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ABSTRACT 

A computer model is developed which evaluates the economics 

of offshore wind-power systems and simulates the behavior of alternate 

designs. Wind-powered generators either satisfy consumer demand 

directly or produce hydrogen by the electrolysis of water. The 

hydrogen can be later transformed back into electricity by fuel cells. 

Using the characteristics of the system components as input parame­

ters, the model simulates system performance over time using histori­

cal or computer generated wind-speed and demand data. Various statis­

tics associated with the energy produced and costs are used to evalu­

ate and compare alternative systems. 
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CHAPTERI 

INTRODUCTION 

I.l Th.e Need for Research, on Wind Power 

The energy problems of this country, as well as other heavily 

industrialized nations, have lately reached staggering proportions. 

These problems •— including exhaustion of some supplies, escalation of 

costs, different kinds of environmental pollution, imbalances of inter­

national trade, and personal safety — are reviewed briefly in the next 

section. 

The current official policy for solving these problems is heavily 

oriented toward developing nuclear power and increasing the coal supply, 

as shown by the way research-and-development funds are being 

allocated Csee, for example, reference 114]). Coal strip-mining, as is 

well known, causes severe environmental damage; the safety of nuclear 

plants is under scrutiny; and many other problems are associated with 

these two energy-generation modes. 

In government circles little thought appears to be given to the iji 
I uses of solar energy in its different varieties (which include direct | 

solar energy conversion, wind power, oceanic currents, and ocean 

thermal gradients) in spite of the fact that these energy sources offer 

two extremely valuable advantages: they cannot be exhausted and they 

cause practically no environmental pollution. 

A significant amotint of preliminary research into some of these 



types of energy has been undertaken during the last few years at the 

University of Massachusetts by Professor William E. Heronemus. He has 

found that some of them appear now to be economically competitive as 

well as technologically feasible, facts that create a need for more 

research on system components, as well as for developing planning 

models to analyze overall systems and compare them to alternatives. 

Several studies, some bf which we shall refer to later, have re­

cently been conducted to explore the possibilities of wind power; others 

are now in progress. Wind-power systems, i.e., energy-generation 

systems that utilize wind power as an input, have at least three char­

acteristics that make their analysis rather difficult. 

• They axe complex. They have many interrelated components, and for 

some a large number of alternative options are available. For g&ample, 

wind generators can have different sizes and operating characteristics, 

and can be placed at varying heights, a fact that calls for evaluating 

a large nimber of system configurations to find an effective one. 

•Wind-power systems of the scope envisioned in this study constitute 

a rather new concept. It follows that many of the estimates and as-

s\imptions that must be made in a feasibility study, such as for costs 

and efficiencies, are, of necessity, subject to relatively wide margins 

of error. This makes it desirable, if not necessary, to test the 

sensitivities of the results to changes in the estimates and assumptions. 

•The stochastic properties of wind and energy demand call for a 

probabilistic treatment of the analysis with all the complications this 

entails. 



The core of this dissertation consists of a computer—based model 

for analyzing offshore wind-power systems that include a potentially 

large niimber of electric generators powered by wind—driven propellers. 

These assemblies, called wind generators, are arranged in wind stations 

CFigures II.1 and II.2) that are grouped in concentric orbits forming 

wind units Cflgure III.2). The electric power generated at each wind 

unit either can be transmitted directly to shore or used to produce 

hydrogen by water electrolysis. Pure water for the electrolysis pro­

cess is produced by distillation plants, also powered by the wind 

generators. Both the electrolysis and distillation plants are located 

at the center of the wind units. The hydrogen is stored in large, 

pressure-balanced underwater tanks and is sent to shore through an 

underwater pipeline. On shore, the hydrogen is used to generate 

electric power by means of fuel cells. A general flow diagram for these 

systems is shown in Figure II.3. The layout for a particular system, 

which will later be evaluated by using the model, appears in Figure 

IV.l. 

The model, which is fully described in Chapter III, receives as 

inputs a number of system characteristics and cost estimates, based on 

which it develops other system characteristics and costs. Then, with 

wind and demand data as inputs, it simulates the performance of the 

system for a specified number of years. Costs and performance indices 

are then used to achieve the desired evaluation. 

1.2 A Brief Look at Some Energy Problems and Statistics 

To put this treatment of wind-power systems in proper perspective. 



it is convenient to give a cursory glance at the total energy picture 

and some of the energy problems, thus providing a framework for our 

later discussion. 

Table I.l gives a measure of the amount and rate of growth of 

energy demand in the United States during the last few decades. 

Year 

1920 
1925 
1930 
1935 
1940 
1945 
1950 
1955 
1960 
1965 
1970 

Consumed 
Source 
Energy 
12 

10 kwh 

5.8 
6.1 
6.5 
5.6 
7.0 
9.2 

10.0 
11.7 
13.1 
15.7 
19.8 

Source: Reference [52] 

*Over level five years earlier. 

Increase 
12 

10 kwh 

0.3 
0.4 

-0.9 
1.4 
2.2 
0.8 
1.7 
1.4 
2.6 
4.1 

Percent 
Growth* 

5.2 
6.6 

-13.8 
25.0 
31.5 

8.7 
17.0 
11.9 
19.8 
26.2 

Table I.l 

The energy-consTimption figures of this table, it must be stressed, 

represent the energy contained in the sources consumed during the cor­

responding years; natural gas, petroleum, coal, hydraulic energy, and, 

only during the last few years, uranium. The energy actually utilized 

has always been much less; in 1970, about half the source energy was 

utilized while the other half was lost through inefficiencies of con­

version devices and transmission and distribution networks [8]. 



World energy consumption is currently very close to three times 

the "US consumption [52]. Some speculate that, since underdeveloped 

countries are unsatisfied with their present consumption levels, world­

wide consumption may, in years to come, grow at a faster rate than that 

of the United States. 

Figure 1.1 depicts domestic consumption patterns. The original 

diagram, presented by Earl Cook in [8], is here slightly augmented by 

some data in [42]. 

Bata on estimated fuel reserves diverge so considerably from 

source to source that it would be senseless to either reproduce any 

given set or try to arrive at some sort of an average. Even ranges are 

far too wide. There is almost a consensus, however, that the total 

availability of fuel supplies is not an issue, since fuel-supply ex­

haustion is not an immediate danger. For a detailed exposition on the 

subject of energy resources see [28] and [30]; for a lighter treatment 

see 129]. 

Availability of specific fuels is an altogether different matter. 

It is estimated by M. King Hubbert [28] that one-half of the original 

natural gas reserves in the United States (less Alaska) will have been 

used by 1980 and 90 percent by the year 2015 (natural gas represents 

about 35 percent of present domestic energy consumption). 

Hubbert also estimates that the corresponding dates for United 

States crude oil are around the years 1965 and 2000 respectively (the 

petroletim component of domestic energy consumption is of the order of 

40 percent). For the world reserves of crude oil, the dates are 
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approximately 1985 and 2020. This situation may be somewhat alleviated 

by the use of oil shales and tar sands. For details see 128] and 14]. 

These may be Issues, since they seem to imply a forthcoming period 

of drastic transitions. Coal and uranium, which now account for about 

20 percent of the total TJS energy supply, will have to carry the full 

load if no additional sources are used. The maximum possible hydro-

power capacity, as estimated by the Federal Power Connnission [28], is 

only about three times present Installed capacity. Thus, little help 

may be expected from this source. 

It does not seem far-fetched to assume that the transition period 

will be'accompanied by Increasing fuel prices. This may well, in turn, 

render feasible some alternative modes of energy generation that are 

still today considered by many as economically infeasible. 

Owing to imbalances between supply and demand, and increased 

bargaining power of fuel supplying nations, as well as a number of 

other reasons, we are already witnessing drastic changes in the struc­

ture of fuel prices. Early in March of 1973 a barrel of Libyan crude 

was worth $4.36, a price roughly 26 percent above the July 1972 level 

148]. By late 1973, the price was $8.92 a barrel [5]. 

Fuel prices are not the only components of the steep expected 

increases in energy costs in the near future. Figure 1.2 shows 

historical data and current estimates Cat a constant-dollar value) of 

capital costs per kilowatt installed for large coal-fired, base-load 

electric power plants [1]. A comparable plot for large oil and gas 

units shows similar results. One of the reasons for these drastic 
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Year of Commercial Operation 

Figure 1.2 Capital Costs of Large Coal Units (Current Dollars) 



incr^ses in po„er-plant capital coata arc atrictar laws againat 

environmental pollution. Iheae data become more meaningful mhen one 

adda that the fraction of total energy coat attributable to capital 

coata is about 41 percent for oil-power planta and 56 percent for coal-

power plants JlJ. 

The energy problems do not end here. Generating electricity by 

both fossil-fuel and nuclear plants is producing increasingly large 

a^nounts of thermal pollution. Fossil-fueled power plants emit sulfur 

dioxide, nitric oxides, carbon monoxide and particulates, which are pushing 

air pollution to levels that are more and more often becoming unaccept­

able. Nuclear power plants present problems of radioactive-waste dis­

posal and direct-radiation emissions. Increasing fuel imports are 

expected by many to cause significant undesirable effects on the 

balance of payments in the not-so-distant future. 

The list could go on and on — more entries can be found in re­

ferences II], 126], 127], and [46]. 

1.3 Windmills 

Chinese and Japanese windmills appear to have been in use about 

2000 BC. In the seventeenth century BC, Hammurabi, the famous 

Babylonian emperor, planned to use windmills for his irrigation projects. 

History is sprinkled with records of wind power uses between these early 

accounts and the introduction of windmills in Europe around the 12th 

century. These first European windmills were moved by sails mounted on 

a horizontal axis. The propeller-type windmill dates from the begin-

the 18th century. 
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Toward the and of the rirat World War, sclentlata In aaveral 

wnropaan countrlea Lagan Intanaiva rasaarch efforts on wlndnfU 

taohnology, which rasnltad in developing a ntnahar of relatively large-

acale prototypes: the Savonins wing rotor, the Knwwe wind-turbine 

C1920), the Plattner windwill (1926, rated at 30 kilowatts in a wind 

speed of 23 nph). the elegant Darriaux wind-turbine (1929), the Madaras 

rotor (1933), and a huge Russian wind-turbine erected near Yalta on 

the Baltic Sea (1931, 100 kilowatts do at 24.6 wph, 100 feat high). 

The culmination of these efforts was the development of the Putnam 

prototype, a large synchronous generator able to' produce up to 1250 

kilowatts, which operated in yemont in the early 1940's phased into 

the other generators feeding the lines of the Central Vermont Public 

service Corporation. All details of this venture can be found in 

reference I43J. 

A detailed history of windmills with an extensive bibliography on 

the subject can be found in chapte^f reference [15] , which is also, 

in my opinion, the most comprehensive reference on wind power in 

general. Chapter 6 of reference 143] gives an account of the post-

¥orld-War-I efforts. 

11^ 
i.4 Wind Power 

From elementary physics, the kinetic energy per unit time P 1 

yielded bye fluid of density r passing with velocity V through an area 

A is P rAV /2. Thus, if is the air density, then Ps-taD^vS/S is the 

power available to a windmill of propeller diameter D from a wind of 

speed V. However, I an ideal wind machine can extract at most 16/27 of 
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that power I15J, The important fact to observe Is that the maxiiauni 

power that can be extracted from the wind by a windmill is proportional 

to the square of the propeller diameter and the cube of the wind speed. 

It has been estimated by Brunt Csee 143], p.209) that the total 

wind power in the atmosphere is of the order of 3x10^^ kilowatts [54]. 

How much of this power is available for wind—turbine use is open to 

question. Hurd C. Willett concludes in a private communication to . 

Putnam, after making certain assumptions, that the available power is 

of the order of 2x10^° kilowatts Creference [43], p.209). 

Professor Heronemus believes, and I agree, that these assumptions 

must be overly restrictive; a power of 2x10^^ kw implies, as a quick 

2 calculation shows, an average available power of about 40kw/km on the 

earth's surface, which appears to be an extremely low figure. Never­

theless, this power implies an annual energy of 1.65x10^^ kwh. If we 

assume that a windmill has an efficiency of approximately 70 percent 

with respect to an ideal machine Cfor the reasonableness of this 

12 assumption see [7]), then an annual energy of the order of 70x10 

kilowatt-hours could be transformed into electricity. For comparison, 

12 domestic electric consiimption in 1970 was about 1.53x10 kilowatt-hours 

[12] and the energy of all fuels consiamed in the US in 1971 was about 
12 

20.3x10 kilowatt-hours [52]. Cit is clear from an earlier discussion 

that these two quantities are not directly commensurable.) 

Heronemus has made an estimate of the annual electric energy 

available at selected sites in the United States [20]. The results are 

shown in Appendix VII. lu 
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1.5 Bibliography on Wind Power 

Both Putnam J43J and Golding 115] have rather extensive bibliogra­

phies on wind power. The latter also has an appendix with a selected 

bibliography of surface wind data. The Department of Economic and 

Social Affairs of the United Nations has also prepared an extensive 

bibliography on wind energy in general, wind and its measurement, wind 

machines, and the operation and utilization of v/ind power stations 151]. 

Finally, researchers at Oregon State University have recently compiled 

a literature review concentrating on the period since the early 1950's 

125]. 

Easter IlO] has simulated an elementary wind-power system which, 

in some aspects, follows the same ideas as this dissertation. He has 

included the effects of wind gusts and hydrogen leaks. However, his 

model does not include an economic evaluation of the system, nor does 

it have the flexibility of the model presented here. 

Appendix I lists a number of conversion factors which should prove 

useful for readings either on wind power or on the subject of energy 

in general. 
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C H A P T E R II 

OFFSHORE WIND-POWER SYSTEMS 

II.1 General Description 

The work in this dissertation was prompted by the research on 

wind—power systems conducted by Professor Heronemus at the University 

of Massachusetts over the last few years. He has designed three main 

systems of this type: one off the southern coast of Long Island [22], 

another extending almost 200 miles east of Cape Cod [21], and a third 

in lake Ontario [23]. He has also recently completed the design of a 

mixed offshore-overland system in Wisconsin [24]. A representation of 

the layout proposed for the system off Cape Cod is shown in Figure 

iy,i. 

These offshore power systems are all variations of the following 

general form. A number of wind generators Cassemblies consisting 

basically of a propeller that drives an electric generator when the 

wind blows with enough speed) are placed at different levels of a 

structure, which either floats or, in shallow waters, is fixed to the 

sea or lake bed. This structure, together with its wind generators, is 

called a wind station. Figures II.1 and II.2 show two different types 

of wind stations. 

A relatively independent wind-power system, i.e. one that does not 

rely heavily on the support -of other power systems, must be able to 

store energy. This is clear, since energy demands can seldom be sub-
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Source: Reference 121] 

Figure II.1 Wind Station "with Three Wind Generators of 2000 

Kilowatts Each 
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SECTION ON A-A 

I'lgure II.2 

0' Base Line 

WM station with Thirty-Four lOO-Kllowatt Wind 
Generators at Seven Levels 
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ordinate to the randomness of wind patterns. Thus, independent wind-

power systems must be designed so that, when wind speeds are at high 

levels, part of the energy generated is stored for later use at times 

when wind speeds are low. 

There are several methods for storing energy: p-umped hydraulic 

storage (water is pumped into a high-level reservoir so that its 

potential energy can be retreived later by hydraulic turbines), bat­

teries, air compression, and the production of hydrogen by the elec-
~ —-

trolysis of water — this list being far from exhaustive. 

This last method seems to be the most promising in the context of 

wind-power systems and is the method considered in this research. The 
\ 

hydrogen is stored in pressure-balanced submarine tanks and is later 

used either in fuel cells to generate electricity or as a fuel per se. 

A group of wind stations feeding an electrolysis plant, together 

with the corresponding electrolyzers and the distillation plant that 

may be necessary to transform sea water into fresh water for the 

electrolysis process, is called a wind unit. The electrolysis and 

distillation plants, together with the structure on which they are 

mounted, form the nucleus of the wind unit. 

A wind power system consists of a number of wind units, each 

potentially having a nucleus with an electrolysis plant and perhaps a 

distillation plant. The wind stations send the electricity they 

generate to this nucleus through individual connecting cables. In the 

nuclei, the electricity is used to produce hydrogen in the electrolysis 

plants or, if cables for direct transmission to shore are provided for 

the wind unit, some or all of it can be used directly to satisfy 
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electric demand. 

The hydrogen prodnoed at the nnclel le fed Into en offehore 

hydrogen pipeline that conneots the nuclei, the storaee raoP. and the 

ahore. The connection between the pipeline and the storage tanks is 

nade through a conpressor-reducer staMon. where hydrogen is compessed 

lor storage purposes when the anount generated exceeds the demand, and 

is expanded on its passage back to the pipeline when the reverse 

situation occurs. The energy for the compressors is generated by a 

number of additional wind stations, which are also grouped into one or 

more wind units that differ only in their nuclei from those described 

above Cthe electrolyzers and distillers and replaced by compressor 

and xednetibn valvesl. 

^Puel cells, and the wind generators in this system, produce 

direct^current electricity. The conversion to the alternating current 

required by most machinery and appliances in use today is accomplished 

by inverters. Figure II.3 presents a diagram of an offshore power 

system in one of its most general forms. 

II.2 Details on System Components 

This section discusses a few details on some of the system compo­

nents. This material will help the reader understand the description 

(in Chapter III) of the computer model developed to evaluate alternative 

wind-power systems. 

A wind generator consists of a propeller that drives an electric 

generator. Efficient propellers cannot have a high tip-speed ratio 

(the ratio of the velocity of the propeller tip to the wind speed) and 
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xaust:, therefore, rotate more slowly than the generators they drive. ^ 

Hence, speed—up gears become a necessary component of wind generators. I 

Also, controls are needed to keep the propeller in the proper position 

relative to wind direction and to control the propeller-blade angle as 

a fiinction of wind speed. 

Owing to friction and other losses, no power is available from a 

wind generator at wind speeds below a given threshold called the cut-

in speed. As wind speed increases above this speed, available power 

also increases, usually almost linearly. This increase continues up to 

a wind speed, governed by the economics of design, at which the electric 

generator can yield its maximum possible output. This maximum available 

power is known as rated power and the corresponding speed as rated speed. 

At wind speeds beyond the rated speed, available power remains constant 

at its rated value. In unusually strong winds generators are stopped 

completely to prevent possible damage. The wind speed beyond which this 

happens is called furling speed. Furling speeds are usually 70 mph or 

greater. 

A generator must be driven by constant power from the propeller at 

any wind speed between rated and furling speeds. This is accomplished 

by an automatic control mechanism. 

The voltage of a wind generator also varies as a function of 

wind speed. The voltage at rated speed is known as rated voltage. 

Figure II.4 shows typical power curves (available power vs. wind 

speed) for two different wind-generator types, as well as the kind of 

voltage function (generator voltage vs. wind speed) that was assumed in 

the model. 
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The energy in the hydrogen produced by the electrolysis process can 

later be transformed again into electricity by fuel cells. The process 

is basically the reverse of electrolysist hydrogen and oxygen are put 

in contact and yield water and electricity. Oxygen can be supplied in 

two different ways; it can be either extracted from the surrounding air 

or obtained from the electrolysis process, stored and piped to the fuel 

cells, just as the hydrogen is. The second alternative involves capital 

costs for the pipeline, a compressor-reducer station, and storage tanks, 

but it considerably improves fuel-cell efficiency. 
A ( ^ • 
C.||]r|-^The fuel-cell principle was discovered in 1839, but it was first 

puf to practical use only some fifteen years ago at Cambridge University. 

Fuel-cell technology has since received a considerable impulse from the 

aerospace program. Until recently the costs of fuel cells were too high 

to consider the process as economically viable for energy conversion. 

However, research-and-development efforts are currently pointing to 

economic designs. Moreover, further improvements in both costs and 

efficiencies are expected in the near future. Pratt and Whitney is 

presently conducting a full-scale program on commercial fuel-cell 

research and a group of about 35 natural gas companies has installed and 

tested nearly sixty fuel cell power plants in the United States and 

Canada. 

Fuel-cell emissions of air pollutants are negligible, thermal 

pollution is not a major problem, and noise pollution is minimal. Each 

kilowatt-hour generated in fuel cells results in the production of about 

0.8 lb of pure water, a valuable by-product, which can be used for ir­

rigation or other purposes. Other facts on fuel cells, including more 
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advantages, applications and economics, can be found in references 

137] and 139]. 

Hydrogen can also be used directly as a fuel. Personnel at the 

Institute of Gas Technology have prepared what is perhaps the most 

thorough analysis of this possibility. They obviously had hydrogen in 

mind as a replacement for natural gas, whose reseirves, as we saw in 

Chapter I, will hardly last beyond a few more decades. The American 

Gas Association has also sponsored a study to look into the possibili­

ties of such replacement. Hydrogen is an outstanding fuel for gas 

turbines and has been proposed as a fuel for supersonic jet aircraft, 

and suitably modified standard internal-combustion engines have been 

successfully fueled with hydrogen. All these hydrogen uses also have 

the advantage of its clean combustion characteristics, which imply 

practically no air pollution. One of the possible disadvantages of 

hydrogen is its high flammability, although some experts note that 

liquid hydrogen should be considered at least as safe as gasoline and 

methane. 

Concise and readable references on hydrogen as a fuel can be found 

in I17J, I3i], 132], 133], 134], and [38]. 

Early designs for water electrolysis units used a caustic liquid 

electrolyte that made them relatively inefficient and called for fre­

quent maintenance. Advances in fuel-cell technology, however, which 

also apply to its counterpart, the electrolyzer, seem to have changed 

the situation considerably in recent years. References 147] and [50] 

report some of the research done by General Electric on solid-polymer 
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electrolyte technology over the last five years that -uncovered the pos­

sibility of high-efficiency, low-maintenance electrolysis plants. The 

work was prompted by the need for oxygen generation in submarine and 

aerospace systems, but the results are readily applicable to large-

scale hydrogen-generation plants. Both studies make encouraging pro­

jections on capital costs and efficiencies for the next couple of 

decades, as shown in Pigure II.5. 

Reference JSOJ presents a feasibility study on electrolytic-hydro­

gen production for ammonia plants made for the Oak Ridge National 

Laboratory a few years ago. Professor Heronemus used this study as the 

basis for his assumptions on electrolysis plants. 

Storage of hydrogen takes place in submarine tanks. The storage 

pressure can be maintained at a nearly constant level by allowing sea 

water in and out of the tanks as necessary. 

Hydrogen can also be liquefied and stored as a cryogen. A very 

complete study on liquid-hydrogen production can be found in reference 

I19J. 
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CHAPTER III 

DESCRIPTION OP THE MODEL 

III.l General 

This chapter describes a computer model for the economic evaluation 

of offshore wind-power systems. In its present form, it does not in­

clude all the different possibilities for general offshore wind—power 

systems previously outlined in Figure II.3. In particular, the model 

assumes that neither the oxygen from'the electrolysis process, nor the 

pure water produced by the fuel cells, is collected and further uti­

lized. It also disregards the general hydrogen market and assumes that 

fuel cells are the only alternative for hydrogen use. A diagram of the 

specific system under consideration is shown in Figure III.l. 

As inputs to the model, the user provides basic technical charac­

teristics of the particular system being studied (such as the efficien­

cies of electrolyzers and the volumes of hydrogen storage tanks) and 

unit cost estimates for system components. The model then computes, as 

functions of these inputs, other system characteristics and costs. 

Using wind and energy demand data, which may either be provided by the 

user from historical records or generated by stochastic models, the 

behavior of the system is simulated as follows: A wind speed is read 

or generated. The program uses it to determine how much energy is 

produced by the generators at this speed during the time between this 

and the next wind-speed reading Cit is asstimed that wind speed remains 
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constant over this time period). Then, an energy demand for the 

period is read or generatedj if the energy produced is higher than 

demand, the excess production is transformed into hydrogen and stored; 

otherwise, the excess demand is satisfied from hydrogen storage. This 

cycle is repeated until the simulation has proceeded for a specified 

number of years. 

The model's primary output is an Indication of the ability of the 

system to meet the given electric demand pattern. In addition, it 

provides the user with a cost analysis of the system. The ability to 

satisfy demand and the cost analysis constitute a basis for system 

evaluation and the comparison of alternative system designs. 

The model description follows closely the flow of the computer-

program logic. It can, therefore, be used as a guide by readers who 

want to become familiar with the details of the program. Before begin­

ning the description, we define some terms. 

An external input Cto a section of the program) is an input read in 

from an external medium such as tape, cards, etc. An internal input, 

in constrast, is an input received from a previous program section. 

Similar meanings apply to the terms external output and internal output. 

The term simulation cycle describes all the processing that takes place 

between two wind observations. 

Fox ease of exposition and to aid a user's understanding of the 

model, the computer program has been divided into modules. These modules, 

and the ranges of their statement numbers, are listed in Table III.l. 

The modules are themselves divided into submodules» Each submodule is 
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Table III.l Program Structure 

Program Module 

1. Dimension statements 

2. Formats 

3. Definition of functions 

4. Input of system characteristics 

5. Print values of inputs of module 4 

6. Initialize variables 

7. Read cost data and, based on system 

characteristics and these costs, 

determine other system characteristics 

and costs 

8. Print other system characteristics 

and costs 

9. Determine system productivity at each 

wind speed 

10. Simulate system performance 

11. Print indicators of system performance 

12. Initialize output variables 

13. Termination routine 

Range of 
Statement 

Nxmbers 

0001-0009 

0020-0079 

0080-0099 

0100-0199 

0200-0299 

0500-0549 

1100-3499 

3600-3999 

5000-5479 

5500-7999 

8000-8499 

8800-8899 

9980-9999 
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headed by a comment that describes its function and defines the main 

variables involved. 

A listing of the program is given in Appendix III. 

III.2 Model Inputs 

III.2.1 Input 7ariables 

The variables whose values are inputs to the model will in most 

cases Be described By first defining them and then making such comments 

as are necessary to put them into proper context; they can be classified 

into four categories: variables related to system characteristics, cost 

estimates, options, and miscellaneous variables. 

Tariables Related to System Characteristics 

NRGNS; RumBer of regions. The geographical area covered by the system 

is partitioned into a number of regions for two main reasons. 

a. Wind speeds used in the simulation are assiraied to have been ' 

observed at a specific location. Since wind speeds at this location 

may consistently Be lower or higher than those at other points of the 

system, correction factors may Be needed. Each region may be assigned 

a different correction factor. Winds are assumed, at any given time, 

to have the same speed over any given region. 

b. Some wind-unit nuclei may be able to transmit electric 

energy to shore directly, for modeling simplicity, it is assumed that 

either all or none of the nuclei in a region can do so. Regions that 

can transmit directly, called transmitting regions, must be chosen so 

that the distances to the shore for units within a region do not differ 
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markedly. 

ANEMHT: Anemometer kelgkt Cf t). Height at which wind speed is ob­

served . 

