRECTION CARDS
Direction cards are used to specify the length of the simulation
run, time interval, printing and plotting instructions, and

gquantities to be printed or plofted. They are as follows:
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Identification Card. This is the first card of any model,

which provides a title for the model. It begins with an asterisk
(*) in the first column; the title cannot be more than 40 char-

acters in length nor can any word be more than 8 letters long.,

Example:
card .
col
12345678..,
#* WPI - OPTION %

Run Card. FEach run and rerun is assigned‘a run number, by
which it is filed, The run card is the last card of any model,
and the run number can have up to 8 characters. Example:

card

col

12345678...

RUN STD.

or
RUN  RS=700

SPEC Card., This card provides values for the following four

parameters necessary for any simulation:

DT the interval of TIME between TIME.J and TINME.K
LENGTH +the wvalue of TIME when the run is to be terminated

PRTPER +the interval of TIME between eazch tabulation of the
results

PLTPER the interval of TIME between each plot output of
the results

These four parameters may be defined on the same SPEC card or as

constants on separate constant cards. Exampleu
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card
col

12345678,.,.
SPEC DT=.125/LENGTH=90/PRTPER=1/PLTPER=,125

arr as

DI=,125
LENGTH=90
PRTPER=]
PLTPER=,125

Qo

PRINT Card. This card specifies what values are to be
printed and in what form. In any table of printed values, TINE
is automatically supplied by the compiler., Up to 14 quantities
can be printed in a table output in addition to TIME. A PFRINT
card such as:

card
col

12345678, ..
PRINT ABC,DEF,LEV,RATT

is equivalent to
PRINT ABC/DEF/LEV/RATT

and will result in a printed output such ass
TIME ABC DEF 1EV RATT

But a PRINT statement such as:

card
col

12345678, ..,
PRINT ABC,DEF/LEV,RATT

will print the results in an output such as:

TIME ABC LEY
DEF  RATT
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In printing, DYNAMO gives only up to 5 significaﬁt digits.
*If wvalues are very small or very big, they are scaled by some
power of 10, The scaling factor will appear in the title of
the tabulated output. The scaling factor will be automatically
provided by the compiler. However, the user may specify the
scaling factor if he wishes, For example:

card
col

12345678,..
PRINT A(4.2)/B(3.4)

will print the wvalues of A after dividing them by 104, and
choosing 2 significant decimal places after the decimal point,
The values of B are divided by 103, aﬁd L decimal places are
chogen to the right of the decimal point.

PLOT Cards. DYNAMO has an automatic plotting feature which
enables the user to plot up to 10 quantities on a single graph.
The scales may be chosen by the user or by the compiler, All
plcts are verses TIME, Each quantity should be assigned a
character by which that quantity is to be represented on the
graph, Example:

card
col

12345678...
PLOT LEV=L/RATT=$

will plot quantities LEV and RATT, represented by L and $
respectively.

Scales'may be specified by the user, or else they will be
chosen by the compiler. It is possible to specify only the upper

or lower limit of the scale, leaving it up to the compiler to
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specify the other one, The unspecified limit is given as as
asterisk (*)., Examplei

card .
col

12345678, ..
PLOT ABC=*#/DEF=D(0,200)/LEV=L{0,*)

will plot variable ABC to a scale chosen by the compiler using
the * character, DEF to a scale from 0 to 200 using the D char-«
acter, and LEV to a scale with a lower limit of 0 and an upper

limit to be chosen by the DYNAMO compiler using the character L,

b, COMMENT CARDS
Comments may be made on NOTE cards, Example:

card
col

12345678...
NOTE FWE - FLYWHEEL ENERGY LEVEL (KWH)

Comments may also be added to a statement card following at least
one blank, Example:

card
col

123456?8-.-
N L1=0 INITIAL CONDITIONS FOR L1

5. RERUNS

A model may be rerun several times, for different parameter
values. Only constants, table values, and direction cards may
be changed in a rerun. Each rerun should also be assigned a

run number.

6. FUNCTIONS

DYNAMO has a number of built-in functions, and also has
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provisions to accept user-written functions., The built-in

functions are described below,

Common Functions., Common functions defined in DYNAMO are:

EXP(A) - AL 174 Expontial

LOGN(A) A >0 Natural Logarithm
SQRT(A) A>O Square Root
SIN(A) A ¢ 823,000 Sine Function
COS(A) A< 823,000 Cosine Function

The sine and cosine functions are used frequently to generate

functions of TIME, Ralising numbers to a power can be computed

ast:

v=AP is the same as Y=EXP(B*LOGN(A))

Random Number Generator. DYNAMO has two random nuﬁber
generators:

1) NORMRN(MEAN,SDEV) generates random numbers normally
distributed with mean equal to MEAN, and standard deviation equal
to SDEY.