UNDCFNO^) ; Wind coefficient, region K. These are the correction fac­

tors that we referred to above. When multiplied by the recorded wind 

speed, they yield wind speed in region K at anemometer height. Their 

values can be obtained by comparing, for some time, the wind speed at 

different points of the system to that at the recording location. If 

the user has no such data, the coefficients should be given the value 1. 

TIME: Time between wind observations Chr). 

NGHTYP: Number of different types of wind generators in the system. 

Two generators belong to different types if they have different power 

curves or different rated voltages. 

CUTINCi), EATEDCl), FURLINCi)? Cut—in, rated and furling speeds of 

generators of type I Onph). 

ETVLTCl)i Rated voltage of generators of type I (volts). 

RTPWRCl): Rated power of generators of type I (kw). 

UNITS(K): Ntmber of wind units, region K. 

STUNIT(K): Number of stations per wind unit, region K. 

All units within a region are assumed to be identical: they have the 

same number of wind stations, all wind stations are identical, the 

locations of the wind stations relative to the nucleus are the same, 

and the nuclei are identical. 

DSTNCECK): Distance between orbits, region K (ft). 

It is assumed in this model that wind stations in a wind unit are ar­

ranged in concentric circular orbits around the nucleus, and that the 
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distance between wind stations is approximately the same as that be­

tween orbits. Thus, with the possible exception of the outer orbit, 

where the number of wind stations depends on STUNITCK), there are I2nn] 

wind stations in orbit n Qx] denotes the largest integer less than or 

equal to x; orbits are numbered according to their distance from the 

nucleus, orbit 1 being the closest one). One station is located in the 

nucleus of the wind unit. The arrangement of wind stations into wind 

units is shown in Figure III.2. 

NLEVLS(K): Number of levels in each wind station, region K. Wind 

stations in Figures II.1 and II.2 have two and seven levels respectively. 

Levels are numbered starting with the lowest. 

HEIGHTCJ,K); Height of level J for wind stations in region K Cft) . 

iNGTYPCJ,K): Type of wind generators used at level J for wind stations 

in region K. All generators in the same level of a wind station are 

assumed to be of the same type. 

GNRTENCJ,K)i Number of generators in level.J of a wind station, region 

K. 

EESKFTCK): Resistance per unit length of connecting cables, region 

K Cohms/1000 ft). 

SERIESCN,K); Number of stations connected in series in orbit N, region 

K. Stations in an orbit may have to be connected in series to increase 

voltage and reduce the energy losses in connecting cables. Connected 

stations form a full group. The remaining stations in the orbit form 

the remainder group. As an example suppose that, for some region K, 

SERIESC5,K)=4. Then, in the 5th orbit, wind stations are connected in 
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The diagram shows a three-orbit wind unit, but a unit may 

have seven or more orbits 
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series, four in each full group. Suppose, further, that orbit 5 Is not 

the outer orbit. Then there are 1211 *5], or 31, wind stations In this 

orbit. Twenty-eight of them form seven full groups of four stations 

each and the remaining three are In the remainder group. These con­

cepts are clarified In Figure III.3. 

ELH2: Electric energy required for an electrolyzer to produce 1 lb of 

hydrogen (kwh/lb H2). 

ELH20M: Electric energy required for a distillation plant to produce 

1 lb of pure water Ckwh/lb H2O). 

H20H2: Weight of fresh water needed In an electrolyzer to produce 1 lb 

of hydrogen Clb H20/lb H2). 

NTRGNS='( k. If regions l,2,...,k can transmit electric energy to shore 

directly 

0, If no capability for direct transmission Is provided. 

Thus, HTRGNS Is the ntimber of transmitting regions. It Is assumed that 

the transmission power capacity of a region equals the maximum power 

that can reach all nuclei of that region. 

TEDST(K): Average transmission distance from region K to shore Cst ml). 

TRLS: Percentage energy losses per 100 st ml of transmission cables. 

NPIPTP: Number of offshore hydrogen pipeline sections. The diameter 

of each pipeline section Is assumed either to be constant or to vary 

linearly with distance from one end. 

PIPDSM(L), PIPDLGCL): Diameters, at small and large ends respectively, 

of section L of offshore hydrogen pipeline Cln). 

PIPLNGCL): Length of section L of offshore hydrogen pipeline (st ml). 
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ORBTS(K)=3 

PWER(IW,K) and VLTG(K) 
are the power and 
voltage of a wind station 

EEMNDR(3,K)=2 (number of stations 
in remainder group, orbit 3, region K) 

Remainder group has 
voltage V0LTGR(3,K) and 
power P0WERR(3,K) 

/"s 1°'. 
I ' — » \ f ^ 

'0\ O^) 
\ \ s, 
\0\ ""s O---—-.--'O/ 
\ N O 

This full group 
has voltage V0LTGG(3,K) 
and power P0WERG(3,K) 

Connecting 
cable 

N (orbit) 1 2 3 

STNS(N,K) 6 12 18 

SERIES(N.K) 2 4 4 

GROUPS(N.K) 3 3 3 

REMNDR(N,K) 0 0 2 

Figure 111,3 Diagram of a Three Orbit Wind Unit in Region K 

Showing the Grouping of Wind Stations 
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PIPE.S1: Haxinmm pressure in the offshore hydrogen pipeline (psig) . 

PIPRS2; Pressure used to determine the weight of hydrogen that can be 

stored in the offshore H2 pipeline (psig). This is an estimate whose 

upper bound is PIPRSl. 

TEMPIP: Average temperature in the offshore H2 pipeline ("F). 

3 STGVOL: Volume of hydrogen storage tanks (Mft ). 

STGPRS: Hydrogen storage pressure (psig). 

TMPSTG: Hydrogen storage temperature (°F). 

HRCRST: Region in which the compressor-reducer station is located. 

EFFCMP: Efficiency of compressors. 

EFFELM: Efficiency of the electric motors that drive the compressors. 

SMSTGE; Ratio of the energy needed by the compressors used in this 

system to compress 1 lb of hydrogen from PIPRSl to STGPRS, to the 

energy needed by a single-stage compressor. This ratio is a function 

of STGPRS/PIPRSl and of the number of stages of the compressors used in 

the system being analyzed. Its value can be found in handbooks (see, 

for example, reference 1353. 

H2ELCL: Hydrogen required for a fuel cell to generate one kwh (lb H2/ 

kwh) . 

EFFINV: Efficiency of inverters. 

Cost Estimates 

This second group of input variables consists of unit cost esti­

mates for the system components. As it will be explained in Section 

III.3.1, some of these unit costs may be developed by the program 

internally as functions of systra characteristics or other variables. 
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When this Is the case they need not, of course, be provided by the user. 

The definitions of these variables should be clear from the program com­

ments and their units can be found in the program output. 

Options 

Input variables in the third group allow the user to exercise one 

among a number of alternative options. These option variables, whose 

names axe of the form OI'XXXX, will be discussed when the corresponding 

options are explained. Most of them are related to options on costs 

estimates, i.e. to whether these estimates are to be inputs or are to 

be developed internally. 

Miscellaneous Variables 

The additional miscellaneous input variables include; 

ANDMHD; Annual electric energy demand ClO^ kwh). 

AVPKDM; Average weekly peak of electric power demand (kw). This and 

the next two variables are discussed at length in Section IV.3. A dif­

ferent set of variables of this type may be needed if the electric-

demand time series is generated differently. 
f 
I HRLYFCCi)J Ratio of the electric energy demand during the Ith hour of a 

week to the weekly peak. (The first hour of the week is from midnight 

Saturday to Sunday at 1 a.m.) j 

IMTHLYCM): Ratio of the monthly average of weekly peaks to their annual 

average, month M. 

DMDMAX, DMDMIN; Estimated maximum and TniTi-iTtiinn power demands (kw) . 

RTINTR: Interest rate used in cost calculations. 
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RTFDTX: Rate of federal income taxes. 

RTSTTX: State tax rate. 

RTLCTX: Local tax rate. 

RTINSR; Insnrance rate. 

RLA30R: Rate of labor expenses. 

RAGEXP; Rate of administrative and general expenses. 

All these rates are annual rates; the last six reflect the estimated 

proportions of total gross investment cost that will have to be dis­

bursed each year as pa37ments for the corresponding expenses. 

LFWNGN, LFWDST, LFCCBL, LFELZR, LFRNGL, LFTCBL, LFOFHP, LFINVR, 

LFCRST, LFSTNK, LFFLCL: Useful lives of wind generators, wind station 

structures, connecting cables, electrolyzers, rest of nuclei, trans­

mission cables, offshore hydrogen pipeline, inverters, compressor-

reducer station, hydrogen storage tanks, and fuel cells, respectively 

(years). 

III.2.2 Power and Voltage Functions 

The voltage and available power of a wind generator are functions 

of the wind speed. Below cut-in speed and above furling speed, both 

voltage and available power are zero. Between rated speed and furling 

speed, they equal rated voltage and rated power, respectively. At 

wind speeds between cut-in and rated speeds, their values are given by 

the voltage and power functions defined in statements 81 to 98 of the 

program. These statements have to be altered every time different types 

of wind generators are being considered. 
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III.3 Logical Structure of the Model 

The operational aspects of the model take place mostly in modules 

7, 9, and 10 of the program. Based on inputs, further system character­

istics and costs are developed in module 7. In module 9, the produc­

tivities of different system components as functions of wind speed are 

computed. Module 10 simulates the operation of the system. 

The program listing in Appendix III has a generous numher of com­

ments explaining the functions of the different submodules. It is felt 

that these comments, which also define the important variables, make 

the logic of many of these submodules self-explanatory. I shall there­

fore concentrate on describing, and flow-charting when necessary, the 

submodules that require more attention. 

III.3.1 Development of further Characteristics and Costs 

The program first determines, for each region K, the number of or­

bits per unit ORBTSCK), and the number of stations in orbit N of each 

wind unit STNSCN,Ky. It then determines the number of full groups in 

orbit N of a unit in region K, GROUPS(N,K), and the number of stations 

in the remainder group REMNDR(N,K) . These concepts are explained in 

Section III.2.1 and illustrated in Figure III.3. 

The program then calculates the length of connecting cable neces­

sary to join each full group in orbit N of region K with the nucleus, 

CBLNGGCN,K). This length, in feet, is given by CBLNGG(N,K)=N.(SERIES 

CtI,K)-l)»DSTNCECK) , as can be verified by referring to Figure III.3. 

A similar calculation for the remainder group yields CBLUGR(N,K). 

Finally, the resistances in ohms of these cables, RESTG(N,K) and 
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EESTRCNJK) , th.e total length, of cable for orbit N of a unit of region 

K, CBLGTHCNJK)> and the total connecting cable length in thousands of 

feet for region K, CABLNGCK), are determined. 

Next, the capacity of the offshore hydrogen pipeline, PIPCAP, and 

the total capacity of the hydrogen storage tanks,' STGCAP, both in pounds 

of hydrogen, are calculated, using the well known law for gases 

w=P'7/R'T, 

where 

w= weight in lb, 

2 P= absolute pressure in lb /ft abs, 
r 

3 
V- volume in ft , 

T= absolute temperature in °R, 

R= a constant, which for hydrogen has the value 766.6 lb„/lb ®R. 
* 

The program then determines the number of wind stations in region 

K, STAINSCK) , the number of generators of type I in the system, 

GNRTNO(I), the maximum inverter power output in kw obtainable by direct 

transmission from region K, PSHRMX(K) , and the TnaviTniTrn available power 

.-in Mw from each unit of region K, POMXUN(K) , and from the whole region 

K, PONRMXCK). The logic for these calculations is a simplified version 

of that used in module 9, which is described later. At this point it 

should be noted, however, that the factor 

I1-TRLS•(TRDST(K)/100)]•EFFINV 

must be used to transform electric energy (or power) at a nucleus of 

region K into inverter output after direct electric transmission. This 

shoiild be clear from the definitions of the variables involved. 



40 

Next, tke program determines the capacity requirements for the 

electrolyzers. A flow chart of the logic involved is given in Appendix 

II.1. First, upper bounds for the capacities are computed based on the 

capacities of the generators in the wind units. If the capacities are 

left at these values Cwhich is done by giving the variable OPELCP the 

value 2) the electrolyzers have sufficient capacity to transform all 

the electric energy they receive into hydrogen. However, for a given 

transmitting region this may not be an optimal decision. The user, 

therefore, has the option of modifying these upper bounds by giving 

OPELCP the value 1 and entering lower capacity values as input data. 

These lower capacities will resxilt in lower electrolyzer costs, 

but some hydrogen will be wasted at times when electric demand is near 

its minimum and wind speed is high. The relative frequency of the 

joint occurrence of these events determines the levels that these 

capacities should be assigned. 

When an energy (or power) E^^ reaches the nucleus for electrolysis, 

it is divided into two parts: one, denoted by E^, is used in the 

distillers to produce the necessary pure water, and another, E^, is 

used in the electrolyzers. E^, the energy in kwh actually transformed 

into hydrogen, is given in terms of E^ by 

C1+ELH20M•H20H2•H2EL). 

The weight in pounds of hydrogen produced, H2, is then H2=H2EL-E^. 

These relations are clarified in Figure III.4. 

The rest of this module is concerned with determining the other 

system characteristics that are necessary for cost calculations, and 

with developing total gross investment cost, annual investment cost. 
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Distiller 

Electrolyzer 

Clearly, H2=H2EL E^-

Letting H20= lb of water needed, we have 

H20=H20H2 H2=H20H2 H2EL E^ 

and E2=ELH20M H20=ELH20M H20H2 H2EL E^. 

Let C=ELH20M H20H2 H2EL. 

Then, since E2=E^-E2» have E^=E^-C E^ 

which implies E^^E^/(1+C). 

Notation 

ELH20M= Electric energy required for a distillation plant to 

produce 1 lb of pure water (kwh/lb H2O) 

H20H2= Weight of pure water needed in an electrolyzer to 

produce 1 lb of hydrogen (lb H20/lb H2) 

ELH2= Electric energy required for an electrolyzer to 

produce 1 lb of hydrogen (kwh/lb H2) 

H2EL= 1/ELH2 

Figure III.4 Distribution of Energy in the 

Nucleus of a Wind Dnit 
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other annual fixed charges, and cost per kilowatt-hour. 

Total gross investment cost is deteimiined by adding the investment 

costs of all system components. These component costs are calculated 

in separate program submodules. The submodules for cost calculations 

are structurally very similar, so I shall concentrate on costs of wind 

generators. A flow chart for this submodule is given in Appendix II.2. 

For each generator tjrpe I, three options Cdescribed below) are 

available. The selected option is exercised by assigning as an input 

the corresponding value to the variable OPWNDGCI)• Appendix F describes 

the Options available for other system-component costs. 

If option 1 is chosen for a wind-generator type, its cost per unit 

is determined by an estimating relation. A cost-estimating relation 

is a function that relates a cost, usually a unit cost, to a number of 

variables that affect it. In the case of the wind generators, the list 

of relevant variables includes rated power, rated voltage, cut-in 

speed, rated speed, furling speed, the total number of wind generators 

of this type, etc. If this option is selected, the cost-estimating 

function to be used is defined in program statements 1663-1665. 

For most other system components, the use of an estimating 

relationship is also one of the available options. The development of 

these relations, which are central to the work of systems analysts, 

involves a considerable effort and usually requires extensive data. 

No attempts were made in this research to develop these relationships. 

Reference [13J provides an excellent treatment of procedures for 

developing them. 
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In this model, all estimating relationships are assumed to be 

linear, i.e. of the form 

cost=f(x,,... ,x )=a+bTX,+...+b x , 
JL n 1 1 n n 

where the x^ are the values of the relevant variables and a and the 

b^ are coefficients to be determined statistically. This was done for 
/ 

convenience, because linear relationships are most commonly used. 

However, other functional relationships may also be used by changing the 

corresponding program statement. An often used form is the multiplica­

tive model, viz. 

b :cost=fCxi,...,x )=a.x, l'....x . 
-1- n 1 n 

The program allows for using five variables in each estimating 

relation but this, of course, can also be modified. The values of the 

variables can either be read as input data or be defined prior to the 

use of the estimating relation. The values of the coefficients will 

normally be provided as input data. 

When option 2 is chosen for a wind generator type, the unit costs 

of all of its components are required as inputs. 

The development of costs for the elements of the compressor-reducer 

station requires determining the maximum hydrogen surplus rate, i.e., 

the maximum rate at which hydrogen can be stored. This in turn deter­

mines the necessary compressor power and the size of the compressor wind 

unit. The determination of the maximxnn surplus rate in Ib/hr, H2SRPL, 

follows a logic similar to that of satisfying demand and updating 

hydrogen storage in module 10 so, it Xirill not be discussed here. 

The compressor power required Cin Mw), PHCMPR, is calculated as 
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follows. When an ideal gas at an absolute temperature is compressed 

adiabatically between the absolute pressures and P2 Xpsia), the 

final absolute temperature is given by 

(3.1) 

where k=Cp/c^ (c^ ^specific heat at constant pressure, c^ =specific 

heat at constant volume) is a dimensionless quantity. The quantities 

Cp and c^, and thus k, are functions of temperature. For hydrogen, and 

for the temperature range in which we are working, k has approximately 

the value 1.4. 

The theoretical work (in lbj,-ft) needed by an open-flow compressor 

to compress adiabatically one pound of an ideal gas between the pres­

sures P^ and P2 (psia) when the initial temperature is T^ (®R) is given 

by 

W=Ck/(k-l))-R«(T2-T^), ' C3.2) 

where T2 is given by (3.1). 

To transfom to theoretical work in kwh, WRKl, the result in (3.2) 

must be divided by the conversion factor 2.656x10^. To obtain the 

actual work needed by a multistage compressor, WRK3, the efficiency of 

the compressors, EFFCMP, the efficiency of the electric motors which 

drive the compressors, EFFELM, and the ratio, SMSTGE, of work needed by 

a multiple-stage compressor to that needed by a single-stage compressor 

(a function of P2^^1 number of stages) must be introduced. For 

references on the thermodynamics of compressors, the reader is referred 

to 135] and 153]. 

The logic necessary to determine the required size of the com­

pressor wind unit is simple and can easily be followed in the program 
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listing Cstatements 2260-2307}. 

The annual investment cost of a system component, aic, assuming 

a negligible salvage value, is given in terms of its gross investment 

cost, gic, its useful life in years, n, and the annual interest rate 

Ccost of capital), r, by the relation 

aic-Ccrf)^y sic-gic, 

where (erf) is the equal-payment-series capital-recovery factor r ,n 

corresponding to r and n. 

The total annual investment cost is obtained by adding the annual 

investment costs of system components. Annual fixed charges (taxes, 

insurance, labor, and administrative and general expenses) are obtained 

by multiplying their corresponding rates by the total gross investment 

cost. Total annual cost is the sum of total annual investment cost and 

annual fixed charges. The cost per kilowatt-hour is obtained by 

dividing total annual cost by average annual electric demand. This cost 

does not include overland-transmission and distribution costs. 

III.3.2 Productivity of System Components at Different Wind Speeds 

This program module, which is flow-charted in Appendix II.3, 

determines the power produced by several system components as a function 

of recorded wind speed in knots, IW. Its main outputs are; 

P¥R(IW,J,K): Available power from each generator at level J of region 

K (kw) . 

RIPWLS(IW,J,K): Furling power losses of each generator at level J of 

region K (kw). 
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PWERCIW.K} ; Available power of each station In region K Ckw) . 

PWENCClWjNjK) : Available power that reaches each nucleus from orbit N, 

region K (kw) . 

P¥RLSCl"W,N,K) ; power losses In connecting cables for orbit N of region 

K (kw) . 

POWRNCClWjK) : Available power that reaches each nucleus of region K (kw) . 

PNCRGN(IW,K) : Available power at all nuclei of region K (kw) . 

ESHRGN(IW,K) : Inverter energy obtainable by direct transmission from 

region K during a simulation cycle, assuming all available power Is 

transmitted Ckwh) . 

These values are Internal Inputs to each simulation cycle where, given 

the particular wind speed during that cycle, they are used to determine 

the energy produced by the system. 

The range of recorded wind speeds for which values of these 

variables are determined Is 1 to 70 knots. It Is assumed that at a 

recorded speed of 70 knots all wind generators have already been furled, 

so recorded wind speeds beyond this range can be assigned the value 70 

during the simulation. 

Recorded speeds of value 0 are treated separately. This treatment 

will be explained In the next section. 

The wind speed In mph at level J of region K which corresponds to a 

recorded wind speed of IW knots Is given by 

TOn)SP= CHEIGHT CJ ,K) /ANEMHT) ° • TOTOCEN (K) • IW • l. 151. 

This equation is based on the following relation developed by 

Carruthers 163: n 17 
y =.k.h."-^, 
> (3.3) 
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where is wind speed at height h and k is a proportionality constant. 

Relation C3.3) implies that wind speeds V, - and V, „ satisfy the ratio 
n± aZ 

which is the result used in the program. 

The factor 1.151 is for conversion from knots to miles per hour. 

Wind data reported hy the National Climatic Center are usually in knots, 

while most of the literature on wind power uses miles per hour. 

It is assumed that all the power available at any given time can be 

utilized, either satisfying demand directly or at the electrolyzers (to 

the extent of their capacity) by proper regulation of their internal 

resistance. With this assumption satisfied, the current I (kamp) in a 

connecting cable can be determined by the formula 

I=P/V, 

where P is generator available power (kw) and V is generator voltage 

(volts). The corresponding power losses in kilowatts, P , are then 
J_t 

given by 

P=R'1^/1000, 
LI 

where R is the total connecting cable resistance (ohms). 

The option variable OPPROD produces a listing of productivities at 

different speeds when set to 1 and no results when set to the value 2. 

III.3.3 Simulation of System Performance 

This module, whose main objective is to determine the ability of 

the system to satisfy a given type of electric demand, is flow-charted 

in Appendix II.4. It receives, as external inputs, wind speed observa­

tions and electric energy demands. 
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The program was written to accept wind data in a specific medium 

and format. The medium is magnetic tape and the format is described in 

Appendix VI. This tape was created using as source a 7-channel, BCD 

coded, magnetic tape with weather observations in the standard format 

of the National Climatic Center. In contrast with the original, it 

contains only numeric data. The program that accomplishes this con­

version is available. Small changes would be necessary in the main 

program for different media or formats. 

The wind observations are coded as follows. A wind observation code 

999 indicates that an invalid observation was made or no observation is 

available at that time. If so, the core of the simulation module is by­

passed. Other wind observation codes represent the observed wind speed 

in knots. 

Let n (an integer) be a valid wind observation, i.e., a recorded 

wind speed in knots. The variable IW is defined by the program in terms 

of n as follows 

n IW 

1,2,...,70 n 

71,72,... 70 

0 71 

Thus, except when it takes on the value 71, the variable Il'7 re­

presents an "effective" wind speed. The assignment of an IW value of 

70 to a recorded wind speed greater than 70 is justified by the discus­

sion in Section III.3.2, Under the assumption made there on furling 

speeds, both have the same effect on the system. For IW=71, the eight 
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variatles defined in Section III.3.2 remain at the zero level, which is 

consistent with a zero wind speed. 

Module 10 receives as internal inputs from module 9 the power and 

power losses of the pertinent system components at recorded wind speed. 

It then multiplies these powers by the variable TIME to determine the 

corresponding energies, and accumulates these energies Cthis implies 

the assumption that recorded speed remains constant throughout a TIME 

period). . 

An electric energy demand is then generated by a method described 

in detail in Section IV.3. A small modification would be required at 

this point if the user wishes to call a subroutine that generates a 

demand according to some stochastic model. 

The last part of each simulation cycle consists of satisfying the 

electricity demand and establishing the Effect this has on the amount of 

hydrogen in storage. This is done as follows: 

If direct transmission capability is available, as large a share 

of the demand as possible is satisfied directly, starting from the 

regions closest to shore. If all demand is satisfied directly, the 

remaining energy produced is transformed into hydrogen (the transforma­

tion being constrained by electrolyzer capacity) and stored to the extent 

of available storage capacity. If the energy produced is not sufficient 

to satisfy electric demand directly, demand is satisfied through fuel 

cells to the extent allowed by hydrogen in storage. In either case, 

hydrogen in storage is properly updated. 

If there Is no direct transmission, the amounts of hydrogen pro­

duced and hydrogen necessary to satisfy demand are determined. If the 
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former is larger, the difference, is stored to the extent of available 

capacity. Otherwise, the difference is supplied by stored hydrogen to 

the extent that this can be done. 

In either case, unsatisfied demand, if there is any, is recorded 

and accumulated as a measure of system effectiveness. 

The module prints two types of outputs. One is the amount of 

hydrogen in storage at the end of each day; it is printed every ten 

simulated days. The other is printed at the end of each simulated year 

and includes total energy produced, hydrogen wasted by insufficiency of 

storage or electrolyzer capacity, utilization of direct electric trans­

mission cables, unsatisfied demand, and similar indicators of system 

performance. Program outputs in general are discussed in more detail 

in the following section and in Appendix IV. 

III.4 Model Outputs 

The outputs of the model can be classified into three categories: 

a. System characteristics, derived from system characteristics. 

For example, based on the dimensions of the offshore hydrogen pipeline 

Can input), the program calculates its volume (an output). It then 

uses this volume and two further inputs (temperature and pressure in the 

pipeline) to calculate its capacity, a new output. 

b. System costs, derived from input characteristics and costs. 

c. Simulation outputs, which are used to evaluate system perfor­

mance. 

The output variables in these three categories are listed and 

described in Appendix IV. 
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CHAPTERIV 

EVALUATION OF A PARTICULAE. SYSTEM DESIGN 

IV.1 General 

Th.e simulation model developed in this dissertation was used for 

the analysis and evaluation of the specific wind power system designed 

by Heronemus I21J for the New England region. The main characteristics 

of this system, as well as the basic assumptions about efficiencies and 

costs of its numerous components, are described in this chapter. The 

results of the analysis are presented in two parts. First, the results 

of a computer simulation, called the basic run, are considered. In 

this run, estimates of costs and efficiences that were thought to be 

the most reasonable were used. In the second part, the economic impli­

cations of changing the original assumptions were examined for selected 

cases. Particular emphasis was placed on cases that reflect technolog­

ical advances in the design of fuel cells and electrolyzers. 

IV.2 The New England Offshore Wind—Power System 

A layout of the wind-power system used as a basis for experimenting 

with the model is shown in Figure IV.l. This layout represents the first 

stage of an eventually larger system that covers approximately 25,000 

square miles extending 180 miles east of Cape Cod. This system was 

designed with the goal of satisfying the incremental electric demand 

for New England from 1976 to 1990, an increase that is expected to reach 
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9 159x10 kwii per year in 1990 1183. An increase of this magnitude implies 

an average power demand of 18.2x10^ kilowatts for the year 1990. 

The system can accomodate a maximvm of 81 wind units, each of 

which can have up to 173 wind stations. One station is located in the 

unit nucleus and the remaining ones are arranged in at most seven con­

centric orbits. The distance Between orbits is 1520 ft CO.25 n mi), 

which implies an outer orbit diameter of approximately 4 st mi. 

The wind stations considered in this system are of the type shown 

in Figure II.1. They have two levels at heights of 220 ft and 340 ft, 

with three identical wind generators per station, two at level 1 and one 

at level 2. In the basic run the generators have a rated power of 2000 

kw and a rated voltage of 1000 volts, with power and voltage functions 

as shown in Figure II.4. 

The different sections of the offshore hydrogen pipeline, as well 

as their dimensions, are shown in Figure IV.2. The diameters indicated 

are sufficient to accomodate the maximum hydrogen flow (i.e., that flow 

corresponding to the maximum number of wind units and the maximum ntimber 

of stations per unit). The percentage of total gross investment cost 

attributable to the cost of the hydrogen pipeline is small (on the order 

of 1%). For this reason, the dimensions of the pipeline sections are 

not changed when alternatives that do not require the maximum possible 

hydrogen flow capacity are evaluated. 

In the basic run, the hydrogen storage tanks are assumed to be 

submerged at a depth of 2200 m. The resulting storage pressure is 

about 3000 psig (pressure increases by approximately one atmosphere— 

14.7 psig— for every 10 meters of water depth). 
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Pipeline Section 1 2 3 4 5 6 7 8 

Smallest dla. (In) 24 60 24 108 108 108 24 108 

Largest dla. (In) 60 60 84 108 108 108 48 108 

Length (st.ml) 69 67 99 90 99 49 47 55 

Cost/mile (k$) 65 116 252 495 495 495 62 495 

Figure IV.2 Offshore Hydrogen Pipeline 
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TV. 3 Find and Demand Data 

The wind data used in the evaluation was collected at Texas tower 

2, located near the center of the region covered by the system (see 

Vigure IV.1). Dninterxupted hourly observations were available for a 

period of four years beginning in April, 1956. Later data were incom­

plete, so the results reported were obtained by simulating the operation 

of the system during four years. 

A fluct\iating but deterministic time series for electric demand was 

generated as follows: 

a. The electric-power demand pattern for a week was obtained from 

the data shown in Tigure IV.3. Let D(h), h=l,...,168, be the hourly 

power demands and let D„^^=max D(h). The factors HRLYFC(h), h=l,...,168, 

were computed by 

max . h 

HRLTFCCh)=DCh)/D , max 

and, therefore, they represent the ratio of the hourly demands to the 

weekly peak. 

b. Average weekly electric demand peaks for New England are shown 

in Appendix VIII. Monthly averages of weekly peaks, also shown in 

Appendix VIII, were derived from them. Let A(m) , m=l,...,12, be the 

monthly averages and A their average (i.e., k-Z A(m)/12). The factors 
m 

EMTHLYGn), m=l,...,12, were obtained by calculating 

FMTHLYCm)=ACm)/A, 

and they represent the ratio of monthly averages of weekly peaks to 

their annual average. 

c. Let D be the average of the DCh) and let R=D /D, so R max 
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represents the ratio of peak to average weekly demands. 

Then, if the average electric power demand for a year is P (in our 

6 case P=18.2xl0 kw for 1990 — see section IV.2), the hourly average 

power DEMA.M) for the hth hour of a week (h=l,...,168; h=l for Sunday at 

1 am) in month m is given by 

DEMAND=AVPKDM • FMTHLY Cm) • HRLYFC (h) 

where AVPKnMi=R«P. For our data the ratio R has the value 1.263 

(D =10,300 Rbr, D=8155 Mw) , so AVPKDM=1.263x18.2x10^ kw=23,000,000 kw. max ' ' 

IV.4 Results of the Basic Run 

The estimates of costs, efficiencies, equipment lives, and rates of 

fixed charges used in the basic run are shown in Table IV.1. Some of 

them, such as the efficiency of electric motors and the cost of con­

necting cables, can be easily verified, since the same or similar 

equipment is available in the market today. They are subject to a 

rather small margin of error. 

Other items, such as wind generators of the size we envision are, 

of conrse, unavailable in the market. Estimates of their costs are 

educated guesses with some help from the literature. For a third 

group of items, such as electrolyzers, estimates of their costs and 

efficiencies are based on the pertinent literature (as an example, see 

Figure II.5 and the corxespondipg reference). 

Rates for the different t3q)es of annual fixed charges were esti­

mated using base figures ass^Imed by the utilities to evaluate coal, 

oil, hydro and nuclear plants (see, for example, reference 12]). 

Equipment life estimates were made, as were most of the other estimates. 
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Table IV. 1 Estimates Used In tb.e Basle Run 

a. Costs 

Wind generators; $239,000 each 

Wind station structures: $197,000 each 

Connecting cables: $12.50/ft 

Electrolyzers: $970/Clb H^/hr) 

Rest of wind unit nuclei: $85/Clb H2/hx) of electrolyzer cap. 

Compressors: $200/kw 

3 Storage tanks: $285/1000 ft 

Underwater electric transmission cables: $3000/Mw-mile 

Inverters: $15/kw 

Fuel cells: $135/kw 

Reducer valves, compressor wind unit nucleus and high pressure 

H2 pipeline Cbetween C/R station and storage tanks) have a 

total cost of $68 million. Costs of offshore H2 pipeline are 

those given in figure IV.2. 

b. Efficiencies 

Compressors: 0.85 

Inverters: 0.90 

Electric motors: 0.92 

Fuel cells: .09 lb H2/kwh 

Electrolyzers: 21 kwh/lb H2 

Distillers: .0555 kwh/lb H2O 

c. Equipment Lives \ 

Wind generators: 25 years 



59 

1 CCont.) 

Wind stations: 25 years 

Connecting cables: 100 years 

Electrolyzers: 100 years 

Rest of nucleus: 25 years 

transmission cables: 100 years 

Offshore H2 pipeline: 100 years 

Inverters; 25 years 

C/R station: 25 years 

Storage tanks: 100 years 

Fuel cells: 20 years 

Fixed Charges Rates 

Interest rate: .085 

Federal Income tax: .020 -

State taxes: .002 

Local taxes: .015 

Insurance: .001 

Operation and maintenance labor: .005 

Administrative and General Expenses: .010 

Other 

Wind generator performance: Power and voltage functions as in 

figure II.4. Rated power = 2000 kw, rated voltage =1000 

volts. 

Electric transmission power losses = 2% per 100 miles. 

Connecting cables resistance =0.8 ohm/1000 ft. 
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by Professor Heroneraus, 

The criterion that should be nsed to evaluate system performance 

in a simulation of this kind is the ability of the system to satisfy a 

given demand. This ability should be measured in terms of reliability, 

i.e., by answering the question "What is the probability P(p) that the 

given demand is satisfied p percent of the time?" Obviously, for a 

fixed p and a given demand, a larger Cand hence more expensive) system 

would have a better performance, so we should be able to derive a 

curve of the following general form 

1.0 

P(p) 

Annual Cost 
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From this curve one could determine the annual cost of a system with a 

P(p) comparable to that of alternative systerns Cwind power or others) 

under consideration. 

"Unfortunately, the four years of wind data available for the region 

we are considering are not sufficient for a reliability evaluation. 

Therefore, a different measure of ability to meet demand had to be 

devised. The method selected consists of adjusting the size of the 

system so that all demand is satisfied during the four years of simu­

lation. This method, although cruder than the one previously described, 

is thought to be adequate as a first approximation. The next chapter 

will describe work that is already in progress to overcome this limita­

tion. 

The basic run results in an energy generation cost of about 2 

cents/kwh with two transmitting regions and 2.16 cents/kwh with no 

transmitting regions. Heronemus 121] has estimated that investment costs 

for overland transmission and distribution of hydrogen, when all the 

energy demand is satisfied via fuel cells, would amount to approximately 

$560 million. This would not increase appreciably the cost per kwh, 

which would therefore remain at the order of magnitude of costs fore­

casted by Zinder 118] and Arthur D. Little II]. Wind power has the 

advantage Cnot explicitly considered in this work) of a very low 

environmental impact. 

The main conclusion to be drawn, particularly in the light of the 

escalation of costs that we are presently witnessing, is that wind power 

should be analyzed further and the estimates of the basic run should be 
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scrutinized and refined. This model should prove to be a valuable tool 

for this further analysis. 

The last section in this chapter discusses the impact that selected 

changes in the assiimptions have on the economics of wind power. 

IV. 5 Results of Selected Runs 

A number of additional computer runs were made, selectively chang­

ing some of the basic-run assumptions, to compare the results to those 

obtained earlier. 

The emphasis was placed on cases that reflect potential technolog­

ical advances in the design of electrolyzers and fuel cells, higher 

efficiencies of wind generators, and uncertainty in the estimates of 

transmission-cable costs. The values chosen for changes in the ef­

ficiency and cost of electrolysis plants are based on estimates for the 

year 2000 developed by Russell et al For fuel cells, wind generators 

and transmission cables, the parametric changes were suggested by Profes­

sor Heronemus. 

The results of these runs are displayed in Figure IV.4 and Table 

IV.2. The table shows the changes made, relative to the basic run, for 

each of the additional runs. 

The energy demand was left unchanged from run to run, and the 

total number of wind stations in the system was adjusted to reflect the 

changes in efficiencies. The observed results can be stnamarized as 

follows:, 

A reduction from $3000 to $2000 in the cost per Mw-mile of trans­

mission cables is not sufficient to cause a third transmitting region 
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to become economical (run 2) , and a reduction in wind-generator cut-in 

speed from 15 mph to 10 mph (run 7) results in much higher savings than 

a 10 percent increase in rated power (run 4). 

The projections of electrolyzer efficiencies and costs result in 

a 17 percent reduction in total costs. This is particularly significant, 

since it is expected that these improvements could be achieved earlier 

through intensified research programs. 

Finally, the simultaneous effects of all changes reduce total costs 

by 40 percent. 
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CHAPTERS 

E3{TENSI0NS OF THE MODEL 

As this work progressed it became apparent that there were a 

number of possible research areas which, due to the time their treat­

ment would require, could not be encompassed within the scope of this 

dissertation. . 

These areas represent extensions and refinements of the model and 

can be classified into three categories; improvements of the model 

structure, improvements of the model inputs, and analysis of the rela­

tions between wind power and other power sources. 

As an example of model refinements in the first category consider 

the determination of connecting cable lengths, which is based exclusively 

upon distances between stations and completely ignores water depth. 

Water depth has some influence because, as offshore wind power systems 

are now conceived, connecting cables are laid on sea or lake beds. 

As a second example we may mention the formation of groups and the 

layout of their connecting cables which, for ease of modelling, were 

assTmied to be as shown in Figure III.3. A brief reflection makes it 

evident that this is not an optimal arrangement. 

These two modelling assumptions cause under- and over-estimation, 

respectively, of connecting cable lengths. The two errors may balance 

each other but whether they do or not is beside the point. The 

point is that, in any case, they are not of enough significance 
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to result In a different answer to the question "Are we, in this specific 

geographical region, within eyesight of economic competitiveness using 

wind power systems?", and answering this question is the central purpose 

of our model. 

A third example of refinements of this type involves the design of 

the compressor-reducer station. The model now calculates the maximum 

expected hydrogen surplus during a simulation cycle by determining the 

hydrogen produced with all generators at rated power and subtracting the 

estimated minimum hydrogen demand, a function of the electric energy 

demand pattern. It then provides a compressor capacity large enough to 

compress all this surplus. An optimal compressor capacity, however, 

which would be a function of the frequency with which low demands and 

high winds jointly occur, wotild in most cases be less than that now 

provided by the model. It is interesting to note that the cross cor­

relation between wind speed and energy demand, which is important in the 

determination of optimal compressor capacity, may in many cases be 

significant Cin some areas winds may tend to be stronger at night, when 

energy demand is generally low). Again, at this point this discussion 

ia only of academic interest since none of these changes would drastically 

affect the economic feasibility of the system. 

The model in its present form determines the cost of electric 

energy at the shore and it is of high priority to extend it to include 

overland transmission and distribution costs. This should include two 

alternatives: the case where electricity is produced at the shore and 

then transmitted, and that where hydrogen is transmitted and converted 

into electricity near its point of use. 
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Otiier Mghr-prlority extensions are the addition of an oxygen pipe- % 

line and storage tanks, and an analysis of the possible uses of oxygen, 

hydrogen, and of the pure water produced by the fuel cells. 

The second group of refinements, those which improve the quality 

of the model inputs, is perhaps the most demanding in terms of the ef­

forts involved. It includes wind synthesis, the development of suitable 

stochastic models for wind and energy demand, and the development of 

estimating relations for system component costs. Enough has already 

Been said in Section III.3.1 on estimating relations, so here we shall 

concentrate on the first two items. 

It was pointed out in Section IV.4, during the discussion on methods 

for the evaluation of system performance, that four or five years of 

wind data are not sxifficient for a reliability evaluation. It seems 

that in many cases the problem of insufficient wind data at a given 

location may be circumvented by synthesizing wind, i.e. by producing 

a wind time series at one location based on wind data at another loca­

tion. This is basically a regression problem which can perhaps best be 

illustrated by discussing it in the context of the New England Offshore 

Wind Power System. In this case, we only have available four years of 

complete hourly wind data at Texas tower 2 (TT2) but twenty-seven years 

Rave been recorded at nearby Nantucket Island (see figure IV.1). This 

Twentyr-seven year period includes the period during which the observation 

at TT2 were made. It seems reasonable to regress the difference (or 

ratio} of the wind speeds at the two points on variables that may affect 

this difference Ccatio). Richards and Phillips 145] have synthesized 

winds over the Great Lakes Based on coastal oBservations but their 
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metHod is quite rudimentary. They used as independent variables wind 

speed and atmospheric stability (this last variable is measured by the 

difference T -T , where T and T are air and water temperatures) and aw aw f ' 

constructed a table with values of the ratio of the two wind speeds for 

different ranges of the two variables. It is quite possible that sub­

stantial improvement can be made upon this method by including more 

variables, such as wind direction, and in a finer approach, if neces­

sary, considering cross correlations of different lags with the lags 

themselves being functions of some variables (e.g. wind speed and 

direction). 

TOtnd synthesis can also be used in cases where no prior wind data 

axe available, by developing observations over a short time period and 

then using a nearby meteorological station for which a long time series 

is available. 

In cases where wind S3rnthesis is impossible (e.g. when there are 

no close stations with long wind records) it becomes necessary to develop 

a suitable stochastic model for wind speed. Stochastic models for time 

series are described, fox example, in [3]. Work is needed to determine 

which general classes of models are particularly useful for modelling 

wind speed. 

The above comments on stochastic models apply as well to the 

analysis of energy demand. In addition, work should also be undertaken 

on joint models for wind and demand. 

ITp to this point we have considered wind power as an absolutely 

Independent power source, this being the most conservative position one 

may take. However, it may well happen that lihen wind power is considered 
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in conjunction -with, other power sources, its advantages are further 

enhanced. Por example, given its high capital costs but zero fuel costs, 

it may Be well suited to satisfy Base load demand. Or, since winds are 

weaker during the summer when ocean thermal gradients are steeper, wind 

power may Be a suitable complement to systems which draw their energy 

from ocean thermal differences. 

Pinally, Noonan 1411 developed a model for determining, over some 

planning horizon, what t3rpes and sizes of generating plants should Be 

Brought into a power system in order to satisfy, with a given reliability, 

a forecasted electric energy demand. It would be of interest to modify 

this model Cif necessary) to allow the inclusion of a wind power system 

aa an alternative. This would permit one to evaluate the merits of a 

wind power system relative to other traditional types of generating 

plants. _ 
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APPENDIX I 

Approximate Conversions 

1 kilowatt-hour Ckwh)=3.41xl0^ BTU 

3 1 metric ton of coal yields 7.25x10 kwh 

3 1 barrel (bbl) of crude oil yields 1.7x10 kwh 

1 cubic foot of natural gas yields 0.302 kwh 

1 gallon of gasoline yields 40 kwh 

1 barrel=42 gallons 

1 metric ton=l.l short ton 

1 knot=1.15 miles per hour (mph) 

1 horsepower CHP)=0.75 kilowatt Ckw) 

=33,000 lb„-ft/min 
£ 

1 BTU=778 Ib^-ft F 

1 meter/second (m/sec)=2.24 miles per hour (mph) 

1 nautical mile (n mi)=6080 ft 

=1.152 statute mile (st mi) 

X degrees Fahrenheit (°F)=x+460 absolute degrees ("R) 

2 2 X lb/in gauge (psig)=x+14.7 lb/in absolute (psia) 

3 1 standard ft (SCF) of hydrogen=0.00525 lb of hydrogen 
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Enter 3 
No 1550 Are there 

any TR's? 

Yes 

1551-1553 For all regions, determine 

the electrolyzer capacity needed in 

each unit to handle the maximum power 

that the unit can produce 

1561 DMN=minimum electric 

power demand 

1562 Go to first TR 

Ho 

1575 Determine unused power 

in this TR 

1565 Is DMN greater 

PSHEMX from this TR? 

Yes 

1580 Determine the electrolyzer capacity 

needed in each unit to handle this power 

1566 Partially satisfy 

DMN with PSHEMX from 

this TR: Update DMN 

Yes 1582 Have all regions No 

been exhausted? 

Yes 

1583-1586 For all other regions, determine 

the electrolyzer capacity needed in each 

unit to handle the maximum power the unit 

can produce 

1567 Have all TR's No 

been exhausted? 

1568-1569 Go to next TR 

1590-1593 For all nontransmitting regions, 

detennine the electrolyzer capacity needed 

in each unit to handle the maximum power 

that the unit can produce 

1610 Value of OPELCP 

1612 Read electrolyzer capacities 

for units of each region 

TR= transmitting region 

PSHEMX= max inverter po^^er output 

obtainable by direct 

electric transmission 

c Exit J 

Appendix II. 1 

Determination of Electrolyzer 

Capacity for Each Unit of 

Each Region 
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Enter 

1651 Go to first generator type 

Yes No 

No Yes 

1690 Determine the 

total cost of wind 

generators of this type 

1692 Accumulate total cost of 

wind generators 
No Yes 

Exit Go to next generator type 

1670 Is option 

equal to 2? 

generator types 

been exhausted? 

1695 Have all 

1652 Is the option for this 

generator type equal to 1? 

1671 Read the unit 

cost of generators of 

this type 

1653-1666 Use an estimating 

relation to determine the unit 

cost of generators of this type 

1645 Read an option on how costs will be 

determined for each generator type 

(OPWNDG(I),1=1,....NGNTYP) 

1680-1683 Determine the unit cost of 

generators of this type by adding the 

unit costs of its components 

1678 Read the unit costs of all 

components of a generator of this type 

APPENDIX II.2 Determination of Costs of Wind Generators 
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Enter 

IW= recorded wind 

speed (knots) G> 

L0 

5020 IW=1 

Go to next level 

5040 Go to 

first region 

5210 Have all levels 

been exhausted? 

5065 Is WNDSP less than 

or equal to rated speed 

for these generators? 

5100 Is WNDSP less than 

or equal to furling speed 

for these generators? 

5059-5061 Set vltge 

and avail power of 

these wnd generators 

equal to zero 

5058 Is WNDSP less than or 

equal to cut-in speed for 

these generators? 

5066-5090 Set vltge 

and avail power of . 

these wnd generators 

equal to the proper 

function values 

5105-5107 Set voltage and available 

power of these generators equal to 

thefr rated values 

5150 Set furling power losses equal 

to zero 

5052-5055 Determine wind speed, WNDSP, and 

the type of wind generator, I, at this 

level of this region 

5050 Go to the lowest level of a wind 

station in this region 

5214 Initialize power available at the nucleus 

of each wind unit in this region by equating it 

to the available power of the station in the 

nucleus 

5220 Go to the first orbit of a wind unit in 

this region 

5206-5210 Accumulate station 

voltage and available power by 

adding voltages and available 

powers of individual wind 

generators 

5110-5118 Set vltge and avail 

power of these generators 

equal to zero. Set their 

furling power losses equal to 

their rated power 

APPENDIX II.3 Determination of the Productivity of System Components at 

Different Wind Speeds 
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5225-5228 Find full group and remainder group 

voltages and avail powers by aggregating station 

voltages and available powers 

5250 Determine connecting cable 

current for each full group 

5251 Are there any 

stations in remainder 

group? 

5338-5345 Find power avail 

at the nucleus and power 

losses for this orbit 

5358 Accumulate avail power 

at the nucleus of each unit 

in this region by adding 

power available at nucleus 

from this orbit 

5399 Have all 

orbits been 

exhausted? 

5252-5253 Find conn 

cable current for 

remainder group 

5254 , Set connecting 

cable current for rmndr 

group equal to zero 

5290 Find conn cable 

power losses for each 

full group 

I 
5295 Are there any stations 

in the remainder group? 

5300-5310 Find conn 

cable power losses 

for remainder group 

Go to next 

orbit 

5404-5410 Find total power available 

at the nuclew of this region and 

inverter energy output obtainable by 

direct transmission fron this region 

during a simulation cycle 

I 

JL 
5320 Set conn cable 

power losses for rmndr 

group equal to zero 

5332-5335 Find full 

group and rmndr group 

avail powers at the 

nucleus by subtracting 

conn cable power losses 

5450 Have all regions 

been exhausted? 
5462 Print results on productivity 

at this wind speed 

Go to next region 5460 

0PPR0D= 5479 Have all wind 

speeds been exhausted? 

Exit 

APPENDIX II.3 Continuation 
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Enter 

No Yes 

Yes No 

5545 Set IW=71 

5552-5599 Accumulate the energies 

produced by the different subsyst 

during this simulation cycle 

Yes No 

6015 Generate an energy demand 

Yes No 

7864-7870 Determine 

the utilization of 
Yes 

transmission cables 

8300 Print the accumulated energies 

unsatisfied demand, wasted hydrogen, 

utilization of transm cables, etc 

Yes No 

8800 Set ICTER3=0 and initialize 

variables 

Yes No 

No 
Yes 

Exit 

HOUR=HOirR+l 

5548 Set IW=70 

5550 Set IW=IOBS 

7949 Has one 

day elapsed? 

7999 Have ten 

days elapsed? 

5540-5541 Add one 

to NOOBS counter 

6200 Are there any 

transm regions? 

5544 Is the wind obs 

a zero wind speed? 

5339 Is this an invalid 

observation (I0BS=999)? 

7850 Has one year elapsed 

according to ICTEE.3? 

5542-5543 Add one 

to counters 

ICTER2 and ICTER4 

7955 Determine H, 

in storage at the 

end of the day 

8095 Has the 

simulation 

reached its 

intended length? 

6210-6299 Satisfy dmd 

and update H2 storage 

(see flow chart IV.5) 

5547 Is the wind obs a 

wind speed greater than 

70 knots? 

6450-6699 Satisfy demand 

and update H2 storage 

(see fl chart rv.6) 

8050 Print values of H2 

in storage at the end of 

each of the last ten days 

5530-5532 I0BS=IWND0B(DAY,HOUR) 

Add one to counters ICTERl and ICTER3 

5525-5526 DAY=1, H0UR=1 

5504 Determine how many blocks of 

wind data will be used 

5505-5520 Read one block of 240 

wind observations 

IWNDOB(DAY,HOUR), DAY=1,10, H0UR=1,24 

APPENDIX II.4 Simulation of System Performance 
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Enter 

6210-6226 Determine H2PR0D 

6230 Accumulate total hydrogen 

production 

6234 Determine hydrogen demand 

for current simulation cycle 

Yes No 

No Yes 

6262-6263 Determine 

and accumulate 

unsatisfied demand 

6265 Update unsatisfied 

demand counter 

6268 Update hydrogen in 

storage (set equal to 0) 

6270 Accumulate useful 

hydrogen 

Exit 

6235 Has storage capacity been 

exceeded? 

6260 Is hydrogen in 

storage insufficient to 

satisfy demand? 

6280 Update hydrogen 

in storage 

6282 Accumulate 

useful hydrogen 

6238-6242 Determine 

and accumulate useful 

and wasted hydrogen 

6245 Update hydrogen 

in storage (set equal 

to storage capacity) 

APPENDIX II.5 Satisfying Demand and Updating Hydrogen Storage, 

No Direct Electric Transmission 
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Enter 6A50 DEMAHl=electrical demand 

6452 Go to first TR 

6460 Determine unused energy 

in this TR 
No Yes 

6461 Update cumulative electric 

energy transmitted directly from 

this TR 

6501 H2PR0D=0 

Yes No 

No Yes 

Yes No 

6636-6645 Go to all 

nontransmit ting 

regions and 

determine H2PR0D 

6646 Accumulate total 

hydrogen produced TR= transmitting region 

6632 H2PROD=0 

6525 Update H2PR0D 

6458-6459 Go 

to next TR 

6648 Determine 

hydrogen demand 

6457 Have all TR's 

been exhausted? 

6634 Have all 

regions been 

exhausted? 

6515 Determine the 

^2 produced by this 
region 

6510 Does the H2 available 

from this TR equal or exceed 

electrilyzer capacity? 

6453 Is DEMANl greater than 

the electrical energy 

available from this region? 

6522 Accumulate CHWSTl 

6520 Determine the H2 

produced by this region 

(=electrolyzer cap) 

6502-6505 Determine the energy available 

for electrolysis from this TR and the H2 

that could be produced with this energy 

6455 Partially satisfy DEMANl 

with all the electrical energy 

avail from this TR: Update 

DEMANl 

6456 Update cum electric energy 

transm directly from this TR 

TR= transmitting region 

DEMAN1= Electrical demand to be satisfied 

during the current cycle 

H2PR0D= Cumulative hydrogen produced during 

the current cycle . 

APPENDIX II.6 Satisfying Demand and Updatiiig Hydrogen Storage, Direct Transmission 
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Yes No No Yes 

Yes No 

No Yes 

No Yes 

Yes 

Yes No 

Exit 
APPENDIX 11.6 Continuation 

6605 Update H2PR0D 

6593 Is this 

a IE? 

6680 

Update 

storage 

6617 Has storage cap 

been exceeded? 

6610 Have all regions 

been exhausted? 

6660 Is H2 

insufficient to 

satisfy demand? 

6580 Have all regions 

been exhausted? 

6650 Has storage cap 

been exceeded? 

6598 Determine the H2 

produced by this region 

6596 Does the H2 

available from this 

region equal or 

exceed electrolyzer 

capacity? 