2) NOISE() generates random numbers uniformly distributed
between -0,5 and +0,5, Note that the parentheses are necessary

but that there are no arguments,

Third-Order Delays. DYNAMO has two third-order delay func~

tions:
1) DELAY3(IN,DEL) is a material delay and
2) DLINF3(IN,DEL) is an information delay where:

IN

input to the delay

DEL = magnitude of the delay

PULSE Function.
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PULSE (HGHT,FRST, INTVL)
produces a pulse train of height HGHT, with width of DT. The
first pulse will appear at time FRST, and thereafter at regular

intervals of length INTVL. Neither HGHT nor INTVL need be constant,

RAMP function,

RAMP(SLP,STRT)

is equivalent to FPigure AZ2.1:

RAMP=0 if TIME £ STRT
TIME .

RAMP= = SLP#*DT if TIME ¥» STRT
STRT

SAMPLE Function,

SAMPLE (X, INTVL,ISAM)
sets SAMPLE equal to X at sample times separated by intervals of
length INTVL, and holds the value until the next sampling time,

ISAM is the initial value of SAMPLE.

STEP Function.

STEP(HGHT,STTM)

is equivalent to Figure AZ2,2:
STEP=0 if TIME £ STIM
STEP=HGHT if TIME » STTM

Both HGHT and STTM may be variables,

- MAX and MIN Functions.

MAX(P,Q)

sets:
MAX=P ir PLQ
MAX=Q if P rQ
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RAMP

slope = SLP

TINE

STRT

FPigure AZ,1 - RANP Function
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STEP

HGHT _

TIME

STTM

Figure A2,2 - BSTEP Function
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Similarly:
~ MIN(P,Q)
sets:
MIN=P if P <£Q
MIN=Q ifP2Q
CLIP Function,
CLIP(P,Q.R,8)
getss
CLIP=P if R4 S
CLIP=Q ifR > S
SWITCH Function.
SWITCH(,P,Q,R)
setst
SWITCH=P if R =20
SWITCH=Q if R#0

TABLE Function. It may be desirable to express the values

of one variable in terms of the values of another variable. This
was the case in both Option 1 and Optién 2 for the wind speed
with respect to TIME, The TABLE function serves this purpose.
The form of a table look-up function is:

TABLE (TNAME, X,XINITL, XFINAL, XINCR)

where:

i

TNAME name of the table

X - independent wvariable
XINITL initial value of rand of X
XFINAL final value of range of X
XINCR increment of X

i
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Example:
Suppose that the following values of auxiliary variable 2

are given with respect to independent variable Xi

X 2.
10 35
20 ko
30 %5
40 80
50 85
60 120

Z can be expressed as:

card

col

12345678...

A Z JK=TABLE (TNAME,X.X,10,60,10)

i TNAME=35/40/45/80/85/120
Note that a T in column 1 is used to denote a TABLE function,
Linear interpolation is used by DYNAMO to compute the wvalues
that are not specifically given in the table,

In TABLE functions, X can not exceed the specified range
without generating an error. The TABHL function extends the
extreme values of the dependent variable if the independent
variable exceeds the specified range., In the above éxample.
if TABHL is used in place of TABLE, Z will have a value of 120
for all values of X greater than 60 and a value of 35 for all

values of X less than 10,

SMOOTH Funcetion., This function exponentially smooths a

'quantity. and has the following form:
SMOOTH(IN,DEL) '

where
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IN - input to be smoothed

DEL -~ smoothing constant or delay

This is only an abbreviated guide to DYNAMO. For more

information, refer to reference (1),
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ABSTRACT

In recent years the public has become acutely aware of
“the energy crisis that has been inevitable since man first
became dependent on finite fossil fuels. Today there is emphasis
on developing "alternate" energy sources, The use of wind power
for irrigation of farm fields is investigated in this paper.

Many options have been proposed for harnessing wind power
for irrigation. Here, two options are investigated using a
system dynamics approach, The first option uses mechanical
energy extrécted from the wind as input to a mechanical pump.
A flywheel serves as a buffer and as storage for low wind
periods., The second option uses the mechanical output from the
windmill to generate e;ectricity. This electiricity is {hen fed
into an electrolysis cell to produce hydrogen gas, This gas is
then burned in an internal combustion enéine which drives the
pump. Surplus hydrogen is stored in depleted natural gas wells
for use during low wind periods. A back ﬁp system is provided
in both options for when the wind is not blowing and the stored
energy has been exhausted.

1965 wind data from the U.S. Weather Bureau Office in
Dodge City;'Kansas. is used in the simulation of the two proposed
systems. 1965 wind data is used becéuse it tends to be a "typical"
wind year. The summer months, during which the irrigation will be
taking place, have average wind velocities mithin one half a
standard deviation of a 25 year average for the area. The other
nine months each have average wind velocitias within two standard
deviations of a 25 year average.

First, the general concepts of system dynamics are explaincd.

Then, models of the two options are formulaied and tested by



simulating their performance over a "typical" year using the
DYNAMO compiler. The results of these simulations are then
cohpared with each other and with the current methods of farm
irrigation,

Finally, a glance to the future is proposed which reveals
that, though the systems proposed are presently more expensive
than current forms of energy, this very well might not be the

case in 10 to 15 years.