6652-6655 Determine and accum 

useful and wasted hydrogen 

6656 Update H„ in stge (=C3p) 

6626-6627 Accum 

useful hydrogen 

and total 

hydrogen produced 

6625 Update H 

in storage 

6585-6592 Go to next region and 

determine the engy available for 

electrolysis and the H2 that 

could be produced with this engy 

6618-6621 Det 

and accum useful 

and wasted H, 

6622 Update H2 in 

storage (=cap) 

6623 Accum total 

hydrogen produced 

6603 Determine the H2 

produced by this region 

C=electrolyzer cap) 

6604 Accumulate H2 wasted 

by insufficient electrolyzer 

capacity 

6662-6663 Determine 

and accumulate 

unsatisfied demand 

6665 Update unsatsfd 

demand counter 

6668 Update H2 in 

storage (=0) 

6682 Accum usful H, 
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PROGRAM WNDPWR 

c WHEN A CHANGE IS MADE IN NTRGNS FROM ZERO TO A 3DSITIVE NUMBER OR 
C VIGEVERSA, DATA CARDS FOR OPTRCB AND (PERHAPS) FOR CMWMTC SHOULG BE 
C ADJUSTED. 

c THIS PROGRAM WAS DEVELOPED FOR USE IN A GOMPJTER: SYSTEM IN WHICH 
c. ALL VARIABLES ARE AUTOMATICALLY INITIALIZEO TO ZERO BEFORE EACH RUNI 
C IF THE PROGRAM IS USED IN A SYSTEM WITHOUT THIS FEATURE, THE USER 
C MUST ADD THESE I NITIALIZAT IONSJ 

0005 DIMENSION A(100),A1(8),A2(5),A3{5),AA(1),A5(1),A6(2Q),A7(1), 
1A8(1),A9{1),A10(1),A11(1),A12(1). 
1B1(5,8),32<5,5),R3<D.5),84<5,1), 35(5,1), 36( 5', 20),e7{5,l), 
1B6(5,1),39(5,1),B10(5,1),B11(5,1),B12(5,1), 
lCMENNC(10,5),CMENLS(lG,5),CMEYNC(5),CMiY_S(5),CTELCZ(5), 
1CMENGN(5,8),CMFELS(5,5),CMENST(5),CMEN0R(5),CMESHR(5), 
1CUWNDG(8),CTWNDG(6),CFCNCB{5),0TCNCB(5),:0M31(8,8),CTTRCQ(5), 
1CUWNST(5) ,CTWNST(5) ,C0MP2(3,5).CJNUCL:(5) ,CTN'JCL(5),C0MP3(8,5), 
1CUNCLR(5) ,CTNCLR(5) ,CUELCZ(5), CHNSTKS), :MENTR(5) ,CPENTR(5) , 
lCBLNGG(in,5),CBLNGR(lQ,5),CBLGTH(lQ,5),CABLNG(5),CTINVT(5), 
1CUTIN(8),CURNTG(1Q,5),CURNTR(10,5),CMO"H?(23),CTOFH2(20), 
1CMIPIP(20),CTPIPL(2Q),C0EFTR(5), 
101(5,5),D2(5).n3(10,5).D4(5),D5(5),D6(5),DSTNCE{5), 
1D7(10,5),D3(5,5),D9(5), 
1EINGLS(10,5),ENGNC(10,5),ESHRGN(71,5), 
1ELZCAP(5), ENCRGN(5), ENGYNC(5),ENGYEL(5 ), 
2FNPKLS(71,5,5),FURLIN(9) .FMTHLY(12), 
2GNRTRIN(5,5) ,GRDUPS(10,5) , GNR TN 3 ( 3 ), G NR NO ( 8, 5'), GNRNUN ( 8, 5 ), 
1H2MAXM(5) , H2MX(5) , HRL Y'^C (168 ) , 
3HEIGHT(5,5) ,H2RGNP(5), -i2PS3L(5), H2UNT( 5) .HSTKIO) ,HST2(10) 

000$ DIMENSION IYR(10),lMO(10r,IDAY(10),IND<(20),lGNTYP(5,5), 
3lWNDOB(10,24), 
AMAXORB(20 ) ,MORBCM(20), 
4NLEVLS(5), 
50UTSTIN(5) ,0RBTS(5) ,0°WMDG(B),0 = WNST(5), 
6PI?DIA(20),PIPLNG(20),3IPVOL(20),P0MXUN(5),3SHRMX(5), 
lPlPLNF"(20),P!PDSH(2a), = IPDLG(20).PTRMWM(5),3,TRSCL(5),PSUNIT(5), 
7PWR(71,5,5),PWER(71,5),POWERG(10,5),=ONERR(10,5),P0WREL(5), 
8PWRLSG(10,5),PWRLSR(10.5),=WRNCG(10,5),PNRNCR(10,5),POWRMX(5), 
9PWRNC(71,10,5),PWRLS(71,10;5),=0NRNC(71,5),=NCRGN(71,5), 
1RATED(8),RTVLT(8),RTPWR(8)JRES<FT(5). 
2RESTG(10,5),RESTR(10,5),REMNDR(10,5), 
3STATNS(5),STNS(10,5),SERIE3(10,5),STJNIT(5), 
3TRDST(5),TRUTIL(5) .TMX( 200)-, 
4UNITS(5),VLT(5,5),VLTG(5), 
5VOLTGG(10,5),VOLTGR(10,5), VLTDRG{10,5),VLiT0 3R(10,5), 
6WNDCFN(5),WIND1(2), 
1X1(5,8), X2( 5,5) ,X3( 5.5) ,X4{ 5,1), X5(5,1),X6( 5', 20),X7( 5,1), 
1X8(5,1),X9(5,1),X10(5,1),XI1(5.1),X12(5,1), 
IZZZCI) 

0020 FORMAT(1615> 
0021 FDRMAT(8F10 .0) 
0022 FORMAT(3F10.2) 
0023 FORMAT(16F5.0) 
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0025 
002$ 
0027 
0028 
0030 
0035 
0036 
0037 
0042 

0043 

005i 

0052 

0053 
0055 

FORMAT(8rio.4) 
F ORMAT(8F10.6) 
F0RHAT<12F6.3) 
F0RMAT(12F6.4) 
FcqMAT(8FlO.3) 
F09MAT(1HO,10F10.1) 
FQ^MATdHO) 
FORMATdHl,//) 
FORMATdH0,7X,•RATIOS DF M3NTH_Y AVERAGES Dr| WEEKLY PEAKS*./ 

ex, *10 ANfJUAL AVERA3E 0" 4EEKLY PEAK3: (FMTHLY ( M > )* ,// 
2(8X.F5.3.5Fa.3,/) ) 

FORMATdHO,7X,*RATIOS OF HOURLY DEMA^JDS*,/, 3X, 
*T0 WEEKLY PEAK (HRLYF0(H)>*,/7,7(4(8X,F5.3,5F8,3,/)/)) 

F0RMAT(8X, *NUMBER OF R5GI0>JS ( XR 3NS ) =* , I 3,//, 
6X,*NUMBER OF TRAMS>1ITTIN3 RE3I0N3 < XTRGNS ) =*, I 3,// 
8X,*NUMRER OF GENERATOR TYPES ( XG xT Y =!) = * , I 3,// 
8X,*NUHBER OF H2 PIRELIXE SECTpNS C XPI PTP ) =*, 13,// 
8X,*RGN IN WHICH C/R STX IS LOCATED (XRCRST)=*,13,// 
8x,*ANEMOMETER HEIGHT (ANEMHT)=*,"4,0,* FT*,// 
8X,*TIME BETWEEN OBSERVATIONS (TINE) = *,F3 , 0,* HR*»// 
8X,*H2 STORAGE PRESSURE < 3TGPRS) = *,F5^,0»* PSIG*,// 
8X,*ST0RAGE VOLUME <STGV0_)= *, ="5 , 0, * MCUFT* ,// 
8X,*H2 STORED AT SINUL START <H2STRT)=*,F5,0,* MLBH?*,// 
8X,*H2 STORAGE TEMPERATURE (TMpST3)=*,P3,0,* DEGF*,// 
6X,*H2 PIPELINE MAX PRESSURE <PIPRS1)=*,F5,0,* PSiG*,// 
8X,*H2 PIPELINE AVG PRESSURE (PIPRS2)=*,F5.0,* PSiG*,// 
8X,*H2 PIPELINE TEMPERATURE <TENPIP):•,F3.0,* DEGF*,// 
8X,*ANNUAL ELECTRIC ENGY. DEMAND (ANDXND)=*,F7.0.* GWH*,// 
8X,*AVG WKLY PEAK E- ®WR DEMAND (AVP<DM)=*,F6,0,* MW*,// 
8X,*MAX ELECTRIC POWER DEMAND ( OHOMAX ) =* , F6 . 0 , * M'W*,// 
8X,*MIN ELECTRIC POWER DEMAND (DM DM IX)=*,F6,0•* MW*,// 
8X,*ELECTR0Ly7ER EFFICIENCY (ELH2)=*,F?,1.* KWH/LBH2*,// 
8X,*DISTILLER EFFICIENCY (ELH20M)=*,^7.4,* KWH/LBH20*,// 
8X,*FUEL CELL EFFICIENCY (H2E-C-)=*,^6.3,* LBH2/KWH*,// 
8X,*H2 COMPRESSOR EFFICIENCY (E'FCM°)=*,F5,2,// 
8X,*ELECTRIC MOTOR EFFICIENCY ( EFPEL M,) = * , F5 . 2,// 
8X,*INVERTER EFFICIENCY ( EFF I NV ) = * ' F 5', 2'// 
8X,*SNGL/MLT ST3 CMP EF^ RATIO (SMST3E)=*,F5,2,// 
8X,*TRANSMISSI0N POWER ^DSSES (TR.S)=*,FS,2,*/100 Ml*,// 
8X,*N0 OF BLOCKS USED IN SIMU.ATION (N3L0CS)=*,15 ) 

F0RMAT(8X,*UNITS= NUMRER OF WINO UNITS*,// 
8X,*STUNIT= NUMBER OF STATIONS =ER WIND. UNIT*,// 
8X,*DSTNCE= DISTANCE BETWEEN STATIONS: (FEET)*,// 
8X,*NLEVLS= NUMBER OF LEVELS IN EACH WIND STATION*,// 
8X,*WNDCFN= WIND COEFFICIENT*,// 
8X,*TRDST= TRANSMITTING DISTANCE (ST,Ml)*,// 
8X,*RESKFT= RES PER UNIT .GTH, COXN CBLES (OHM/KFT)*) 

FORrtATdHO,10X,6HREGlON,12X,2HN=,5I13) 
FORMATdHO./,27X,*REGION*,//.13X.5I10, // 

8X,*UNITS 
8X,*STUNIT 
6X,*DSTNCE 
8X,*NLEVLS 
8X,*WNDCFN 
8X,*TRDST 
8X,*RESKFT 

*.5F10,0,// 
*,5F10.0,// 
*,5F10,0,// 
*,5110,// 
*,5F10,0,// 
*,5F10,0,// 
*,5F10.2 ) 
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0058 F0SMAT(8X,*CUT1N= CUT-IN SPEED (MPH)*, 
1 6X,*RTVLT= RATED VOLTAGE (VOLTS)*i// 
1 8X,*RATED= RATED S^EED <>1PH)*, 
1 7X,*RTPWR= RATED PO^ER (KW)*,// 
1 8X,*FURLIN= FURLING S°EED (MPR>*> 

0062 FORMAT(1HO,/.27X,•GENERATOR TY = E*.//113X,51 ID,// 
1 8X,*CUTIN *,5F10,1,/'/ 
1 8X,•RATED •,5F10.1.// 
1 8X,^FURLIN •,5F10,1,// 
1 8X,^RTVLT •.SFIG.O,// 
1 BX.^RTPWR •.5F10.0 , ) 

0071 rORMATdHO, 7X» 1OHHEIGHT (F T), 9X, 5H,EV = L,//» 27X# 
1 IHli 9X,lH2,9X,lH3,9XdH4,9X,lH5) 

0072 FORMATCIHG, 7X,6HREGI ON.13iIX,5F10,0) 
0073 FORMATdHO. 7X,10HGNRTR TY=E, 9X, 5HLEV = L,//, 27X# 

1 lH1.9X,lH2,9X,lH3.9XdH4.9X,lH5) 
007^ FORMATdHO, 7X, 6HREG I 0 N, I 3 i 1X, 5II0 ) 
0075 FORMATdHO, 7X,12HN0T0F 3NRTRS,7X, 5HLEVEL,//,27X, 

1 IHl,9X,1H2,9X,1H3,9X;1H4,9X,1H5) 
0076 F0RMATdH0,7X,10HSTNS/GROU = ,5X.5HORBIT,//,3x,l5X, 

1 IHl, 4X,lH2,4X,lH3,4X,dH4,4X,lH5,4X,lHS,4X,lH7,4x, 
2 1H3,4X,1H9,3X,2H10) 

00 77 FORMATdHO,7X,^REGlON^, I 3, ^7 . 0 , 9"5. 0 > 
0079 FORMATdHO, 7X, 15X, •sjPE TYPE^, //, SX, llX, 1015, //,SX, 

1 •PIPDSMCIN)*,F6.0,9"5.0.//,8X,^=I=DL3CIN)^,F6,0,9F5.0,// 
1 8X,^P|PLNG(MI )*,=-6.0,?9F5.0) 

C DEFINE POWER AND VOLTAGE FUNCTIONS 

OOei PWR1F(W)=96.58*W-1545.28 
0082 PWR2F(W)=W 
0083 PlvR3F(W)=W 
0064 PWR4F(W)=W 
0085 PWR5F(W)=W 
0086 PWR6F(W)=W 
0087 PWR7r(M)=W 
0068 PwR8F(W)=W 
0091 VLTlF(W) = (W/RATEDd) I^RTVLTd) 
0092 VLT2F(W)=W 
0093 VLT3F(W)=W 
0094 VLT4F(W)=W 
0095 VLT5F(W)=W 
0096 VLT6r(W)=W 
0097 VLT7F(W)=W 
0098 VLT8F(W)=W 

c INPUT PARAMETERS 

0101 TM1=TIMEF{Z)/1000.0 
0104 READ(6Q,0021) OPSKIP 
0105 READ(6G, 0021 ) ANEMHT,STGVOL,PI=R31,STG'RS,TI ME,PIPRS2, 

1 TMPSTG.TEMPIR 
0106 READ(60, 00 2l) DMDM1N,DMDMAX,H2STRT,OPpROD,OaELCP,AVPKDM, ANDMND, 

1 OPCOST 
0107 READ(60,0020) NRGNS,NGNTYP/NPI=T=>LEAR,NTRGNS,NRCRST,NBlOCS, 

1 NSKBLC 
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0108 RE AD (60, 0030 ) H20H:?, EL H2, H2ELCL , TRLS, E=T IN V, EFFCMP, EFFELM , SMSTGE 
0109 READ(60,0Q20) LFWNGN, L='WDST, LFCC9L, L~E-ZR, L'RMCL, LFTCBL, LFQFHP, 

1 LFlNV'R,LfCRST,LF3TMK,L'F-CLi 
0110 READ(60, 0030 ) RT I NTR , RTFD TX , RT ST f X , R TL3T )(, R T I MSR , RAGEXP , RL ABOR 
0111 READ(60 . 0021 ) ( STUN'I T ( <), Kil, NRGMS ) 
0112 READ(60,n030) (WNDCFN(<),K=1,MRG^S) 
0113 READ(60,n020) (NLEVLS(<),K=1,NRGMS) 
0114 READ(60,0022) (RESKFT(<),K=1,NRGMS) 
0116 READ(60,nO?l) (DSTMCE(<),K=1,NRGMS) 
0118 READ( 60, 0021 ) (UN 1TS(K),K = 1,MRGNS) 
0119 READ(60,0021) (TRUST(K),K=l,MR3N3) 
0121 READC60,0021) {CUTIN<I),1=1,MGNTTP) 
0122 READ(60 , 0021 ) (RATED( I ),I=1,NGMTYP) 
0123 READ<60, 0021 ) (FURL IN<I),I=1,N3NTYP) 
0124 READ{60,n021) (RTVLT(I),I=1,NGMTYP) 
0125 READ(60, 0021 ) (RTPkJR( I ). I =1, MGMTYP ) 
0127 READ(6Q,0028) ELH20M 
0130 DO 0139 K=1,NRGNS 
0131 NLVL=NLEVLS(K) 
0132 READ(60 , 0021) <HE IGHT(J,K)?J = 1,N-VL) 
0133 READ(60, 0020 ) ( I GNT YP ( J, K ),'J = 1, N_VL ) 
0134 READ(60,0021) (GNRTRN(J,K)iJ=1,N_VL) 
0135 READ(60,0023) (SERIES{N,K)iN=1,10) 
0139 CONTINUE 
0140 READ(60,0021) (PIPDSN{L),Lil,J=TP) 
0141 READ<60,0021) (PIPDL3(L),L=1.N=I=TP) 
0142 READ(60 , 0021) (P IPLNG(L),L = 1.N=I^TP) 
0180 READ(60, 0027) (FMT ML Y < :<), K = 1.12 ) 
0181 READ(6n,0027) (HRLYFC(<),K=l,168) 

c PRINT PARAMETER VALUES 

0200 
0201 
0202 
0210 
0211 
0212 
0214 
0215 

0217 
0225 
0230 

0232 
0235 
0238 

Do 0202 K=l,20 
INDK(K)=K 
CONTINUE 
DMIN=DMDMIN/IOOO,O 
DNAX=DMDMAX/IOOO,O 
AVPDM=AVPKDM/IOOO.0 
WRITE(61,0036) 
WRITE(61,0051) NRGNS, MTRGMS,N3NTYP, 

ANEMHT.TJME; STG'RS, 
TMPSTG,PIPR31,PIPRS2, 
AVPDM, DMAX; DMIM, 
H2ELCL,=FFCMP,E"F=LM, 
TRLS, N3L0CS 

WRITE(61.0037) 
WRITE(61,0052) 
WRITE<61,0055) (INDK(K),K=t,5), 

(UNITS(<), <=1,5), 
(DSTNCE(K),4=1,5), 
(WNDCFN(K),i=l,5), 
(RESKFT(K),^=1,5) 

WRITE<61,0037) 
WRITE(51,0058) 
WRITE(61,Q062) (I.NDK ( K ), K = 1, 5 ), 

(CUTINIK), <=1,5), 

NPIPTP,MRCRST, 
STSVDL,HESTRT, 
TEMPIP,ANDMND, 
EL42, ELH20M, 
EF"IMV,SMSTGE, 

(3TJNIT(K),K=1,5), 
(ML=VL3(K),K=1,5), 
(TROST(K), K=1,5)I 

<RATED(K), K=l,5), 
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1 (FURLIN(K).<=1,5), 
1 (RTPWRCO, < = 1.5) 

0249 WRITE(61,0036) 
0250 WRITE(61,0071) 
0251 DO 0253 K=1,NRGNS 
0252 NLVL=NLEVLS(K) 
0253 WRITE< 61, 0072) K,{HE I GMT(J.K),J=1,NLVL) 
0254 HRITE(61.0036) 
0255 WRITE(61,0073) 
025$ Do 0253 K=1,NRGNS 
0257 NLVL=NLEVLS(K) 
0258 WRITE( 61. 0074) K , (I GMTYP(J»K).J = i.NH/L> 
0259 WRITE(61,Q037) 
0260 WRITER 61, 0075) 
0261 DO 0263 K=1,NRGNS 
0262 NLVL=NLEVLS(K) 
0263 WRITE< 61, 0072) K, ( GNRTRN ( J .'K ), J= 1, NL VL ) 
026^ WR1TE(61,Q036) 
0265 WRITE(61,0076) 
026$ DO 0268 K=1,MRGNS 
0267 NORB=ORBTS(K) 
0268 WRITE<61,0077) K,(SERIES(MJK),M=1,10) 

(RTVLTXK), K=l,5), 

C INDK(K), K = l, 10), (PIPDSH (•.!)» .Pl« 10), 
(P1PDLG(L),L = 1,10) , (PIP-NGd) ,L = 1,10) 

0279 WRITE(61,0036) 
0260 WRITE(61,0079) 

1 
0263 WRITE<61,0037) 
0285 WRITE< 61, 0042) ( FMTHL Y ( K ), ^ = 1,12.) 
0286 WRITE( 61, 0043) (HRL YFC {K ), ?: = 1,16 3 ) 

C INITIALIZATIONS 

0510 F0RMAT(1H1,//,1X.14HPR0GRAM OUTPJT,/) 
0515 H2=L=1.0/ELH2 
0516 IYEAR=1 
0517 INDTM=1 
0519 MX0RBC=1 ' 
0520 Do 0521 K=1,NRGNS 
0521 COEFTR(K)=(1.0-(TRLS*(TRDST(K)/100,05))*=FFINV 
0522 COEFEL=1,0+ELH20M*H20H2*H2EL 

c FOR EACH REGION K DETERMINE 
c NUMBER OF ORBITS PER UNIT, ORBTSIK) 
c NUMBER OF STATIONS IN OUTER ORBIT, 0JTSTM(<.) 

1140 Do 1145 M=l,20 
1141 0R3=N 
1142 MAX0RB(N)=6.283*0RB 
1143 MXORBC=MXORBC+MAXORB(N) 
1144 MORBCM(N)=MXORBC 
1145 CONTINUE 
1150 Do 1161 K=1,NRGNS 
1151 T04LCT=STUNIT(K)-1.0 
1152 N=1 
1154 RMXORB=MAXORB(N) 
1155 IF(TOALCT-RMXORB) 1159,1159,1156 
115$ NSN+1 
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1157 TOALCT=TOALCT-RMXORB 
1158 GO TO 1154 
1159 0R3TS(K)=N 
1160 OUTSTN(K)=TOALCT 
1161 COMTINUE 

c DETERMINE 
C NUMBER OF STATIONS IN ORBIT N 3F REGION 4, STNS<N,K) 

1210 Do 1290 K=1,NRGNS 
1220 NORB=ORBTS(K) 
1225 N0RB1=N0RB-1 
1230 Do 1270 N=1,N0RB1 
1240 RN=N 
1250 ISTN=6,283*RN 
1260 STNS(N,K>=ISTN 
1270 CONTINUE 
1280 STNS(NORB,K)=OUTSTN(K) 
1290 CONTINUE 

c FOR EACH ORBIT N OF EACH UNIT OF REGION < DETERMINE 
C NUMBER OF FULL GROUPS, GR0JPS(N,K) 
C NUMBER OF STATIONS IN REMAINDER GROU'. RMNDRINIO 
C CONNECTING CABLE LENGTHS, CBLN3G(N,K), C3LNGR<N,<) AND CBLGTH(N,K) 
C CONNECTING CABLE RESISTANCES, REST3(N,K) AND R5STR(N,K) 
C FOR EACH REGION K DETERMINE ' 
C CONNECTING CABLE LENGTH, CABLNGIO ' 

1302 CABL=0,0 
1305 DO 1360 K=1,NRGNS 
1306 N0RB=0R3TS(K) 
1307 DO 1350 N=1,N0RB 
1308 RM=N 
1310 lGRUP=STNS(N,K)/SERIES(N,Ky 
1312 GR0UPS<N,K)=IGRUP 
1314 REMNDR(N,K)=STNS(N,K)-(SERIES(N,<)*GR0JP5(N,K)) 
1316 CBLNGG(N,K) = (RN+(SERIE3(N,<)-1.0) )*D3TNCE;(K) 
1318 IF{REMNDR(N,K)-0,0) 1324,1324,1320 
1320 CBLNGR(N,K)=(RN+(REMNDR(N,X)-1.0))*D3TNCE(K) 
1322 GO TO 1326 
1324 CBLNGR<N,K)=0.0 
1326 RE5TG(N,<)=RESKFT(K)*CRLNG3(N,<)*2,0/1000,0 
1328 RE STR<N,K)=RESKFT(K)*CRLNGR(N, 0*2,0/10 0 0,0 
1330 CBLGTH(N,K)=CBLNGG(N»iO*GR3UPS(N,K)+CBLN3R(N,K) 
1332 CA3L=CABL+C3LGTH{N,K) 
1350 CONTINUE 
1352 CA3LNG(K) = (CABL*UNITS(0)/1000.G 
1355 CA3L=0.0 
1360 CONTINUE 

c DETERMINE 
C HYDROGEN PIPELINE VOLUME AND CAPACITY, T'l'V.I AND PIPCAP 
C STORAGE TANK CAPACITY, STGCAP 

1410 Do 1425 L=1,NPIPTP 
1411 PIPLNF(L)=PIPLNG(L)*3280.0 
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1412 PI?DIA(L)=(PIPDSM<L)+PIPDL3(L))/2.0 
1415 PI PV0L(L5 = (3.1416*f IPDIA{L3'*!'I=DIA(L)*':!»LN-|(L) )/{4. 0*144,0 

1 *1000.0*1000.0) 
1420 TPIPVU=TPI=VL*PIPV0L(L) 
1425 CONTINUE 
14 30 DENSPP=( (PIPRS2 + 14.7)*144, 0>/(765.6*<460 , 0*TE.MPIP) ) 
1435 PI3CAP=DENSPP*TPIPVL*10000QO.O 
1440 DENSST=((STGPRS+14.7)*144.0)/(766.6*{460,0+TMPSTG)) 
1445 STGCAP=DENSST*STGVOL*1000000.0 

c DETERMINE 
C NOT OF STATIONS IN REGION <, STATN3(<) 
C TOTAL NO, OF STATIONS IN THE SYSTEM, STIDNS 
C NOT OF GENERATORS OF TYPE I PER UNIT OF REGION <:, GNRNUN<I»K) 
C NOT OF GENERATORS OF TYPE I IN REGION K, GNRNO(I,K) 
C TOTAL NO, OF GENERATORS OF TYPE I IN THE SYSTEM, QNRTNOd) 
C MAX, INVERTER POWER OUTPUT OBTAINABLE 
C BY DIRECT TRANSMISSION FROM REGION <, PSHRMXCK) 
C MAX, AVAILABLE POWER PER UNIT OF REGION <, P3MXJN(K) 
C MAX, AVAILABLE POWER IN REGION K, =OWRMX(K) 

C L is HERE AN ARTIFICIAL VARIABLE WHICH STANDS l^OR WIND SPEED AND 
C IS GIVEN THE VALUE 40 FOR NOTATIONAL CONSISTENCEI 

1460 L=40 
1462 DO 1535 K=1,NRGNS 
1463 SrATNS(K)=STUNIT(K)*UNrT5{d 
1464 STIONS=STIONS+STATNS(K) 
1467 MLVL=NLEVLS(K) 
1468 DO 1480 J=1,NLVL 
1469 I=IGNTYP(J,K) 
14 70 GNRNUNCI,K)=GNRNUNII/K)•GNRTRN(J, K)*5TJNIT(C) 
14 71 GNRN0( I, K)=GNRNO( I ,K) + 3i'JRTRN( J,K)*STATNS(K) 
1472 GNRTNOC I )=GNRTNO{ I ) + GNRTRNU»K)*3TATNS<K) 
1473 PWRIL^ J»!<)=RTPWR(I) 
1474 VLT(J,K)=RTVLT(I) 
1475 VLTGIK)=VLTG<K)+GNRTRN(J,Kr*VLT(J,K) 
14 76 PWER(L,K)=PWER(L,K) + GNRTRNI J,K)*='WR(L, J» <) 
1480 CONTINUE 
1465 POWRNC(L,K)=PWER(L,K) 
1486 NORB=ORBTS(K) 
1487 DO 1525 N=1,N0RB 
1489 P0WER6(N,K)=SERIES(N,K)*PWER(L.K) 
1490 VOLTGG(N,K)=SERIES{N.K)*VLTG(K) 
1491 P0WERR(N,K)=REMNDRCN,K)*PWER(L.K) 
1492 V0LTGR(N,K)=REMNDR(N,K)*VLTG(K) 
1495 CURNTG{N,K)=POWERG(N.K)/VOLTGG(N,K) 
1496 lF(REHNDR(N,K)-0,0) 1499,1499,1497 
1497 CURNTR{N,K)=P0WERR(N.K)/V0LTGR(N,K) 
1498 GO TO 1502 
1499 CURNTR(N,K)=0.0 
1502 PWRLSG(N,K)=RESTG(N,K)*CURNTG<N,<)*CJRNT3(N,K)/1000,0 
1505 ir(REMNDR(N,K)-0,0) 1510,1510,1506 
1506 PWRLSR(N,K)=RESTR(N,K)*CUHNTR(N,<)*CJRNTR(N,0/1000,0 
1508 GO TO 1515 
1510 PWRLSR(N,K)s0,0 
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1515 COMTINUE 
1516 P^RNCG(N,K>=POWERG(N,K)'rPWRLSG{N,K) 
1517 PWRNCR(N,K)=P0WERR(N/K)-PWRLSR(N,K> 
1510 PWRNC(L»N,K)= GROUPS (N, K ) * = WRNOG ( N, K ) +=WRNC R:( . K) 
1520 PWRLS(L»^/K)= GROUPS ( N, K )* =WRl, 3G (N, K )+PWRLSR,( M» K ) 
1521 P0WRMC(L,K)=P0WRNC(L.K) + PWRNC( _. "J.K) 
1525 COMTINUE 
1528 P5HRMX(K)=P0WRNC(L»K)*UNI T5(K) *(1.0-TR'.S*(TRDST(K)/1 00.0)) 

1 *EFFINV 
1531 POMXUN(K)=POWRNC(L»K)/100QTO 
1532 P0^RMX(K)=P0HXUN(K)*UN1rSCO 
1535 COMTINUE 

c DETERMINE AN UPPER BOUMO OM ELECTROLTZER CAPACITY 
c FOB EACH UNIT OF REGION K, ELZCAPCO 

1550 lF{NTRGNS-0) 1551,1551,1560 
1551 DO 1553 K=1,NRGN5 
1552 ELZCAP(K)=H2EL*(POMXUN(K)/(1.0*E-H20M*H2DH2*H2EI))*1000,0 
1553 COMTINUE 
1555 Go TO 1599 

' 1560 L=40 
1561 0.HM = DMDMIN 
1562 Ki=i 
1565 IF(DMN-PSHRMX(K1)) 1575,1575,1566 
1566 DHM=DMN-?SHRMX(K1) 
1567 IF(KI-NTRGMS) 1568,1590 ,15'90 
1568 K1=K1+1 
1569 GO TO 1565 
15 75 UNIJSED=(PSHRMX(K1)-DMN)/((1.0-{TRLS*(TRDST(<1)/100.0 >))*EFFINV) 
1580 EUZCAP(Kl)=H2EL*(UMUSED/(lrO+ELH20M*H20H?*H2EL>)/UNITSCK1) 
1582 IF(KI-NRGNS) 1583,1583,1599 
1583 K2=K1+1 
1584 DO 1586 K1=K2,NRGNS 
1585 EL7CAP(Kl)=H2EL*(POMXUM(Kl)/(1.0*ELH20M*M20H2*H2ELn*lOOO,0 
1586 COMTINUE 
1587 GO TO 1599 
1590 K2=K1+1 
1591 Do 1593 Kl=K2,NRGNS 
1592 ELZCAP(Kl)=H2EL*(POMXUM(Kl)r/(1.0*ELH2OM*M2OH2*H2EL) )*10 00 ,0 
1593 CONTINUE 
1599 CONTINUE 

C IF DESIRED. MODIFY ELECTROLYZER CAPACITY, ELZCA'KK) 

1610 IF(OPELC»'1.0) 1612,1612,1919 
1612 READ( 63. 0021) ( ELZCAP (:<), Ksl, NRGMS ) 
1619 CONTINUE 

C DETERMINE MAX WEIGHT OF HYDROGEN THAT CAM 3E PRODUCED 
c DURING A CYCLE BY EACH REGION H2MAXM(<) 

1625 DO 1629 K=1,NRGNS 
1626 H2MAXM(K)=ELZCAP(K)*UNITS(S)*TIM=^ 
1629 CONTINUE 
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C COSTS OF WIND GENERATO=!S 
c DETERMINE CUWNDG(I), CTWNDGCI) AND CTWNGN 

164S READ(6n, 002:5) (OPWNDG ( I ), I tl, N3NTYP ) 
1650 CTWNGN=0,0 
1651 DO 1695 I=1,NGNTYP 
1652 IFIOPWNDGII)-1,0) 1653,1653,1670 
1653 CONTINUE 
1663 CUWNDGI n = Al( I ) 
1664 Do 1665 J=l,5 
1665 CUWNDGI I ) =CUWNDG ( P + Bl ( J, n*Xl( J, 1) 
1666 GO TO 1685 
1670 IFIOPHNDGU)^2,0) 1671,1671,1678 
1671 READ(60,0022) CUWNDG(I) 
1673 GO TO 1685 
1678 READ( 60 , 0022) (COMPl( I X,1)11X = l,3) 
1680 SUMA=0,0 • 
1681 DO 1632 IX=1,8 
1682 SUMA=SUMA+C0MP1(IX,1) 
1683 CUWNDGI I )=SUMA 
1685 CONTINUE 
169 0 CTWNDGI I ) =CUWNDG(I)"GNRTNOI I)/lO00 , 0 
1692 CTWNGN=CTWNGN+CTWNDG(1) 
1695 CONTINUE 

C COSTS OF WIND STATION STRUCTURES 
c DETERMINE CUWNSTIK), CTWNST(K) AND CTWDST 

1725 READ(60,0023) (OPWNST(<),Ksl,NRGNS) 
1730 CTWDST=0,0 
1731 DO 1775 K=1,NRGNS 
1732 IF(0PWNST<I)-1,Q) 1733,1733,1750 
1733 CONTINUE 
1743 CUWNST(K)=A2(K) 
1744 DO 1745 U=l,5 
1745 CUWNST(K)=CUWNST(K)+B2(J,Kr*X2(J,K) 
1746 GO TO 1765 
1750 lF(QPWNST(i<)^2, 0 ) 1751,1751,1758 
1751 READ(6n,0022) CUWNST(K) 
1753 GO TO 1765 
1758 READ( 60 , 0022) (C0MP2<I X,K)FIX = 1,3) 
1760 SUMA=0.0 
1761 DO 1762 IX=1,8 
1762 SUMA=SUMA+CQMP2(IX,K) 
1763 CUWNST(K)=SUMA 
1765 CONTINUE 
1770 CTWNST(K)=CUWNST(K)*ST4TNSIK)/1000,0 
1772 CTWDST=CTWDST+CTWNST<K> 
1775 CONTINUE 

C COSTS OF CONNECTING CABLES 
C DETERMINE CFCNCB(K), CTCNCBIK) AND CTCCBLI 

1800 READ(60,0023) OPCNCB 
1602 CTCCBL=0.0 
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180^ IF(OPCNC9,.1.0 ) 1805,1805,1930 
1805 DO 1826 K=1.NRGNS 
1806 CONTINUE 
1823 CFCNCB<K)SA3(K) 
182^ Do 1825 Jsl,5 
1825 CFCNCB(K)=CFCNCB(K)fB3(J,K»*X3<J,K) 
1626 CONTINUE 
1827 GO TO 1832 
1830 READ(60,0022) (CFCNC8(K),K^l,NRGNS) 
1832 CONTINUE 
1833 Do 1839 K=1,NRGNS 
1835 CTONCB(K)=CFCNCB(K)*CA3LNGiK)/1000,0 
1838 CTCCBL=CTCCBL+CTCNCB(K) 
1839 CONTINUE 

C COSTS OF NUCLEI 

C A) COSTS OF ELECTROLYZERS 
C DETERMINE CLBELZ, CTELCZIK) AND CTELZR 

1845 READ(60,0023) OPELCZ 
1846 IF(OPELCZ-I.O) 1847,1847,1960 
1847 CONTINUE 
1855 CL3ELZ=A12(1) 
1856 DO 1857 J=l,5 
1857 CL3EL2=CLBELZ+B12(J,1)*X12IJ,l) 
1858 GO TO 1662 • 
I860 READ(60,0021) CLBELZ 
1862 CONTINUE 
1863 CTELZR=0,0 
1864 DO 1870 Ksl.NRGNS 
1865 CUELCZ{K)=CL8ELZ*ELZCA»(K)/100D.D 
1867 CTEUCZ(K)=CUELCZ(K)*UN1TS('$)/1 0 00 ,0 
1868 CTELZR=CTELZR*CTELCZ(K) 
1870 CONTINUE 

C B) COST OF REST OF NUCLEUS 

1875 READ(60,0023) OPNCLR 
1882 IF(OPNCLR-I.O) 1883,1883.1900 
1883 Do 1896 K=1,NRGNS 
1864 CONTINUE 
1893 CL3NCR=A4(1) 
1894 Do 1895 J=l,5 
1895 CL3NCR=CL8NCR+B4{J,1)*X4(J/1) 
1896 CONTINUE 
1897 Go TO 1905 
1900 READ<60,0021) CLBNCR 
1905 CONTINUE 
1908 Do 1915 Kel.NRGNS 
1909 CUNCLR(K)=CLBNCR*ELZCAP(K)/1000.0 
1910 CTNCLR(K)=CUNCLR(K)*UNITS(!0/1000.0 
1912 CTRNCL=CTRNCL*CTNCLR(K) 
1915 CONTINUE 

C C) TOTAL COSTS OF NUCLEI 
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1920 Do 1923 K=1,NRGNS 
1921 CUMUCL(K)=CUELCZ(K)+CUMCLR«K) 
1922 CT*4UCL<K)=CTELCZ(K)-t-CTMCLR<K) 
1923 CONTINUE 
1925 CTNCLI=CTELZR+CTRNCL 

1945 ir(NTRGNS-O) 2014,2014,1952 

C DETERMINE MEGAl«IATT-MILES 
C OF ELECTRIC TRANSMISSION FOR REGION <, PTRMWM(K) 

1952 Do 1958 K=1,NTRGNS 
1954 PTRMWM(K>=P0WRMX(K)*TRDST(S) 
1954 PTRSCL<K)=OTRMWM(K)/1000.Q 
1958 CONTINUE 

C COSTS OF TRANSMISSION CABLES 
C DETERMINE CMWMTC, CTTRCB(K) AND CTTC3L 

1980 READ{6G,0023) OPTRCB 
1982 IF(OPTRCB-I.O) 1984,1984,2004 
1984 CONTINUE 
1998 CMWMTC=A5(1) 
1999 Do 2000 J=1,5 
20 0 0 CMWMTC = CMWMTC'«-B5{ J. 1)*X5< J^l) 
2001 GO TO 2006 
2004 READ<60,0021) CMWMTC 
2004 CONTINUE 
2008 DO 2014 K=1,NTRGNS 
2010 CTTRCB(K)=CMWMTC*PTRMWM(K)/1000000,0 
2012 CTTCBU=CTTCBL+CTTRC8(K) 
2014 CONTINUE 

C COSTS OF OFFSHORE H2 PIPELINE 

2020 READ(60,0023) 0P0FH2 
2021 CTOFHPsO.O 
2022 IF(OPDFH2^1.0) 2023,2023,2040 
2023 Do 2035 L=1,NPIPTP 
2030 CM0FH2(L)=A6(L) 
2031 Do 2032 J=l,5 
2032 CM0FM2(L)=CM0FH2(L)+B6(J,Ly*X6(J,L) 
2033 CTOFH2(L)=CMOFH2(L)*PIPLNG<L)/1000,0 
2034 CTOFHP = CTOrHP-t-CTOFH2(L) 
2035 CONTINUE 
2037 GO TO 2075 
2040 IF(OPOFH2-2.0) 2042,2042,2048 
2042 READ{60,0022) CTOFHP 
2043 GO TO 2075 
2048 IF(OPOFH2-3.0) 2050,2050,2062-
2050 READ(60, 002i) (CM0FH2{L)-« L = 1,NPIPTP) 
2052 DO 2057 L=1»NPIPTP 
2054 CTOFH2(L)=CMOFH2{L)*PIPLNG»L)/1000.0 
2054 CT0FHP = CT0FHP + CT0FH2a) 
2057 CONTINUE 
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2058 GO TO 2075 
2062 READ<6n, 0021) (CMIPIP(L>»Ltl,^TP) 
2063 READ(60,0021) ClOFHP 
2065 Do 2070 L=1»NP1PTP 
2067 CTPIPL(L)=CMIPIP(L)*PI?LNG(L)/1000,0 
2069 CTOFHP=CTOrHP+CTPIPL(L) 
2070 COMTINUE 
2072 CT0FHP=CT0FHP+C10FHP 
2075 CONTINUE 

C COSTS OF INVERTERS 
C DETERMINE CKWIMV, CTINVT(K) AND CTINVR 

2100 READ<60,0023) OPINVR 
2102 IF(0PINVR-1.0) 2105,2105,2120 
2105 CONTINUE 
2115 CKWINV=A7{1) 
2110 DO 2117 J=l,5 
2117 CKWINV = CKWINV+B7(J,1)*X7(Ji(l> 
2118 GO TO 2122 
2120 READ(60,0022) CKWINV 
2122 CONTINUE 
2128 CTINVR=CKWINV*DMDMAX/10Q0000.0 

C DETERMINE MAXIMUM H2 SURPLUS RATE, H2SRPLi 

2140 IF(NTRGNS-O) 2209,2209,2148 

C DIRECT ELECTRIC TRANSMISSION 

2148 L?40 
2149 DMN=DMDMiN 
2150 Klzl 
2151 IF(DMN-PSHRMX(K1)) 2158,2158,2152 
2152 DMNSDMN-PSHRMX(K1) 
2154 IF(KI-NTRGNS) 2155,2185,2185 
2155 K1=K1+1 
2156 GO TO 2151 
2158 UNUSED=<PSNRMX{K1)-DMN)/((i,0-(TRLS*(TRD5T(<1)/100.0)))*EFFINV) 
2160 H2PROD=O.0 
2161 POWREL(Kl)=UNUSED/{1.0-t-ELH2OM *H20H2*H2ELI> 
2162 H2RGNP(K1)=H2EL*P0WREL<K1) 
2163 H2PR0D=H2PR0D*H2RGNP(K1) 
2164 H2STRG=H2STRG+H2RGNP(K1) 
2165 IF{K1-NRGNS) 2166,2180,2180 
2166 K2 = K1.»-1 
216? DO 2175 K1=K2,NRGNS 
2168 P0WREL(K1) = <P0WRNC(L,K1)*USITS(K1.) )/(1,0••ELH20M*H20H2*H2EL ) 
2169 H2RGNP(K1)=H2EL*P0WREL(K1) 
2170 H2PR0D=H2PR0D*H2RGNP(K1) 
2171 H2STRG=H2STRG*H2RGNP<K1) 
2175 CONTINUE 
2160 CONTINUE 
2181 H2USED=0.0 
2183 GO TO 2205 
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2185 H2USED=DMN *H2ELCL 
2186 H2STRG=H2STRG-H2USED 
2187 H2PROD=0.0 
2190 IF(NTRGNS-NRGNS) 2191,2205f2205^ 
2191 K2=K1+1 
2193 DO 2200 K1=K2,NRGNS 
2195 POWREL(Kl):(POWRNC(L/Kl)*U!aiTS(Kl))/(l,0*ELH20M*H20H2*H2Et) 
2196 H2RGNP(K1)=H2EL*P0WREL(K1) 
2197 H2PR00 = H2PR0D+H2RGIMP(K1) 
2198 H2STRG = H2STRG-^H2RGMP(K1} 
2200 COMTINUE 
2205 CO"^TINUE 
2206 H2SRPL=H2STRG 
2207 H2STRG=H2STRT*1000000,0 
2208 GO TO 2235 
2209 CONTINUE 

C NO DIRECT ELECTRIC TRANSMISSION 

2210 H2PROD=0,0 
2211 L=40 
2212 DO 2220 K=1,NRGNS 
2213 POWREL{K)=POWRNC(L»K)/(1.0i'ELH2OM*H2DH2*H2ELl) 
2214 H2UNT(K)= H2EL*P0WREL{<) 
2215 H2RGNP(K)=H2UNT(K)*UNITS(KJf 
2216 H2PR0D=H2PR0D+H2RGNP(K) 
2220 CONTINUE 
2222 H2USED=DMDMIN*H2ELCL-
2223 H2STRG=H2STRG+H2PR0D-H2USEB 
2227 H2SRPL=H2STRG 
2229 H2STRG = H2STRT*1000000 ,0 
2235 CONTINUE 

C DETERMINE COMPRESSOR POWER REQUIRED, RHCMPRi 

2240 Tl=TEMPIP+460.0 
2241 Pl=PIPRSl+15,0 
2242 P2=STGPRS+15.0 
2243 T2=T1*((P2/P1)**(0.4/1.4)) 
2246 WRK1=((1.4*776,6*{T2-T1))/11.4-1.0) 1/(26560 00 , 0 ) 
2250 WRK2=WRK1/(EFFCMP*EFFEUH) 
2252 WRK3=WRK2*SMSTGE 
2255 PHCMPR=WRK3*H2SRPL 

C FOR COMPRESSOR WIND UNIT DETERMINE 
C NUMBER OF STATIONS, STCMNO 
C NUMBER OF ORBITS, ORBCMP 
C NUMBER OF STATIONS IN OUTER 0R3IT, OSTCMPi 
C CONNECTING CABLE LENGTH, CBLCM? 

2260 STCMPR=PHCMPR/PWER(40,NRCRST) 
2262 NSTCMP=STCMPR+1.0 
2265 STCMNO=NSTCMP 
2271 TOALCT=STCMNO-1.0 
2272 N=i , 
2274 RMX0RB=MAXDRB(N) 
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2275 1F(T0ALCT*RMX0RB) 2279,2275,2276 
2276 
2277 T0ALCT=T0ALCT-RMX0R8 
2278 GO TO 2274 
2279 0R9CMP=N 
2280 OSTCMP=TOALCT 
2285 KSMRCRST 
2286 CBUCMP=0,0 
2287 NORB=ORBCMP 
2288 NORB1=NORB-1 
2290 DO 2292 N=1,N0RB1-
2292 C3LCMP=CBLCMP+CBLGrH(N,K) 
2295 N = \)ORB 
2296 RN=N 
2297 IGRUP=0STCHP/SERIES(N,<> 
2298 GRPCMP=IGRUP 
2299 REMCMP = 0STCMP-(SER1ES(\J,K)*GRPCM = ) 
2300 CBLCMG=(RN*(SERIES(N,K)»1,0))*DSTNCE(K) 
2301 ir(REMCMP^O.O) 2304,2304,2302 
2302 CBLCMR={RN4-(REMCMP-1.0) )*DSTMCE(<) 
2303 GO TO 2306 
2304 CBLCMR=0,0 
2306 CBLCMP=CBLCMP+CBLCHG*GRPCMP+C8LC^R 
2307 CBLCMP=CBLCMP/1000.0 

C COSTS OF COMPRESSOR-REDUCER STATIOV 

C A) COSTS OF WIMD GENERATORS 

2320 NLVL=NLEVLS(K) 
2321 GNCS=0.0 
2323 DO 2328 J=1,NLVL 
2325 IsIGNTYPCJ,K5 
2326 GNCS=GNCS+3NRTRN(J.K)*CUWNBG(I) 
2328 CONTINUE 
2330 CTWGCP=GNCS*STCMNO/lOOO.O 

C B) COSTS OF WIND STATION STRUCTURES 

2335 CTWSCP=CUWNST(K)*STCMNO/1QOO.O 

C C> COSTS OF CONNECTING CABLES 

2345 CTCA8L=CFCNCB(K)*CBLCM?/1000.0 

C D) COSTS OF NUCLEUS 

C DU COSTS OF COMPRESSORS 

2350 READ(60,0025) OPCOMP 
2351 iF(OPCOMP-i.O) 2352,2352,2366 
2352 CONTINUE 
2362 CKWCMprABd) 
2363 Do 2364 J=l,5 
2364 CKWCMP = C!<WCMP-t-B8( J,l)*xa( Jd) 
2365 Go TO 2367 
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a366 READ(6O,O022) CKWCHP 
8367 COMTINUE 
2370 CTCMPR=(CKWCMP*PHCMPR)/1000000.0 

C D2) COSTS OF REDUCTION VALVES AND NUCLEUS. STRUCTURE 

2360 READ<60,0022) CTRVLV.CTCSTR 

c D3) COSTS OF HIGH PRESSURE PIPELINE 
2420 READ(60|0023) OPHPPI 
2421 IF(OPHPPI-I.O) 2422,2422,2436 
2422 CONTINUE 
2432 CTHPPL=A9{1) 
2433 Do 2434 J=l,5 
2434 CTHPPL = CTH='PL + B9<j;i> 
2435 GO TO 2437 
2436 READ(60,0022) CTHPPL 
2437 CONTINUE 

C E) TOTAL COSTS OF C/R STATION 

2450 CTCRST=CTW3CP+CTWSCp*CTCABL+CTCM'R*CTRVLV+CrCSTR*CTHPPL 

c DETERMINE FUEL CELL CAPACITT • 
2490 FCLCAP=DMDHAX 

C COSTS OF FUEL CELLS 
C DETERMINE CKWFCL AND CTFLCL 

2520 READ(60,0023) OPFLCL 
2521 IFIOPFLCL'I.O) 2522,2522,2540 
2522 CONTINUE 
2535 CKWFCL=A10(1) 
2536 DO 2537 J=l,5 
2537 CKWFCL = Ci<wrCL + 810( J,l)*X10{ J,l) 
2538 GO TO 2542 
2540 READ(6n,0022) CKWFCL 
2542 CONTINUE 
2545 CTFLCL=CKWFCL*FCLCAP/1000000.n 

C COSTS OF STORAGE TANKS 
c DETERMINE CFSTNK AND CTSTNK 

2560 READ(6n,0023) OPSTNK 
2581 IF(OPSTNK"1.0) 2582,2532,2600 
2582 CONTINUE 
2595 CFSTNK=A11(1) 
2596 Do 2597 J=i,5 
2597 CFSTNK=CFSTNK+B11(J,1)*X11(J.l) 
2598 GO TO 2602 
2600 READ(60,0021) CFSTNK 
2602 CONTINUE 

'2605 CTSTNK=CFSTNK«STGVOL/1000,0 
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c TOTAL GROSS INVESTMENT COST, TOOST 

2700 TCOST=CTWNGN*CTWDST+CTCCBL*CTN: 
1 •CTCRST+CTSTNK+CTFLCL. 

c ANNUAL, INVESTMENT COSTS AND 
c TOTAL ANNUAL INVESTMENT COST, ACOST 

JLI+CTTCSL+CTorHP+CTlNVR 

2801 
] 

2802 
1 

2803 
3 

280-? 
i 

2805 
3 

2806 
3 

2807 
3 

2808 
3 

2809 
3 

2810 
3 

2811 

2820 
2830 

ACWNGN 

ACWDST 

ACCC3L 

ACEL7R 

ACRNCL 

ACTC9L 

ACOFHP 

ACINVR 

ACCRST 

ACSTNK 

ACFLCL 

ACNCLI 
ACOST= 

=CTWNGN 
((<1.0 

=CTWDST 
(((1.0 

=CTCCBL 
< < <1.0 

=CTELZR 
< < <1.0 

=CTRNCL 
< < <1.0 

=CTTCBL 
< < <1.0 

=CTOFHP 
<<<1.G 

=CTINVR 
< < <1.0 

sCTCRST 
<<(1.0 

=CTSTNK 
< < <1.0 

=CTFLCL 
<<<1.0 

=ACELZR 
ACWNGN 
+ACCRST 

*<(RTINTR 
+RTINTR)* 
*< <RTINTR 
•RTINTR)* 
*< <RTINTR 
•RTINTR)* 
*<(RTINTR 
•RTINTR)* 
*<(RTINTR 
•RTINTR)* 
*<(RTINTR 
•RTINTR)* 
*<(RTINTR 
•RTINTR)* 
*<(RTINTR 
•RTINTR)* 
*((RTINTR 
•RTINTR)* 
*<(RTINTR 
•RTINTR)* 
*((RTINTR 
•RTINTR)* 
•ACRNCL 
ACWDST^AC 
•ACSTNK^A 

*<(ItO^RTI 
*LFWNGN)-1 
*<(ITO^RTI 
•LFWBST)-! 
*<(ITO+RTI 
• LFCCBD-l 
*<(ITO^RTI 
*LFELZR)-1 
*<(ITO+RTI 
• LFRNCD-l 
*< <1?0*RTI 
*LFTCBL)-1 
*<(ItO^RTl 
• LFOEHf )-'l 
*< (IrO^RTI 
*LFINVR)-1 
*<(ITO^RTI 
•LFCRST)-! 
*( <lr0*RTI 
• LFSTNO-i 
*C (1?0*RTI 
*UFFLCL)-1 

**LFWNG\|) ) 

**LFWDST)) 

**LFCC3,1) ) 

** -FrL Z Ri) ) 

••LFRNC.l) ) 

**LFTCBLt)) 

**-FDFH=i) ) 

••LFlNVRi)) 

**'.F:RST) ) 

**LF5TN<i)) 

NTR) 
.0)) 
NTR) 
.0) ) 
NTR) 
.0) ) 
NTR) 
.0) ) 
NTR) 
,0)) 
NTR) 
.0)) 
NTR) 
,0)) 
NTR) 
.0)) 
NTR) 
.0) ) 
NTR) 
.0) ) 
NTR)**LF-LC.i) ) 
.0)) 

CC3L*ACNCLI^ACTC3L*AC0FHP+ACINVR 
CFLCi. 

C OTHER ANNUAL 
C ANNUAL COST, 

FIXED CHARGES, AFCHRG, 
ANCOST, AND COST ?ER '<I_DWATT, CST<H 

2841 FCHFTX=RTFDTX*TC0ST 
2842 FCHSTX=RTSTTX*TCOST 
2843 FCHLTX=RTLCTX*TC0ST 
2844 FCHINS=RTINSR*TC0ST 
2845 FCHAGE=RAGEXP*TCOST 
2846 FCHL3R=RLARUR*TC0ST 
2851 RATESRTFDTX^RTSTTX+RTLCTX^RTINSR^RAGEX'^RLASOR 
2855 AFCHRG=RATE*TCOST 
2860 ANC0ST=AC0ST+AFCHR3 
2865 CSTKW=<A.NCOST/ANDMND)*100.G 

C PERCENTAGES OF TOTAL COST 

3101 PCELZR: 
3102 PCRNCL: 
3103 PCWNGN: 
310^ PCWDST: 
3105 PCCCBL: 
3106 PCNCLI= 

<CTELZR/TCOST)*100.0 
<CTRNCL/TCOST)*100,Q 
<CTWNRN/TCOST)*100.0 
<CTWDST/TCOST)*100.0 
<CTCCBL/TCOST)*100,0 
<CTNCLI/TCOST)*100.0 
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3107 PCTCBL=(CTTC8L/TCOST)*lDa.O 
3108 PCOFHPsCCTOFHP/TCOSTWlOO.O 
3109 PCINVH=(CTINVR/TCOST)*1GO.O 
3110 PCCRST=(CTCRST/TCOST)*iaO,0 
3111 PCSTNK=(CTSTNK/TCOST)*10G.0 
3112 PCFLCL=(CTFLCL/TC03T)*100.0 

c PERCENTAGES OF ANNUAL COST 

31551 
3152 
3153 
3154 
3155 
315$ 
3157 
3158 
3159 
3160 
316$ 
3162 

PAELZR: 
PARNCL: 
PAMNGN: 
PAWDST: 
PACCBL= 
PANCLI: 
PATC3L: 
PAOFHP: 
PAINVR: 
PACRST: 
PASTNK: 
PAFLCL: 

(ACELZR/ACOST 
{ACRNCL/ACOST 
(ACWNGN/ACOST 
(ACWUST/ACOST 
(ACCCBL/ACOST 
(ACNCLI/ACOST 
(ACTCBL/ACOST 
(ACOFHP/ACOST 
<ACINVR/ACOST 
< ACCRST/ACOST 
(ACSTNK/ACOST 
(ACFLCL/ACDST 

5«100,D 
)*100 . 0 
)*100,0 
)*100 . 0 
)*100, 0 
)*100,0 
) * 10 0 , 0 
)*1U0,0 
)«iao.0 
)*100.0 
)*100.0 
)*100 , 0 

c PROGRAM OUTPUT 
c SYSTEM CHARACTERISTICS AND COSTS 

3630 
3631 
3632 
3633 
3634 
3635 
3636 
3645 
3650 

3651 

H21=H2SRPL/1000.0 
FCCP=FCLCAP/IQOO,Q 
PHC1 = PHCMPR/100G ,0 
PIPCPS = PIPCAP/1000000 , 0 
STGCPS=STGCAP/1000000.0 
DO 3636 K=1,NRGNS 
H2MX(K)=H2MAXM(K)/1000.0 
WRITE(61,0037) 
WRITE(61,3651) 

F0RMAT(8X 
8X 
8X 
ex 
8X 
8X 
8X 
8X 
ex 

///,8X 
ex 
8X 
8X 
8X 
8X 
8X 
8X 

STinNS,TPIPVL.PIP:PS,ST 
NSTCMP,M21, PHCl, 08 
CLBNCR.CMWMTC,CXWINV,0K 
CFSTNK 

•NUMBER OF STATIONS IN SYSTE 
•H2 PIPELINE VOLUME (TPIPVL) 
*H2 PIPELINE CAPACITY (PIPOA 
*H2 STORAGE CAPACITY (STGCAR 
•FUEL CELL CAPACITY (FOLCA=) 
•NUMBER OF STNS IN C/R STATI 
•MAX H2 SURPLUS (H2SRP.)=*iF 
•TOTAL H2 COMPRESSOR POWER < 
•CONN CBLE LGTH. C/R STATION 
•UNIT COSTS^,// 
•ELECTROLYZERS <CL3ELZ)=•»'5 
•REST OF NUCLEUS (CL3NCR)=^, 
•TRANSM CABLES (CMWMTC)=^»P5 
•INVERTERS (CKWlNV)=^,-3.0,^ 
•COMPRESSORS (CKWCMP)•,F4,0, 
• FUEL CELLS (CXWFCL ) =•»F4,O, 
•STORAGE TANKS (CFSTNK)=•.F4 

3C = S., rccP» 
LCMP,CLBELZ, 
KCMP,OKWFCL, 

M, (STI0NS)=^,F6.0,// 
=*,F6.1,^ MCUFT#,// 

0A=)=*»"6,1,* MLBH2*.// 
)=*.F7.0»* MLBH2^,// 
=*,F6,0,^ MW^,// 
ON (N3TCMP)=^,IS./Z 
5,0.^ L3H2/HR*.// 
= H:MPR,)=^,F5IO>* 
(CBLCMP)=^,F5.0»* KFT^# 

,0,* $/(LBH2/HR)*»// 
P4,0,• J/(LBH2/HR)*.// 
,G,* I/MW-MILE^,// 
%/KAk,// 

• t/KW*,// 
• T/KW^,// 
.O,* J/KCUFT*) 

WRITE(61.0036) 



101 

3652 
3653 

3654 

3655 

3802 
3803 
3804 

3807 

3808 

WRITE< 61, 3 653) RTINTR, RTFDTX,RTSTTX, ̂ T'.CTX, R.TI NSR, RLABOR, RAGEXP 
F0RMAT<8X,*RATES*,// 

8X,*IN1TEREST RATE < RT INTR ) = * , F6 , 3.// 
8X,•FEDERAL INCOME TAX RATE (RT"DTX>s*,F6,3»// 
8X,•STATE TAX RATE <RTSTTX ) =*,F6,3»//. 
8X,•LOCAL TAX RATE <RTLCTX)=•,F6,3»//, 
8X,•INSURANCE RATE «RTINSR ) =*»F5,3»//, 
8X,•OPER/MAINTENANCE LABOR RATE (RLA30R)=*,F6.3»// 
SX.^RATE OF ADMIN/UiNERAL EXPENSES <RAGEXP) =*.F6,3 ) 

WRITE(61,0037) 
WRITE(61,3655) 0PTRC3,OPOF42.0®INVR,DPCNCB,OPNCLR,OPCOMP, 

OPSTNK,OPELCZ.O=H=PI,DPFLCL,DPPR0D,0PELCP, 
0PC03T.OPSKIP 

F0RMAT(8X, •OPT IONS#*//i 
8X,•OPTRCB=*,F3.0,4X,•0=0"H2=*,P3,0,4X, 

•OPINVR=*,F3,0,4X,^0=CNCB=^,P3,0,4X,// 
6X,^OPNCLR=*,F3.0,4X,*0=COMP=»,-3,0,4X, 

•OPSTNK=*,F3.Q,4X,*O=E-CZ=*,-3,0,4X,// 
8X,*OPHPPI=*,F3.0,4X,•0=F-CL=*,"3,0,4X,// 
8X,•0PPR0D=*,F3.0,4X,•0=E-CP=*,'3,0,4X, 

•OPCOST=*,F3.0,4X,^0=S<IP=»,*3,0»4X,//) 
WRITE(61,0036) 
WRITE(61,3804) 
FORMAT(8X,^ORBTS= NUMBER OF ORBITS 'ER- JNIT*,// 

8X,^0UTSTN= NUMBER OF STNS: IN OJT=R 0R3IT OF EA UNIT*,// 
8X,^STATNS= NUMBER OF STATIONS IN RE3I0N^,// 
8X,^ELZCAP= ELECTROLYZER CAPACITY PER; JNIT (LBH2/HR)•,// 
8X,^H2MAXM= MAX H2 IN REGION DyRlVG CYCLE {KLeH2)*,// 
6X,^CABLNG= CONM CA3LE LENGTH IN REGION (KFT)*,// 
8X,^P0MXUN= MAX AVAILABLE POWER PER JNIT (MW)*,// 
8X,^P0WRMX= MAX AVAILABLE POWER IN R=6I0N (MW)*,// 
8X,*PTRMWM= MW-MILES OF TRANSMISSION CABLE*) 

WRITE(61,3908) (INDK(K),K=1,5), 
(ORBTSCO, < = 1,5), 
(STATNS(K),X=1,5), 
(H2HX(K), <=1,5), 
<P0MXUN(K),X=1,5), 

• (PTRSCL(K),K=1,5) 
FORMAT(1HO,/.27X,*REGION*,//,1BX,5I10,// 

(OUTSTN(<),K=1,5), 
{=LZCA31(K),K = 1,5), 
(CA3LN3(<),K=1,5), 
(=0A/RMX(<),K = 1,5), 

8X •ORBTS *,5F10 ,0,/ 
8X •OUTSTN *,5FlO . 0. / 
8X •STATNS *,5F10 , 0, / 
8X •ELZCAP *.5F10 ,0,/ 
8X •H2MAXM *,5F10 ,0./ 
8X •CABLNG *,5F10 ,0,/ 
8X •POMXUN *,5F10 .0,/ 
8X •POWRMX •,5F13 ,0,/ 
8X •PTRMWM *,5F10 ,0) 

WRITE(61,0037) 

3811 WRITE(61,3912) 
3812 F0RMAT(8X,•CUWNST= UNIT COST, WIND STATIONS*,// 

1 6X,*CTWNST= TOTAL COST, WIND STATIONS*,// 
1 8X,*CFCNCB= COST PER FOOT, CONN CABLES*,// 
1 8X,*CTCNCB= TOTAL COST, CONNECTINO CABLES*,// 
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8X,*CUELCZ= COST OF ELECTIOLYZE^S A WIND UNIT*,// 
8X.*CTELC7= TOTAL COST, E.ECT^O-YZERS*,// 
6X,*CUNCLR= COST OF REST OF NJC'-EJS IN A WIND UNIT*,// 
eX,*CTNCLR= TOTAL COST, REST OF NUCLEUS*,// 
6X,*CUNUCL= COST OF NUCLEUS IN A WIND UNIT*,// 
8X,*CTNUCL= TOTAL COST, WIND UNIT NUCLEI*,// 
8X.*CTTRCB= TOTAL COST, TRANSMISSION CABLES*) 

3815 WRITE(61,3316) (INDK(K),K=I,5), 
(CUWNST(K) ,'< = 1,5), { 0TWNST(<),K = 1,5), 
(CFCNCU<K),< = 1,5), {0T0NC3i(<),K = l,5), 
(CUELCZ(K) , -< = 1. 5), ( OTELCZX'O ,K = 1,5), 
{CUNCLR(K),'< = 1.5), (0TNCLR:<<),K = 1,5), 
(CUNUCL<K).-< = 1»3) , (CTNUC.KO ,K = i,5), 
(CTTRCB<K) ,< = 1,5), {OPWNSTt O,K = 1,5) 

3816 FORMAT(lHO,/,27X,*ReGION*, //,19J<,5I10, // 
8X,*CUWNST *,5F10,0,3X,*KS*,// 
8X,*CTWNST *,5F10,0,3X.*MS*,// 
8X,*CFCNCB *,5FX0.2.3X,*S/"T*,// 
8X,*CTCNCB *,5F10,0,3X,*MS*,// 
8X,*CUELCZ *,5F10,O,3X,*K$*,// 
8X,*CTELCZ *,5F10,0,3X,*H$*,// 
6X,*CUNCLR *,5F10.0.3X,*K$*,// 
8X,*CTNCLR *,5F10,C,3X,*M$*,// 
5X,*CUNUCL *,5Fi0,0,3X,*KS*,// 
8X,*CTNUCL *,5F19,0,3X,*M$*,// 
8X,*CTTRCB *,5F10,0,3X,*M$»,// 
8X,*0PWNST *,5F10,O) 

WRITE(61,0037) 

3819 WRITE(61,3320) 
3820 FORMATtSX, *GNRTNO= NUtlSER OF WIND GENERATORS*,// 

8X,*CUWNDG= UNIT COST*,// 
8X,*CTWNDG= TOTAL COST*) 

3823 WRITE<61,3824) (INOK(K),K=l,5), 
(GNRTNO(K),< = 1,5), (CUWNDG(K),K = 1,5), 
(CTWNDG(K),< = 1,5) , (0 = WNDG(K),K = 1,5) 

382A FORMAT(1HO,/.27X.*G6NERATOR TY=E*,//,ISX,5UO,// 
8X,*GNRTN0 *,5F10,0,// 
8X,*CUWNDG *,5F10,0.3X,*K$*,// 
8X,*CTWNDG *,5F10.0,3X,*M$*,// 
eX,*OPWNDG *,5Fi0,0,//) 

3826 WRITE<61,0036) 
3827 WRITE{61,3828) (INOK(K),K=1,5) 
3828 FORMAT(1HO,7X,*GENERATORS =ER UN I T* ,//,8X,* REG I ON*,4X,5IlO) 
3829 Do 3830 I=1,NGNTYP 
3830 WRITE<61,3831) I,(GNRNUN(I VK),< = 1,5) 
3831 FORMAT(1H0,7X,*TYPE*,I 2,4Xi5F10,0 ) 

WR1TE(61,0036) 
WRITE(61,0036) 

3832 WRITE<61,3833) (INDK<K),K=1,5) 
3833 FORMAT(1HO,7X,*TOTAL NUMBER OF GENERAT0R3*,//,8X,*REGI ON*,4X, 

1 5110) 
383^ Do 3835 I=1,NGNTYP 
3835 WRITE<61,3831) I,{GNRNO(I,X),K=1,5) 



103 

3839 
3840 

3 
3841 

3 
3842 

3843 
384^ 
3850 
3851 
3852 
3853 

3 
3854 

3858' 
3859 

3860 

WRITE(61,0037) 

WRITE(61,3840) 
rORMAT(6X,*CMIPIP= COST PER MILE. H2 O'FSHORE PIPELINE*/// 

L 8X,*CTPIPL= TOTAL COST 'ER SECTIOM, H2 OFFSHR PPLINE*) 
WRITE(61,3342) < I NDK C K ) . K = 1,10 ). C CM I =] = { .!), LP 1 /10 ). 

L (CTPI°L(L).L=1,10) 
FORMAT(1HO./.27X,*OFFS40RE H2 =I=ELIME SECT I ON*///»18X.10 15»// 

L 8X,*CMIPIP *,10F5,0,3X.*K$/MI*,// 
L 8X,*CTPIPL *,10F5,0,3X.*MS*,/) 
WRITE<61,3844) CIOFHP 
FORMAT(1HO,7X,*INSTALL COST, OFFSHORE H2 PI»EL:1NE = *,F4,0/*M$*) 
WRITE<61,0036) 
WRITE(61,3352) 
F0RMAT(8X,•MAX NUM8ER OF STATIONS PER ORRIT*) 
WRITE! 61,3 354) (INDK(K),K = l,10),(MAX OR 3(N),N=1,10), 

L (MORSCtKN) / N = l, 10 ) 
FORMAT{1H0,7X,*ORBIT*,5X,10I5,//.8X/*NJM3ER*,4X,1015//// 

L 8X,^CMLTIVE*,3X,10I5) 
WRITE(61,0036) 
WRITE!61.3360) LFWNQN,LFWD5T.LPCOBL,LFELZR,.FRNCL,LPTcBL. 

L LFOFHP. LFIN\/R.L"CRST,LF3TNK, .FFLCL. 
FORMAT(1H0,7X.*EST LIFE OF SYSTEM COMPONENTS*,/ 

1 8X,^WIND GENERATORS !LFWN3N) *,I10,/ 
1 8X,*WIND STAT STRUCTURES !LFWDST)*,UO,/ 
1 8X,•CONNECTING CABLES !LF0CBL) */IlO,/ 
1 8X,*ELECTR0LYZERS !.FELZR) *,110,/ 
1 8X,*REST OF NUCLEI JLFRNC.) •,I1D,/ 
1 8X,•TRANSMISSION CA3LES !_FTC3L) *»IlO,/ 
1 8X,*0FFSH0RE H2 PIPELINE !LFO-H =) */110,/ 
1 8X,•INVERTERS !LFINVR) •/llD,/ 
1 8X,•CDMP/REDUCER STATION ILFCRST)•,110,/ 
1 8X,*ST0RAGE TANKS !LFSTNK) *,110,/ 
1 8X,*FUEL CELLS (LFFLCL) *.I10) 

,42X/*YEARS*,// 

WRITE!61,0037) 

3863 WRITE!61,3864) 
3864 FORMAT!1HO./.8X,*COSTS OF WIND UNIT NUGLEI *,//.34X,*TOTAL*, 14X, 

1 *ANNUAL*,//.35X,*MS»,4X,*=CT*,10X,*M£^,4X., *PCT*,/) 
3865 WRITE!61.3366) CTELZR,'CELZR,AOE,ZR,PAELZR 
3866 F0RMAT!8X, •ELECTR0LYZER3 •,F10 . 0,3X,F4.1,F12. 0. F7 , l, /) 
3867 WRITE!61,3868) CTRN CL . P OR NCL / AC RNOL , ='A RNCL 
3868 F0RMAT!8X, •REST OF NUCLEI *,F10 , 0,3X,F4,1,F12,0 . F7,1, 

I /////) 
3870 WRITE!61,3B71) 
3871 FORMAT!8X, •COSTS OF CO,MP/REDU OER ST A T10 N*,//, 34X, *TOTAL*.// 

1 35X,^M$*,/) 
3874 WRITE!61,3875) CTWGCP 
3875 FORMAT!8X, •WIND GENERATORS •, FIO.O,/) 
3876 WRITE!61,3377) CTWSCP 
3877 FORMAT!8X, •WIND STN STRUCTURES •, FIO.O,/) 
3878 WRITE!61,3579) CTCABL 
3879 F0RMAT!8X, •CONNECTING CABLES *, FIO.O,/) 
3680 WRITE!61,3881) CTCMPR 
3881 F0RMATI8X. •COMPRESSOR UNITS *, FIO.O,/) 
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3882 WRITE<61,3383) CTRVL^ 
3883 F0RMAT(8X, •REDUCTIOM i/ALVrS *. FIO.O,/) 
3884 WRITE(61,3885) CTCST^ 
3885 FORMAT(aX, <»NUCLEUS STRUCTURE *, FIO.O,/) 
3886 WRITE(61,3887) CTHPPL 
3867 F0PHAT(8X, *HIGH PRESS PIPELINE *. FIO.O,/) 
3888 WRITE(61,0037) 
3889 WRITE{61,3890) 
3890 F0RMAT(8X, *COSTS OF SYSTEM COMPONENTS*#//» 3.4X. *T0TAL*» 14X, 

1 *ANNUAL*. / /» 35X» 4X»*=CT*,10X.*MJ*,4X»*PCT*»/) 
3900 WRITE(61,3901) CTWNGN,^CWN3N.ACWMGN,'A4N3N 
3901 FORMATiaX, *WIND GENERATORS F10t0,3X,F4,1#F12,0»3X,F4.1, 

1 /) 
3902 WRITE<61,39n3) CTWDST,=CW03T.ACWOST,=A4DST 
3903 FORMAT(8X# *WIND STAT STRUCTURES*. FIO , 0,3X,F4,1.F12.0»3X, r4 .1, 

1 /) 
3904 WRITE(61,3905) CTCCBL,^CCC3L.ACCCBL.=AOC3L 
3905 F0RiUT(8X, *CONNECTING CABLES* *, FlO . 0,3X,F4,1.F12 . 0 . F7 , i, /) 
3906 WRITE(61,3907) CTNCL I. ='CNCL I . ACNCL I. =ANC'.:I 
3907 F0RHAT(8X, *WIMD UNIT NUCLEI *, F10 , 0,3X,F4,1.F12.0. F7 , i,/) 
3908 WRITE(61,3909) CTTCBL,°CTC3L.ACTCBL.=ATC3L 
3909 F0RMAT(8X, *TRANSMISSI ON CABLES »,F10.0,3X,"H,1,Fl2,0,F7,1,/) 
3910 WRITE(61,3911) CTOFHP,=C0FMP,ACO'HP,=A0FMP 
3911 F0RMAT(8X. *OFFSHORE HP PIPELINE*. F10 . 0.3X,F4,1.F12.0.F7,l,/) 
3912 WRITE<61.3913) CTINVR.=C I NVR.ACINVR,=A INYR 
3913 F0RMAT(8X, *INVERTERS *. F10 , 0.3X , ,i,FI2,0,F7.1,/) 
3914 WRITE(61,3915) CTCRST,OCCRST.ACCRST,^AOR ST 
3915 F0RMAT(8X, *CONp/REDUCER STATION*. F10,0.3X,F4,1.F12.0.F?,i./) 
3916 WRITE(61.3917) CTSTN<,^CSTNK,ACSTNK,=A STNK 
3917 F0RMAT(8X. *STORAGE TANKS *. F10 , 0,3X,F4,1.F12.0.F7,i,/) 
3918 WRITE(61.3919) CTFLCL , =CFLCL . ACF .CL . ='A ' L OL 
3919 F0RMAT(8X, *FUEL CELLS *. Fl0,0,3X,F4,1.F12.0. F7 , i, /) 
3940 WRITE(61.3941> TCOST.AOOST 
3941 F0RMAT(8X, •TOTAL COST *. Fl0,0,F19,0.///) 
3945 WRITE(61.394 6) ACOST.FCHFTX,FCHSTX.FOH.TX.F:HINS.FCHLBR.FCHAGE, 

1 ANCOST 
3946 F0RHAT(8X. *ANNUAL COSTS (MT)*,// 

8X.* INVESTMENT (RETURN + DE='RECIATIDN)*,F10,0.// 
8X,*FE()ERAL INCOME TAX *,F10,0.// 
eX,*STATE TAXES *,F1Q,0.// 
8X,•LOCAL TAXES *,F10,0.// 
ex,•INSURANCE *,F10,0.// 
8X,*OPERATION AND MAINTENANCE LABOR •.PIO.O.// 
ax,•ADMIN AND GENERAL EXPENSES *,F10,0.// 
8X,•TOTAL ANNUAL COST ••,F10,0.//) 

3948 WRITE<61.0036) 
3950 WRITE<61,3951) ANDMND.CSTKW 
3951 F0RMATC8X,*ANNUAL ELECTRIC DEM AND*,FIO,0,• 3WH*,// 

1 8X,*C0ST PER KILOWATT-HR •,Ft0,2,* OENTS/KWR*) 

4400 IF(OPCOST*1.0) 4500,4500,9998 

4500 WRITE<61,0037) 

C DETERMINE SYSTEM PRODUCTIVITY FQR EACH POSSIBLE WIND SPEED IW 
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500f TM2=TIMEF(Z)/1000,0 
5010 IF(OOPROD'-I.O) 5015, 5015,5020 
5015 WRITE<61,5016) 
5016 F0RMAT(1HQ,*REGI0N PRODUCTIVITIES*) 
5020 Do 5479 IW=1,70 
5022 WI=iW 

c FOR EACH GENERATOR IN LEVEL J DF REGION < DETERMINE 
C VOLTAGE, VLT(J,K) 
c AVAILABLE POWER, PWR(IW,J,<) 
C FURLING POWER LOSSES, FNPWLSIIW,J,<) 

5040 Do 5450 K=1,NRGNS 
5042 VLTG(K)PO.D 
5043 PWERCIW,K)=0.0 
5048 NLVL=NLEVLS(K) 
5050 Do 5210 J=1,NLVL 
5052 WNDSP=((HEIGHT<J,K)/ANEMHTr**0,17)*WNDCFN(K)*Wl*l,151 
5055 I=IGNTYP(J,K) 
5058 IF(WND3P-CUTIN(I)) 5059,5359,5065 
5059 PWR(IW,J,K)=0.0 
5060 VLT(J,K)=0.0 
5061 GO TO 5150 
5065 IF(WND3P-RATED{I)) 5066,5066,5100 
5066 GO TO <5067,5070,5073,5Q76>5079,5082,5035,5383) I 
5067 PWR<IW,J,K)=PWR1F(WNDS») 
5068 VLT(J,K)=VLT1F(WNDSP) 
5069 GO TO 5150 
5070 PWR<IW,J,K)=PWR2F(WNDS=) 
5071 VLT(J,K)=VLT2F(WNDSP) 
5072 GO TO 5150 
5073 PWR{IW,J,K)=PWR3FCWNDS=) 
5074 VLT(J,K)=VLT3F(WND3P) 
5075 Go TO 5150 
5076 PWR( IW, J,K)=PWR4F(WNDS'J) 
5077 VLT(J,K)=VLT4F<WNDSP) 
5078 GO TO 5150 
5079 PwR(IW,J,K)=PWR5F(WNDS=) 
5080 VLT(J,K)=VLT5F(WNDSP) 
5061 GO TO 5150 
5082 PWR(IW,J.K)=PWR6F(WNDS=) 
5083 VLT{J,K)=VLT6F(WNDSP) 
5084 Go TO 5150 
50 85 PwR( IW, J,K)=PWR7F("WNDS=) 
5086 VLT(J,K)=VLT7F(WNDSP) 
5087 Go TO 5150 
5088 PWR<IW,J,K)=PWR8F(WNDS») 
5089 VLT(J,K)=VLT8F(WNDSP) 
5090 GOTO 5150 
5100 IF(WNDSP-FIIRLIN( I ) ) 5105,5105, 5110 
5105 PWR( IW,J,K)=RTPWR(I) 
5106 VLT(J,K)=RTVLT{I) 
5107 GO TO 5150 
5110 PWR(IW,J,K)=G.0 
5111 VLT<J,K)=0,0 
5115 FNPWLSCIW,J,K)=RTPWR<I) 
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5118 GO TO 5151 
5150 FNPWLSCIM,J,K)=0,0 
5151 CONTINUE 

C FOR EACH REGION K DETERMINE 
C VOLTAGE OF EACH STATION, VLTG(<) 
c AVAILASLE POWER OF EACH STATION, PWER(IW»K) 

520^ VLTG(K)=VLTG(K) + GNRTRN(J/KT^VLTC J,K) 
5207 PWER( I W, K)=PWER( IW,K)+GNRTRN( J,K)*PWR( IW, J, <i) 
5210 CONTINUE 
5212 PSUNIT<K)5PWER(IW,K)*STUNIT<K) 

C INITIALIZE POWRNC(IW,K) 

5214 POWRNC{IW,K)=PWER(IW.K) 

5218 NORB=ORBTS(K) 
5220 DO 5399 N=i,NORB 

c FOR EACH ORBIT N OF EACH REGION K DETERMINE. 
C GROUP VOLTAGES AND AVAIL, =OWeRS, V0_TGG(N.K) AND P0WERG(N,K) 
c REMAINING VOLTAGE AND AVAILABLE =0WER. VDLTGRIN.K) AND P0WERR{N»K) 
C GROUP POWER LOSSES, PWRLSG(N,Kr 
c REMAINDER POWER LOSSES, PWRLSR(N,K) 
C TOTAL POWER LOSSES, PWRLS(IW,NfK) 
c TOTAL POWER THAT REACHES THE NUCLEUS, PWRNC(IW,NVK) 
C FOR EACH REGION K DETERMIt'JE 
C TOTAL POWER THAT REACHES EACH NUCLEUS, POWRNC( I W, <) 

5225 P0WERG(N,K) = SERIES<N»K)*PW5R( IW,<) 
5226 VOLTGG(N,K)=SERIES(N,K)*VLTG(K) 
5227 PQWERR(N,K)=REMNDR<N»K>-*PW = R< IW,<) 
5228 V0LTGR(N,K)=REMNDR(N»K)*VLTG<K) 
5250 CURNTG(N,K)=P0WERG(N,K)/VQLTGG(N,K) 
5251 lF(REMNDR(N,K)-0.0) 5254,5254,5252 
5252 CURNTR(N,K)=P0WERR<N«K)/V0LT3R(N,K) 
5253 GO TO 5290 
5254 CURNTR(N,K)=0.0 
5290 PWRLSG(N,K 5=RESTG(N,K)*CURNTG(N,<)*CJRNT3(N,K)/IQ00 , 0 
5295 ir(REMNDR(N,K)-0,0) 5320,5320,5300 
530 0 PWRLSR(N,K)=RESTR( .N, K)*CURNTR( N, O *C JRNTR ( N, K)/10 00 , 0 
5310 GO TO 5330 
5320 PWRLSR(N,K)=0.0 
5330 CONTINUE 
5332 PWRNCG(N,K)=POWERG(N.K)SPWRLSR(N,K> 
5335 PWRNCR(N,K)=POWERR(N,K)-<?WRLSR(N.K) 
5338 PWRNCC I W, N, K ) =GROUPS ( N. K ) * PWRNCG ( N, K ) + =W RNC R:( N. K ) 
5345 PWRLSI IW,N,K)=GR0UPS(N.K)*=WRL3G(N,K) + PWRLSRi(N»K> 
5358 POWRNCdW, K)=POWRNC{ IW,K) + = WRNC( IW,N,K) 
5399 CONTINUE 

C FOR EACH REGION K DETERMINE 
c POWER GOING INTO ALL NUCLEI, PNCRGN{IW,K) 
C INVERTER ENERGY OUTPUT QBTAINA3LE 
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C BY DIRECT TRANSMISSlOM DURIMG A SIMJLATION CYCLE, ESHRGN(K) 

5404 PNCRGN<Il^,!<)=POWRNC(IW,K)*JNITS{<) 
5410 ESHRGNC I W, K ) =PNCRGM ( I , K ) *T I ME* (1. 0-TRLS • ( TRDST (K)/ID0 , 0 >) 

1 *EFriMV 
5450 COMTINUE 

c PROGRAM OUTPUT 
C PRODUCTIVITIES AT DIFFERENT WIND S=E=DS 

5460 IF{OPPROD-1.0) 5462,5452,5479 
5462 WRITE(61,5463) IW,(PWER(IW/K),<=1,5),{=SJNIT(K),K=1,5), 

1 (POWRNC( 1W,'() ,K = 1,5), <PNCRGN( I,I,K) ,K = 1,5), 
1 <ESHRGN(IW,<),K=1,5) 

5463 FQRMATdHO , • IW = *, 13, 
1 /,1X,*PWER *,5F10.0i/,IX, *PSUNIT*,5^1.0,0, 
1 /,iX,*POWRNC*,5F10.0,/,lX,•PNCRGN*,5F10,0, 
1 /,1X,*-ESHRGN*,5F1Q.Q) 

5479 CONTINUE 

C IF 0PSKIP = 1 SKIP NSKBLC BLOCKS OF -DATA 

IF (OPSKIP-l.O) 5480,5480,5483 

5460 Do 5483 1=1,NSKBLC 
5481 BUFFER IN (01,0) (A(l).A(lQO)) 
5482 lF(UNIT,Oi) 5482,5483,9980i5481 
5433 CONTINUE 

5495 IF(OPPROD-l.O) 5496,5496,5498 
5496 WRITE(61,0037) 
5498 CONTINUE 
5501 WRITE<61,5502) 
5502 FORMAT(1HO,7X,*HYDROQEN IN STORAGE AT END O"! EACH DAY (MLB)*,/) 

C SIMULATION STARTS 

5503 TM3=TIMEF(Z)/1000.0 
TMX<INDTM)=TIMEF(Z)/1000.0 

5504 Do 8095 1TER=1,NBLOCS 

C READ ONE BLOCK OF WIND OBSERVATIONS 

5505 BUFFER IN (01,0) (A<1),A(100)) 
5506 !F(UNIT, 01) 550 6,550 7, 998 0,-550 5 
5507 Do 5510 N=l,10 
5508 DECODE(78,5509,A((N-l)*10+l))IYR(N),IMO(N),IDAY(N), 

1 <IWNDOB(N»J)»J:1,24) 
55Q9 F0RMAT(3I2,24I3) 
5510 CONTINUE 

5515 Do 7999 INDAY=1,10 
5516 DO 7949 INDHR=1.24 
5520 I09S=IWND03(INDAY,INDHR) • • 
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5521 ICTER1=ICTER1+1 
5522 ICTER3=ICTER3+1 
5523 IH0UR=IH0UR+1 

C ir THERE IS NO WIND OBSERVATION FOR THESE: INDICES, 
c INCREMENT NODBS COUNTER 3Y ONE 

5539 IF{IOBS-999) 5542,5540.5540 
5540 NOOBS=NOOBS+1 
5541 Go TO 7840 

c IF THERE IS A WIND OBSERVATION FOR THESE INDICES, 
c TRACE THE RESULTING ENERGY THROUGH THE SYSTEM 

5542 1CTER2=ICTER2+1 
5543 ICTER4=ICTER4+1 
5544 IF(IOBS-O) 5545,5545,5547 
5545 IW=71 
5546 Go TO 5551 
5547 IF<IOBS-70) 5550,5550,5548 
5548 IW=7n 
5549 GO TO 5551 
5550 IW=IDBS 
5551 CONTINUE 

C ACCUMULATE THE ENERGIES PRODUCED BY THE DIFFERENT SUBSYSTEMS 

5552 DO 5599 K=1,NRGNS 
5553 NLVL=NLEVLS(K) 
5555 DO 5562 J=1,NLVL 
5558 CHENGN(J,K)=CMENGN(J.K)+PWR(IW,J,K)*TIME 
5560 CMFELSCJ,K)=CMFELS(J,K)+FNPWLS(IW,J,<)*TIME 
5562 CONTINUE 
5565 CMENST(K)=CMENST«K)+PW = R( IW,K)*TIME 
5567 CHEYNC(K)=CMEYNC(K) + POWRNCnW, <) *TIME 
5569 NORB=ORBTS(K) 
5570 Do 5580 N=1,N0RB 
5572 CMENNC(N,K)=CMENNC(N,K)*PWRNC(IW,N,K)*TIME 
5574 CMENLS(N,K)=CMENLS{N,K)fPWRLS(IW,N,K)*TIME 
5578 CMEYLS(K)=CMEYLS(K)+PWRLS(IW,N,K)*TIME 
5580 CONTINUE 
5565 CKENCR(K)=CMENCR<K)+PNCRGN(IW,<)*TIME 
5588 CMESHR(K)=CMESHR(K)+ESHRGN(IW,<) 
5590 CMENSH=CMENSH+ESHRGN(IW,K) 
5599 CONTINUE 

C READ OR GENERATE AN ENERGY DEMAND 

6012 MON=IMO<INDAY) 
6015 DEMAND=AVPKDM*TIME*FMTHLY(MON)*HRLYFC(IHDUR) 
6100 CMDMND=CMDMND+DEMAND 

c SATISFY DEMAND AND UPDATE HYDROGEN STORAGE 

6200 IF(NTRGNS-O) 6210,6210,6450 
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C NO DIRECT ELECTRIC TRANSMISSION 

c DETERMINE 
c ENERGY AVAILABLE TO EACH ELECTROLYZER^ OF REGION K, 
C HYDROGEN PRODUCED PER UNIT OF REGION K, H2JNT(<) 
C TOTAL HYDROGEN PRODUCTION, H2PR00 
c CUMULATIVE TOTAL HYDROGEN PRODUCTION, CH=ROD 

ENGYEL(K> 

6210 H2PROC=0,0 
6215 Do 6226 K=1,NRGNS 
6218 ENGYEL(K)=P0WRNC(IW,K)*TIME/(1,G+ELH20M*H20H2*H2EL> 
6220 H2UNT(K)= H2EL*ENG YEL ('<) 
6222 H2RGNP(K)=H2UNT(K)*UNITS(Kr 
622'' H2PR0D = H2PR0D + H2RGNP(K) 
6226 CONTINUE 
6230 CHPR0D=CHPR0D+H2PR0D 

C DETERMINE HYDROGEN DEMAND, H2DMND 
c UPDATE HYDROGEN STORAGE, H2STR3 
C ACCUMULATE 
c USEFUL HYDROGEN, CHUSFL 
c WASTED HYDROGEN, CHWSTD 
c UNSATISFIED HYDROGEN DEMAND. CUSTFD 

6234 H2DMND=DEHAND*H2ELCL 
6235 IF((H2STRG*H2PR0D-H2DMND)-STGCAP) 6260,6260,6238 
6238 H2WSTD={H2STRG+H2PROO-H2DMND)-5T3CAP 
6239 H2USFL=H2PR0D-H2WSTD 
6241 CHWSTD=CHWSTD+H2WSTD 
6242 CHUSFL=CHUSFL+H2USFL 
6245 H2STRG=STGCAP 
6248 GO TO 6299 
6260 IF<H2STRG+H2PR0D-H2DMND) 6262,6230,6260 
6262 UNSTFD=H2DMND-H2STRG-H2PR0D 
6263 CUNSTF=CUNSTF+UNSTFD 
6265 ICTER5=ICTER5+1 
6268 H2STRG=0,0 
6270 CHUSrL=CHUSFL+H2PH0D 
6272 GO TO 6299 
6260 H2STRG=H2STRG+H2PR0D-H2DMN0 
6262 CHUSFL=CHUSFL+H2PR0D 
6299 GO TO 6699 

0 DIRECT ELECTRIC TRANSMISSION 

C SATISFY DIRECTLY 
C AS MUCH ELECTRICITY DEMAND AS POSSIB.E 

6450 DEMAN1=DEMAND 
6452 Ki=l 
6453 IF(DEMAN1-ESHRGN(IW,Kl) ) 6460, 64 60,6455 
6455 DEMANI=DEMANI-ESHRGN<IH,Kir 
6456 CMENTK(K1)=CMENTR{K1)+3NCRGN(IW,<1)*TIME 
6457 IF(K1-NTRGNS> 6456,6630.6630 
6458 K1=K1+1 
6459 Go TO 6453 
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64 60 UNUSED=(ESMRGN( IW.KD-OEMAMI)/ 
1 ( (l.O-CTRLS^dRrSKKD/lOO .0) )) ̂ E'FI vjV) 

6461 CMENTR(K1)=CMENTR(K1) + (PMCRGN( lW.Kl)*TlM = -UMiJSED) 
6465 GO TO 6500 

C ALL DEMAMD SATISriED DIRECTLY 
C DETERMINE TOTAL HYDROGEN PRODUCED, H2PR0D 
C UPDATE HYDROGEN STORAGE, H?STR3 
c ACCUMULATE 
C USEFUL HYDROGEN, CHUSFL 
c WASTED HYDROGEN, CHWSTD 
C TOTAL HYDROGEN PRODUCTION, CHPROD 

6500 H2PROD=0,0 
65 02 ENGYEL(K1)=UNUSED/(1.0 4.ELH2DM*H2DH2*H2=U) 
6505 H2?S0L(K1)=H2EL*EN3YELIK1) 
6510 IF(H2PS8L(K1)-H2MAXM(K1)) 6515,6520,5520 
6515 H2RGNP(K1)=H2PSBL{K1) 
6518 GO TO 6525 
6520 H2RGNP(K1)=H2MAXM(K1) 
6522 CHWST1(K1)=CHWST1{K1>+H2P33L<K1)-H2MAXM(<1) 
6525 H2?ROD=H2PROD+H2RGNP(K1) 
6580 IF(KI-NRGNS) 6585,6615,6615 
6585 K2=K1+1 
6588 DQ 6610 K1=K2,NRGNS 
6590 ENGYEL(K1) = (PNCRGN( I W, <1) * TI ME ) / (1. 0*E'-H 20M *H20H2*H2EL > 
6592 H23S3L(K1)=H2EL*ENGYEL(K1) 
6593 IF<KX-NTRGNS) 6596,6596,6598 
6596 IF(H2P3BLVK1)-H2MAXM(K1)) 6598.6505,6603 
6598 H2RGNP(K1)=H2PSBL(K1) 
6600 Go TO 6605 
6603 H2RGNP(Kl)=H2MAXM(K:i) 
6604 CHWST1(K1)=CHWST1(K1)+H2PS3L(K1)-H2MAXM(<1) 
6605 H2='R0D = H2PR0D + H2RGNP(K1) 
6610 CONTINUE 
6615 CONTINUE 
6617 IF((H2STRG+H2PR0D)-STGCAP) 6625,6625,6613 
6618 H2WSTU=(H2STRG*H2PR0D)-3TG0AP 
6619 H2USFL=H2PR0D-H2WSTD 
6620 CHWSTD=CHWSTD+H2WSTD 
6621 CHUSFL=CHUSFL+H2USFL 
6622 H2STRG=STGCAP 
6623 CHPR0D=CHPR0D+H2PR0D 
6624 GQ TO 6699 
6625 H2STRG=H2STRG+H2PR0D 
6626 CHUSFL=CHU5FL+H2PR0D 
6627 CHPROD=CHPROD+H2PROD 
6628 Go TO 6699 

C NOT ALL DEMAND SATISFIED DIRECTLY. 
c DETERMINE 
C HYDROGEN PRODUCED, H2PR0D 
C HYDROGEN DEMAND, H2DMND 
C UPDATE HYDROGEN STORAGE, H2STR3 
c ACCUMULATE 
C USEFUL HYDROGEN, CHUSFL • . 
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c WASTED HYDROGEM, CHWSTD 
c UNSATISFIED HYDROGEN DEMAND, CUSTFD 

6630 
6632 
6634 
6636 
6638 
6640 
6642 
6644 
6645 
6646 
6648 
6650 
6652 
6653 
6654 
6655 
6656 
6659 
6660 
6662 
6663 
6665 
6668 
6670 
6680 
6682 
6699 

7840 
7842 

7850 
7852 
7855 
7857 
7859 

CONTINUE 
H2PR0D=G,Q 
IFIKI-NRGNS) 6636,6645,6643 
K2=K1+1 
Do 6645 K1=K2,NRGNS 
ENGYEL(K1) = (PNCRGN( I W,K1)«TIME)/{1,0*E'-H20M*H20H2*H2EU) 
H2SGNP(K1)=H2EL*EMGYEL(K1) 
H2PROD=H2PROD+H2RGNP(K13 
CONTINUE 
CHPR0D=CHPR0D+H2PR0D 
H2DMND=PEMAN1*H2ELCL 
IF((H2STRG+H2PR0D-H2DMND)-3TGCAP> 6660,6660,6652 
H2WSTD=(H2STRG+H2PR0D-H2DMND)-ST3CAP 
H2USFL=H2PR0D-H2WSTD 
CHWSTD=CHWSTD+H2WSTD 
CHUSFL=CHUSFL+H2USFL 
H2STRG=STGCAP 
Go TO 6699 
IF(H2STRG+H2PR0D-H2DMND) 6662,6630,6680 
UNSTFD=H2DMND-H2STRG-H?PR0D 
CUNSTF=CUNSTF+UNSTFD 
ICTER5=ICTER5+1 
H2STRG=0.0 
Go TO 6682 
H2STRG=H2STRG+H2PROD-H2DMN0 
CHUSFL=CHUSFL+H2PR0D 
CONTINUE 

IF(IHQUR-158) 
iHOURsO 

7850,7842,7842 

IF(LEAP-I) 7855, 
IF(ICTER3-8760) 
IF(ICTER3-8784) 
LEAP=5 
CONTINUE 

7855,7852 
7949,7859,7859 
7949,7557,7857 

c FOR EACH REGION K DETERMINE 
C MAX, ENERGY THAT COULD HAVE BEEN TRANSMITTED TO SHORE IF TRANSM 
C CABLE CAPACITY HAD ALWAYS BEEN "ULLY UTILIZED, CPENTRiK) 
C UTILIZATION OF TRANSMISSION CABLES, TRUTIL 

7864 RICTR4=ICTER4 
7865 Do 7870 K=1,NTRGNS 
7866 CPENTR(K)=POWRMXCK)*T|ME*RrCTR4*lO0Q,0 
7867 TRUTIL(K)=CMENTR(K)/CPENTR«K) 
7870 CONTINUE 
7872 Go TO 8300 

7949 CONTINUE 

7955 HSTKINDAY)=H2StRG/100000070 



112 

7999 CONTINUE 

8050 WRITE( 61,8055) (HSTl(I NOXlJ,IN0X1 = 1»10) 
8055 FORMAKIH , 7X, F4 . 0 . 9F6 . 0 ) 

8095 
8099 

CONTINUE 
Go TO 9980 

C PROGRAM OUTPUT 
c SYSTEM PERFORMANCE 

8300 CONTINUE 
8302 INDTM=INDTM+1 
8303 TMX{ INDTM)=TIMEFCZ)/1Q00.0 
8304 TMXDIF=TMX(INDTM)-TMX(INDTM-1) 
8310 DO 8350 X=1,NRGNS 
8311 CHENST(K)=CMENST(K>/10QD.0 
8312 CMEYNC(K>=CMEYNC(K)/1000.0 
8313 CHENCR(K)=CMENCR(K)/1000 ,0 
8314 CMESHR(K)=CMESHR(K)/1ODOOO0,O 
8315 CMEYLS(K)=CMEYLS(K>/1000.0 
8316 CHWST1(K)=CHWST1(K)/1000000,0 
8317 NLVU=NLEyLS(K) 
8318 DO 8322 J=1,NLVL 
8320 CHENGN(J,K)=CMENGN(J»K)/1000.0 ' 
8322 CHPELSCJ,K)=CMFELS(J.K)/1COO.O 
6327 NORBsQRBTSCK) 
8328 Do 8332 N=i,NORB 
8350 CHENNC<N,K)=CMENNC(N»K)/1000.0 
8332 CMENLS(N,K)=CMENLS(N.K)/1DOO.O 
8334 CMENER=CHENER+CMENST(K)*STATNS(K) 
8335 CMENUC=CMENUC+CMENCR(K) 
8350 CONTINUE 
8351 CMENSH=CMENSH/1QOOOOO, 
8352 CMENER=CMENER/1QOOOOO, 
8353 CMENUC=CMENUC/100000n, 
8355 CMDMND=CMDMND/1000000, 
8356 CHWST=CHWSTD/1000000.0 
8357 CHUSF=CHUSFL/10000C0.0 
8358 CHORDSCHDROD/IOOOOOO.0 
8359 CUNSTsCUNSTF/lOOOOCO.0 

840I 
8403 
8405 
8410 
8411 

6413 
8414 
8416 
8417 

WRITE(61,0037) 
WRITE<61,8405) IYEAR 
FORMAT(1HO,4HYEAR,13) 
WRITE(61,8411) 
FORMATdHO, /,8X,*CUM ENGY FROM EACH QNRTR IN LVL J» RGN K*i 

1 *1 MWH*) 
8412 DO 8413 J=l,2 

WRITE(61,8414) ( CMENGN ( J. K , <= 1, 5 > 
FORMATdHO,7X,5F10,0) 
WRITE(61,8417) 
FORMATCIHO, /,8X,*CUM ELN LSES FROM =A GNRTR^ LVL RGN K,«, 

* MWH*) 
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8418 Do 8419 J=l,2 
8419 WRlTe(61,8414) ( CWrELS ( J, K 3f, K = 1, 5 ) 
8422 WRITE(61,8423) (CMENST(K).<=1,5) 
8423 rO9MAT(lH0. /,8X,*CUM ENQY FROM EA STATION IN RQN K, MWH*»// 

1 8X,5F10.0) 
8424 WRITE(61,6425) 
8425 FORHATdHO, /,8X,*CUM ENGY INTO NCL "RDM 0R3TT N, RQN K, MwH#) 
8426 DO 8427 N=l,7 
8427 WRITE(61,8414) (CMENNC(N,K),1,5) 
8430 WRITE(61,6431) 
8431 FORMATdHO. /,8X,*CUM CONN ENBY .OSSES. 0R3IT N, RGN K» MWH*) 
8432 DO 8133 N=l,7 
8433 WRITE(61,8414) (CMENLS(N,KT,K=1,5) 

WRITE(61,0037) 

8437 WRITE(61,8438) (CMEYNC<K>«<=1,5) 
8438 FORMATdHO, /,8X,*CUH ENGY INTO NJCLEJS, RGN K, MWH*,// 

1 8X,5F10.0) 
8439 WRITE(61,8440) (ONEYLS(K),K=1,5) 
8440 FORMATdHO, /,8X,*CUM CONN ENGY _OSSSS FOR =A UNIT, RQN K, MWH*, 

1 //,8X,5F10,0) 
8441 WRITE(61,8442) (CMENCR(K),4=1,5) 
8442 FORMATdHO, /,8X,*CUM ENGY INTO ALL NUDLEl DF RGN K, QWH*,// 

1 6X,5F10,0) 
8443 WRITE(61,8444) (CMESHR(K ),K = 1,5) 
8444 FORMATdHO, /,BX,*CUM AVAILA3LE ENGY AsHORE, RGN K, GWH*,// 

1 8X.5F10.0) 
WRITE<61,8445) (CHWST1(K),<=1,NRGNS) 

8445 FORMATdHO,/,8X,*H2 WSTD 8Y INSU'F E',EDTR0L= CAP, RGN K, MUBH2*, 
1 //,8X,5F10.0) 

WRITE(61,8446) (TRUT IL(K ),4 = 1,NR3NS> 
8446 FORMATdHO,/,8X,*UTILIZAT1DN 0' TR ANSM I S31 ON; Ll NES, RGN K*,// 

1 8X,5F10,2) 
WRITE(61,0036) 

8447 WRITE(61,8448) CMENER,CHENJC,CMENSH,CMOMND,CHRRD,CHWST, CUNST 
8448 FORMATISX,*EL ENGY pROD BY GNRTRS (CMENER) *,F10,0,* GWH*,// 

1 8X,*ENGY INTO ALL NUCLEI (CMENUO) *,rl0,0,* GWH*,// 
1 8X,*AVAIL ENERGY ASHORE (OMENSH) *,F10,0,* GWH*,// 
1 8X,*ELECTRIC ENERGY DEMAND (CMDMNO) *,F10,Q,* GWH*,// 
1 8X,*H2 PRODUCED (CH=R9D) *,F10,0,* MLBH2*,// 
1 8X,*H2 WSTD INSJFF STG CA= (CHWSTD) *,F10.0,* MLBH2*,// 
1 8X,*UNSATISFIED H2 0EMAND (CUNSTF) *,ri0,0,* MLBH2*,//) 

8460 WRITE(61,8461) TMXDIF 
8461 FORMATdHO,//,8X,*TIME*,FID,3,* SEC*) 

c INITIALIZE OUTPUT VARIABLES 
88Q0 LEAP=LEAP-1 
8810 ICTER3=0 
8811 ICTER4=0 
8815 I YEAR=I YEARt-1 
8816 CMENER=0.0 
8817 CMENUC = 0-,0 
8818 CMDMND=0,0 
8819 CHUSFL=0,0 • -
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8820 CMENSH=0,0 
8821 CH°ROD=0,0 
8822 CHUSED=Q,0 
8823 CHSTRG=Q,C 
8824 CHWSTD=0,0 
8825 DO 8835 K=1,NRGN3 
8826 NLVL=NLEVLS(K) 
8827 DO 8835 J=1,NLVL 
8830 CMENGNCJ,K>=0.0 
8831 CHTELSCJ,K)=0,0 
8835 COMTINUE 
8850 Do 6870 K=1,NRGNS 
8851 CMEY!^C(K) = 0.0 
6852 CMEYLS(K)=Q.0 
6853 CHENST(K)=0.Q 
8855 CMENCR(K) = 0 . 0 
8856 CMESHR(K)=0.0 
8857 CHWST1(K)=Q.0 
8858 CHENTR(K)=0.0 
8864 NORB=ORBTS(K) 
8865 Do 6870 N=1,N0RB 
8866 CMENN!C(N,K)=0.0 
8867 CMENLS(N,K)=0.0 
8870 CONTINUE 
8895 WRITE(61,0037) 
8896 WRITE(61,5502) 
8899 GO TO 7949 

9980 CONTINUE 

9982 TM4=TIMEF(Z)/1000,0 
9985 DL1=TM2-TM1 
9986 DL2=TH3-TM2 
9987 DL3 = TM4-'TM3 
9993 WRITE(61,9994) DL1»0L2.DL3 
9994 rORMAT(lHO<*DLl=*#Fl0.3i*3EC*,5X.*DL2=*»?10,3,*SEC*»5X» 

1 *DL3=*,F10.3I*SEC*) 

9998 STOP 
9999 END 
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NUMBER Of REGIONS (NRGNS)= 5 

NUMBER Of TRANSMITTING REGIONS {NTRGNS)= 2 

NUMBER OF GENERATOR TYPES (N3NTY=')= 1 

NUMBER OF H2 PIPELINE SECTIONS «NPIPTP)= 3 

RGN IN WHICH C/R STN IS LOCATED (NRCRST)= 3 

ANEMOMETER HEIGHT (ANEMHT)= 87 FT 

TIME BETWEEN OBSERVATIONS (TIME)= 1 HR. 

H2 STORAGE PRESSURE (STGPRS)= 3000 PSI3 

STORAGE VOLUME (STGV0L)= 2000 MCUFT 

H2 STORED AT SIMUL START (H2STRTT= 1300 ML3H2 

H2 STORAGE TEMPERATURE (TMPSTG)= 40 DE3F 

H2 PIPELINE MAX PRESSURE (PI=RS1T= 300 PSIG 

H2 PIPELINE AVG PRESSURE (P13RS2)= 200 PSIG 

H2 PIPELINE TEMPERATURE (TEM?IP)= 40 DEGF 

ANNUAL ELECTRIC ENGY DEMAND (ANDMND)= 159200 GWH 

AVG WKLY PEAK EL PWR DEMAND (AVPKDM)= 23000 MW 

MAX ELECTRIC POWER DEMAND (DMOMAX)= 26750 MW 

MJN ELECTRIC POWER DEMAND (DMDMIN)= 11500 MW 

ELECTROLYZER EFFICIENCY {ELH2)= 21.0 KWH/L3H2 

DISTILLER EFFICIENCY (ELH20M)= 0?0555 <WH/LBH23 

EUEL CELL EFFICIENCY (H2ELCL)? 0T090 L3H2/<WH 

H2 COMPRESSOR EFFICIENCY (EFfCMP)= 0.85 

ELECTRIC MOTOR EFFICIENCY (EFFELM)= 0.92 

INVERTER EFFICIENCY (EFFINV)= 0,90 

SNGL/MLT STG CMP EFF RATIO (SMST3E)= 0.79 

TRANSMISSION POWER LOSSES (TRLS)= 0.02/100 Ml 

NO OF BLOCKS USED IN SIMULATION {N3L3C3)= I48 
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UNITSs NUMBER OF WIND UNITS 
STU|\JIT = NUMBER OF STATIONS PER WIND JNU 

DSTNCE= DISTANCE BETWEEN STATIONS (FEET) 

NLEVLS= NUMBER OF LEVELS IN EACH WIND STATION 

WNDCF'N = WIND COEFFICIENT 

TRDST= TRANSMITTING DISTANCE (ST,MI) 

RESKFT= RES PER UNIT LGTH, CONN CBLES (OHM/K- T) 

REGION 

1 2-3 4 5 

UNITS 9 10 21 24 17 

STUNIT 173 173 130 130 120 

DSTNCE 1520 1520 1520 1520 1520 

NUEVLS 2 2 2 2; 2 

WNDCFN 1 1 1 t: 1 

TRDST 30 50 100 170 230 

RESKFT 0.80 0.30 0.30 OtBO 

O
 

C
O

 
» 

o
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CUTlN= CUT-IN SPEED (MPH) 

RATED; RATED SPEED (MPH) 

FURLlN= FURLING SPEED (MPH) 

RTVLT; RATED VOLTAGE (VOLTS) 

RTPWR; RATED POWERl (KW> 

CUTIN 

RATED 

FURLIN 

RTVLT 

RTPWR 

GENERATOR TYPE 

1 

16,0 

36,0 

70,0 

1000 

2000 

2 

0.0 

0,0 

0.0 

0 

0 

3 

0.0 

0.0 

0 . 0 

0 

0 

4 

0.0 

0,0 

0,0 

0 

0 

5 

0.0 

0.0 

0.0 

0 

0 

HEIGHT(FT) 

REGION 1 

REGION 2 

REGION 3 

REGION 4 

REGION 5 

LEVEL 
1 

220 

220 

220 

220 

220 

2 

340 

340 

340 

340 

340 

GNRTR TYPE 

REGION 1 

REGION 2 

REGION 3 

REGION 4 

REGION 5 

EVEL 
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NOIOF" GNRTRS 

REGION 1 

REGION 2 

REGION 3 

REGION 4 

REGION 5 

LEVEL 

1 

2 

2 

2 

2 

2 

STNS/GROUP ORBIT 

1 2 3 4 5 6 7 3 9 10 

REGION 1 1 1 1 1 1 1 1 

REGION 2 1 1 1 1 1 1 1 1 1 

REGION 3 1 1 1 1 1 1 1 1 

REGION 4 1 1 1 1 •i 
Jb 1 1 1 

REGION 5 1 1 1 1 1 1 1 1 1 1 

PIPE TYPE 

1 2 3 4 • 5 6 7 8 9 10 

PIPOSMIIN) 24 60 24 108 108 108 24 lOB 0 0 

PIPOLG(IN) 60 60 34 108 108 108 48 108 0 0 

PIPLNGIMI) 69 67 99 90 99 49 47 55 0 0 
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RATIOS or MOMTHLY AVERAGES 0"^ WEEKLY PEAKS 
TO ANNUAL AVERAGE OF WEEKLY 'EAKS (F^HLYIN)) 

1,045 1,002 0.959 0,937 0,933 
0,939 0,985 0.978 0.991 1,104 1,163 

RATIOS or HOURLY DEMANDS 
TO WEEKLY PEAK (HRLYrC(H)) 

0 ,612 0 ,583 0 .563 0 . 553 
0,553 0,612 0.689 0,709 0,713 0,733 
0,748 0,738 0.728 0.71B 0,7l3 
0,7l8 0.728 0.738 0.699 9,680 0,631 

0,602 0,583 0.573 0,563 0,573 0,621 
0,699 0,738 0.816 0,383 0,942 
0.951 0,951 0.932 0.913 0,903 0'®'^ 
0,864 0,864 0.854 0,786 0,699 0,680 

0,631 0.602 0.583 0.583 0.50? 
0,699 0.738 0.816 0.874 0,913 
0,951 0.971 0.971 0.971 0.971 0«'5l 

0,922 0.922 0,854 0,757 0,7l3 

0.631 0,641 0,670 

0,922 

0 ,689 0 . 660 0 . 641 0 . 631 D,6.,i 
0,738 0.777 0.854 0.913 0,961 
0,971 0.990 0.990 0.990 0,971 
0,922 0,922 0.922 0.854 0,757 

0,689 0,660 0.641 0.621 0,641 0,680 
0,738 0,777 0 .854 0 .913 0,961 
0 ,981 0 . 990 0 .990 0 .981 0 ,971 
0,922 0.922 0.913 0.345 0,757 0,723 

0 ,680 0 , 660 0 , 631 0 , 621 0 , 631 
0,728 0,767 0.854 0.913 0,961 
0,981 1.000 0.990 0,990 0,971 0*'^^ 
0,951 0,942 0.932 0,064 0,786 ' 0,757 

0,699 0,660 0.641 0.621 0,621 
0,660 0.718 0.748 0.315 0,374 
0,893 0,893 0.874 0.364 0,354 0,335 
0,806 0.806 0.777 0.713 0,699 0,641 
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NUMBER or STATIONS IN SYSTEM (STrONS)= 11177 

H2 PIPELINE VOLUME (TPIPVL)= 113T9 MOU-T 

H2 PIPELINE CAPACITY (PIPCAP)= 9.6 M-BH2 

H2 STORAGE CAPACITY (STGCAP)= 2265 M_BH2 

FUEL CELL CAPACITY (FCLCAP)= 26750 M/J 

NUMBER 0^^ STNS IN C/R STATION (NSTCM = )= 197 

MAX R2 SURPLUS (H2SRPL)= 2321 LBS2/H9 

TOTAL H2 COMPRESSOR POWER (PMCMPR)= 1131 MW 

CONN CBLE LGTH, C/R STATION (CBLOM^)= 11A5 K'T 

UNIT COSTS 

ELECTROLYZERS (CLBELZ)= 970 $/(LBH2/HR) 

REST OF NUCLEUS (CLBNCR)= 85 S/»L3H2/HR) 

TRANSM CABLES <CMWMTC)= 3000 $/MWwMl_E 

INVERTERS (CKWINV)= 15 S/KW 

COMPRESSORS (CKWCMP) 200 $/K>j 

FUEL CELLS (CKWFCL)= 135 $/KW 

STORAGE TANKS (CFSTNK)= 285 T/KCJFT 

RATES 

INTEREST RATE (RTINTR)= 0,085 

FEDERAL INCOME TAX RATE (RTFDTX)= 0,020 

STATE TAX RATE (RTSTTX)= 0.002 

LOCAL TAX RATE (RTLCTX)= 0.015 

INSURANCE RATE (RTINSR)= O.OOl 

OPER/MAINTENANCE LABOR RATE (RLA30R)= 0.005 

RATE OE ADMlN/GENERAL EXPENSES (RAGEXP)= 0,010 
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OPT I DNS 

OPTRCB= 2 OPOFH2= 4 0PINVR= 2 OPONOB= 2 

OPNCLR= 2 0PC0MP= 2 OPSTNK= 2 OP=LCZ= 2 

0?HPPI= 2 0PFLCL= 2 

OPPROD= 2 OPELCP= 2 OPCOST= 1 0P5KIP= 1 

ORBTSs NUMBER OF ORBITS PER UNIT 

OUTSTN= NUMBER OF STNS IN OUTER ORBIT OF EA UNIT 

STATNS= NUMBER OF STATIONS IN RE3I0N 

ELZCAP= ELECTROLYZER CAPACITY PER UNIT (LBRZ/HR) 

H2HAXM= MAX H2 IN REGION DURING OYCLE (KLBH2> 

CABLNG= CONN CABLE LENGTH IN REGION (K"T) 
P0MXUN= MAX AVAILABLE POWER PER UNIT (MW) 

POWRMX= MAX AVAILABLE POWER IN REGION (MW) 

PTRMRM= MW-MILES OF TRANSMISSION CABuE 

REGION 

1 2 3 4 5 

ORBTS 7 7 6 5 6 

OUTSTN 43 43 37 37 27 

STATNS 1557 1730 2730 3120 2040 

ELZCAP 0 31874 36230 35230 33489 

H2MAXM 0 319 752 871 569 

CABLNG 11792 13102 17907 20465' 12946 

POMXUN 10 38 1038 730 780 720 

POWRMX 9342 10330 15330 15720 12240 

PTRMRM 280 519 0 0 0 
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CUWNST= UNIT COST, WIND STATIONS 

CTWNST= TOTAL COST, WIND STATIONS 

CFCNCB= COST PER FOOT, CONN CABLES 

CTCNCB= TOTAL COST. CONNECTIMQ CABLES 

CUELCZ= COST OF ELECTROLYZERS IN A WINO UNIT 

CTELCZ= TOTAL COST, ELECTROLYZERS 

CUNCLR= COST OF REST OF NUCLEUS IN A WIND UNIT 

CTNCL.R= TOTAL COST. REST OF NUCLEUS 

CUNUCL= COST OF NUCLEUS IN A WIND UNIT 

CTNUCL= TOTAL COST. WIND UNIT NUCLEI 

CTTRC8= TOTAL COST, TRANSHISSION CABuES 

REGION 

1 2 3 4 5 

CUWNST 197 197 197 197 197 KS 

CTWNST 307 341 538 615'. 402 MS 

CFCNCB 12.50 12.50 12.50 12,50 12,50 $/FT 

CTCNCB 147 164 224 256. 162 MS . 

CUELCZ 0 30918 35191 35191. 32484 KS 

CTELCZ 0 309 739 845! 552 Ms 

CUNCLR 0 2709 3034 3084 2847 KS 

CTNCLR 0 27 65 74 48 Ms 

CUNUCL 0 33627 33275 33275! 35331 KS 

CTNUCL 0 336 804 919' 601 MS 

CTTRCB 841 1557 0 0 0 MS 

OPWNST 2 2 2 2; 2 
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GNRTNO= MUMBER OF WIND GENERATORS 

CUWNDG= UNIT COST 
CTWNDG= TOTAL COST 

GNRTHO 

CUWNBG 

CTWNDG 

OPWNDG 

GENERATOR TYPE 

1 

33531 

239 

8014 

2 

2 

0 

0 

0 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

5 

0 

0 

0 

0 

KS 

MS 

GENERATORS PER UNIT 

REGION 1 
TYPE 1 519 

2 

519 

3 

390 390 

5 

360 

TOTAL NUMBER OF GENERATORS 
REGION 1 

TYPE 1 4671 

2 

5190 

3 

S190 

4 

9360 

5 

6120 
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CMlPrP= COST PER MILE, H2 OFFSHORE PIPELINE 

CTPIPL= TOTAL COST PER SECTION, 42 0 ="F5HR 'PLINE 

OFFSHORE H2 PI'PEL INE^ SECTION 

1 2 3 4 5 6 7 3 9 10 

CMIPIP 65 116 252 495 495 495 62 4951 0 0 Ks/Ml 

CTPIPL 4 8 25 45 49 24 3 27 0 0 MS 

INSTALL C0ST» OFFSHORE H2 PlPtLINE= 95M$ 

MAX NUMBER OF STATIONS PER ORBIT 

ORBIT 1 2 3 4 5 6 7 3 9 10 

NUMBER 6 12 IB 25 31 37 43 50 56 62 

CMLTIVE 7 19 37 62 93 130 173 223 279 341 

EST LIFE OF SYSTEM CQMPO^EMTS 

YEARS 

WIND GENERATORS (LFWNGN) 25 

WIND STAT STRUCTURES (LFWDST) 25 

CONNECTING CABLES (LFCCBL) 100 

ELECTROLYZERS (LFELZR) 100 

REST OF NUCLEI (LFRNCL) 25 

TRANSMISSION CABLES (LFTCQL) 100 

OFFSHORE H2 PIPELINE (LFOFHP) 100 

INVERTERS (LFINVR) 25 

COMP/REDUCER STATION (LFCRST) 25' 

STORAGE TANKS (LFSTNK) 100 

FUEL CELLS (LFFLCL) 20 
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TOTAL ANNUAL 

Ml PCT MS PCT 

ELECTROLYZERS 2445 11,3 ?0B 10,1 

REST OF NUCLEI 214 1,0 21 1,0 

COSTS OF COMP/REDUCER STATION 
• 

TOTAL 
Ml 

WIND GENERATORS 141 

WIND STN STRUCTURES 39 

CONNECTING CABLES 14 

COMPRESSOR UNITS 236 

REDUCTION VALVES 10 

NUCLEUS STRUCTURE 4 

HIGH PRESS PIPELINE 54 
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COSTS or SYSTEM COMPONENTS 

TOTAL ANNUAL 

MS PCT M$ PCT 

WIND GENERATORS 8014 37,1 783 38,1 

WIND STAT STRUCTURES 2202 10.2 215 10,5 

CONNECTING CABLES 953 4,4 81 3,9 

WIND UNIT NUCLEI 2659 12,3 229 11 il 

TRANSMISSION CABLES 2393 11,1 204 9,9 

OFFSHORE H2 PIPELINE 280 1.3 24 1,2 

INVERTERS 401 1.9 39 1,9 

COMP/REDUCER STATION 499 2,5 49 2,4 

STORAGE TANKS 570 2,6 48 2,4 

FUEL CELLS 3611 16,7 382 18,6 

TOTAL COST . 21537 2054 

ANNUAL COSTS (M$) 

INVESTMENT {RETURN + DEPRECI AT 1 ON) 2054 

FEDERAL INCOME TAX 432 

STATE TAXES 43 

LOCAL TAXES 324 

INSURANCE 22 

OPERATION AND MAINTENANCE LA30R 108 

ADMIN AND GENERAL EXPENSES 216 

TOTAL ANNUAL COST 3198 

ANNUAL ELECTRIC DEMAND 159200 GWH 

COST PER KILOWATT-HR 2.01 CENTS/KWH 
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HYDROGEN IN STORAGE AT END OF EACH DAY {ML.3) 
1832 
1885 
1803 
1821 
1974 
1875 
1906 
1941 
2024 
1980 
1927 
1915 
1621 
1544 
1464 
1466 
1506 
1381 
1446 
1307 
1368 
1436 
1463 
1631 
1635 
1815 
1912 
2070 
2063 
2074 
2244 
2250 
2158 
2176 
2224 
2247 

1801 
1864 
1773 
1672 
1942 
1856 
1911 
1983 
1994 
1954 
1914 
1956 
1807 
1512 
1484 
1520 
1550 
1375 
1455 
1274 
1339 
14P4 
14B5 
1613 
1591 
1801 
1935 
2079 
2074 
2118 
2256 
2265 
2125 
2165 
2265 
2236 

1767 1786 1777 1794 1813 1828 1338 1849 
1887 1884 1383 1849 1855 1850 1B33 1818 
1781 1818 1796 17S7 1744 1746 1767 1775 
1919 1950 1993 2003 2016 1991 1961 1954 
1920 1910 1921 1391 1925 1911 1385 1896 
1895 1916 1884 1876 1878 1858 1330 1911 
1961 2011 1983 1948 1910 1928 1398 1893 
2000 2017 2033 2071 2095 2108 2072 2056 
1966 1985 1972 1990 19B9 1972 1952 1998 
1922 1927 1910 1878 1862 1835 1336 1883 
1932 1949 1952 1928 1945 1955 1933 1927 
1937 1958 1950 1938 1907 1866 1358 1831 
1775 1734 1693 1660 1638 1600 1563 1540 
1540 1542 1538 1501 1472 1509 1496 1472 
1461 1467 1444 1458 1444 1449 1416 1445 
1523 1486 1489 1472 1500 1473 1488 1465 
1577 1557 1566 1536 149^ 1457 142S 1414 
1337 1358 1323 1325 1372 1398 1442 1460 
1428 1391 1363 1321 1319 1314 1326 1350 
1239 1218 1257 1243 1291 1318 1325 1336 
1368 1357 1337 1348 1377 1403 1397 1398 
1450 1427 1426 1429 1438 1441 1483 1457 
1465 1489 1510 1515 1552 1568 15.89 1628 
1646 1653 1635 1652 1649 16B1 1545 1662 
1572 1580 1614 1639 1637 1733 1766 1798 
1835 1871 1856 1359 1839 1910 1919 1923 
1942 1943 1973 1970 2012 2059 2107 2113 
2089 2107 2104 2099 2076 2048 2036 2039 
2 0 34 2008 2020 2016 2055 2067 2103 2105 
2115 2159 2215 2229 2251 2264 2229 2233 
2265 2265 2265 2265 2255 2265 2265 2265 
2264 2265 2265 2265 2239 2211 2181 2144 
2118 210 7 2154 2200 2209 2152 2193 2209 
2132 2112 2083 2100 2113 2165 220 8 2211 
2265 2253 2265 2265 2265 2265 2i65 2263 
2265 222.9 2198 2200 2252 2242 2252 2240 
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CUM ENGy FROM EACH 6NRTR IN LVL U, RGN K, MWH. 

7733 7783 3033 8033 5033 

8675 8675 8926 3926 5926 

CUM FUN USES 1 fROM EA GNRTR, LVL 5), RGN K, MWH 

20 20 32 32 32: 

56 • 56 62 52 62. 

O
 

c
 

ENGY FROM EA STATION IN RGN MWH 

24241 24241 24992 24992 2499?: 

CUM ENGY INTO NCL FROM 0R8IT N, RGN <, MWH 

145448 145448 149949 149949 149949' 

290897 290897 299398 299898 299893 

^36344 . 436344 449846 449846 449346^ 

$06033 6Q6033 624735 624735 524735: 

751479 751479 774733 774733 774733 

896925 896925 924679 924679 674765 

1042371 1042371 0 0 0 

CUM CONN ENGY LOSSES, 0R3IT V, RGN K, MWH 

0 0 0 0 0 

1 1 1 1 1 

2 2 2 2 2 

4 4 4 4 4 

6 6 6 6 6 

8 8 9 9 6' 

11 11 
0 

0 0 0 
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CUM ENGY INTO EA NUCLEUS, RGN K, MNH 

4193739 4193739 3?48892 3245832 2993963 

CUM CONN ENGY LOSSES FOR EA UNIT» RGN <, M4H 

32 32 22 22 I?' 

CUM ENGY INTO ALL NUCLEI OF RGN H:, GWH 

37743650 41937358 68226516 77973152 5o98?453 

CUM AVAILABLE ENGY ASHORE, RGN Kt GWH 

33765 37366 60176 67790 43774 

H2 WSTD 3Y INSUFF ELECTROL CAP, RON 4, MLBH2 

Q 0 0 0 0 

UTILIZATION OF TRANSMISSION LINES, RGN K 

0,46 0.43 ,0.00 0,00 0. 

EL ENGY PROD BY GNRTRS (CMENER) 277 G4H 

ENGY INTO ALL NUCLEI (CMENUC) 277 G4H 

AVAIL ENERGY ASHORE (CMENSH) 242871 G-fH 

ELECTRIC ENERGY DEMAND (CMDMND) 159367 G4H 

H2 PRODUCED (CHPROD) 9284 M'-BHE 

H2 WSTD INSUFF STG CAP (CHNSTO) 782 M'.B42 

UNSATISFIED H2 DEMAND (CUNSTF) 0 MLB42 

TIME 31,660 SEC 
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HYDROGEN IN STORAGE AT END 0" EACH DAY (ML3) 

2245 2243 2211 2180 2166 2191 2134 2227 224 3 2221 
2186 2155 2165 2210 2260 2265 2247 2223 2196 2191 
2239 2256 2229 220 4 2177 2230 2255 2256 2261 2265 
2265 2265 2265 2265 2243 2217 2139 2156 2182 2180 
2144 2115 2078 2093 2081 2031 2057 2030 2119 2086 
2074 2093 2090 2070 2063 2109 2119 2093 2366 2091 
2145 2157 2163 2149 2144 2191 22 42 2252 2229 2238 
2263 2265 2265 2255 2265 2265 2258 2251 2233 2233 
2250 2238 2226 2223 2195 2202 2241 2218 2259 2225 
2201 2173 2137 2124 2096 2073 2111 2139 2126 2101 
2122 2163 2162 2135 2095 2057 2041 2030 1996 2005 
1987 1958 1989 1977 1943 1906 1873 1840 1306 1808 
1775 1742 1751 1778 1815 17 92 1751 1710 1574 1642 
1660 1711 1747 1743 1704 1663 1648 1626 1588 1549 
1508 1515 1491 1460 1444 1406 1394 1355 1314 1274 
1269 1291 1273 1250 1238 1268 1270 1250 1218 1197 
1210 1230 1193 1151 1159 1137 1101 1064 1023 1011 
1010 981 948 910 870 631 801 615 34 3 852 

819 818 827 840 387 916 961 975 960 941 
944 944 945 939 914 925 921 904 936 970 

1000 971 927 886 886 845 859 829 357 883 
883 661 826 843 367 871 873 903 928 934 
976 1027 1056 1062 1050 1052 1078 1074 1088 1114 

1120 1160 1190 1161 1143 1153 1130 1164 1175 1204 
1229 1266 1278 1323 1336 1353 1395 1394 1412 1410 
1372 1399 1444 1464 1499 1495 1519 1531 1563 1569 
1558 1593 1631 1629 1621 1639 1617 1622 1512 1625 
1680 1654 1702 1749 1763 1791 1790 1778 1754 1771 
1739 1773 1774 1821 I860 1870 1905 1910 1900 1925 
1973 1965 1982 1948 1973 2018 2006 2Q47 2399 2144 
2164 2174 2189 2225 2224 2200 2244 2261 2265 2265 
2265 2246 2229 2261 2265 2265 2265 2258 2237 2223 
2227 2221 2195 2216 2233 2263 2258 2248 2232 2261 
2257 2224 2254 2248 2211 2217 2255 2255 2254 2218 
2222 2257 2265 2265 2257 2227 2229 2249 2260 2265 
2234 2257 2265 2265 2251 2227 2198 2194 2219 2195 
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CUM ENGY FROM EACH GNRTR IN LVL d, RGN K, MWH 

7720 7720 7961 7961 7961; 

8586 3586 8833 8833 3833-

CUM FLH LSES FROM EA GNRTR, LVL d, RGN K, MWH. 

52 52 70 70 70 

110 110 124 124 124 

CUM ENGY FROM EA STATION IN RGN M4H 

24026 24026 24755 24755 24755! 

CUM ENGY INTO NCL FROM ORfllT N» RGN <, MWH 

144156 144156 148532 148532 143532; 

288312 263312 297063 297063 297063: 

432467 432467 445594 445594 445594 

600648 600648 618830 613830 515830 

744802 744802 767410 767410 767410 

888956 888956 915939 915939 665383 

1033109 1033109 0 0 0 

CUM CONN ENGY LOSSES, 0R9IT N, RGN K, MWH 

0 0 0 0 3 

1 1 1 1 I: 

2 2 2 2 2: 

4 4 4 4 4 

6 6 6 6 6. 

8 8 9 9 5 

11 11 Q 0 0 
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CUM ENGY INTO EA NUCLEUS, f^GN K, MXH 

4156477 4155477 3218172 3213172 2970621 

CUM CONN ENGY LOSSES FOR EA UNIT/ RGN <, M4H 

32 32 22 22 1?' 

CUM ENGY INTO ALL NUCLEI OF RGN i, G4H 

37400290 41564767 67581619 77235137 50500562-

CUM AVAILABLE ENGY ASHORE, R3N K; GWH 

33465 37034 59607 67149 43360 

H2 WSTD 8Y INSUFF ELECTROL CAP, RGN <, MLBH2 

0 0 0 0 0 

UTILIZATION OF TRANSMISSION LINES, R3N K 

.0,46 0.43 0,00 0,00 0, 

EL ENGY PRDD BY GNRTRS (CMENER) 274 G'lH 

ENGy INTO ALL NUCLEI (CMENUC) 274 G4H 

AVAIL ENERGY ASHORE (CMENSH) 240616 G4H 

ELECTRIC ENERGY DEMAND (CMDMND) 159404 G4H 

H2 PRODUCED (CHPROD) 9194 M-B42 

H2 HSTD INSUFF STG CAP (CHWSTD) 906 MLBH2 

UNSATISFIED H2 DEMAND (CUNSTF) 0 MLB 42 

TIME 32,183 SEC 
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HYDROGEf^ IN STORAGE AT END Of EACH DAY {ML3) 

2206 2253 2265 2252 2226 2238 2258 2226 2253 2265 
2249 2210 2187 2153 2135 2152 2151 2153 2169 2201 
2193 2225 2246 2213 2177 2157 2118 2035 2103 2140 
2139 2122 2094 2095 2059 2037 2029 2007 2034 2033 
2057 2023 2014 2033 2050 2054 2015 1998 1963 1968 
1975 1956 1933 1898 1867 1331 18 94 1920 1908 1879 
1859 1693 1878 1844 1815' 1777 1747 1759 1780 1746 
1710 1731 1723 1764 1741 1703 1666 1646 1616 1629 
1631 1607 1612 1662 1661 1631 1614 1648 1649 1612 
1611 1609 1592 1558 1526 1497 1477 1454 1447 1459 
1493 1499 1438 1454 1413 1385 1361 1325 1292 1266 
1278 1257 1266 1239 1209 1212 1217 1232 1203 1170 
1163 1154 1151 1169 1177 1154 1132 1176 1164 1134 
1101 1106 1084 1086 1098 1093 1054 1013 992 951 
972 957 927 937 926 392 871 835 351 873 
870 843 848 843 807 797 776 756 778 811 
818 656 864 838 046 859 842 801 310 819 
781 759 725 684 718 770 760 731 696 668 
662 670 636 634 633 651 634 637 735 771 
741 713 688 704 719 755 743 749 743 699 
677 672 655 653 638 668 676 639 516 586 
590 573 531 544 539 549 531 577 505 625 
653 681 673 709 757 738 770 738 776 772 
812 657 869 859 872 843 872 872 351 883 
908 889 867 842 856 675 837 918 393 925 
924 903 874 908 929 957 944 971 997 1012 

1024 1054 1102 1140 1160 1179 1206 1235 1209 1204 
1173 1207 1246 1235 1236 1224 1240 1235 1301 1312 
1337 1333 1315 1275 1248 1232 1323 1374 1407 1450 
1475 1441 1458 1499 1551 1562 1575 1546 1543 1565 
1542 1591 1571 1532 1533 1569 1616 1653. 1701 1706 
1727 1730 1702 1660 1640 164 0 1677 1692 1726 1738 
1776 1626 1866 1876 1883 1900 1907 1953 1992 2017 
2061 2064 2092 2127 2164 2159 2212 2264 2264 2232 
2193 2201 2224 2236 2228 2225 2206 2216 2239 2250 
2260 2265 2260 2262 2233 220 3 2131 2157 2126 2108 
2093 2063 2040 2008 1979 1983 1974 1938 1927 1921 
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CUM ENGY FROM EACH GNRTR IN LVL d, RSN K. MWH, 

7112 7112 7340 7340 7340 

7959 7959 8206 8206 3205-

CUM FLN LSES FROM EA GNRTR» LVL d, RSN K, MWH 

42 42 70 70 70 

110 110 120 120 120 

CUM ENGY FROM EA STATION IN 9GN MWH 

22182 22182 22857 22837 22837 

CIJM ENGY INTO NCL FROM O.RSIT N, RGN <,,MWH 

133093 133093 137321 137321 137321; 

266186 266186 274642 274642 274642. 

399278 399278 411963 411953 411963. 

554553 554553 572170 572170 572170 

687644 687644 7D94B9 709439 709439 

820735 820735 846809 846809 617941; 

953826 953826 0 0 0 

CUM CONN ENGY LOSSES, ORBIT N, R0N K, MWH 

0 0 0 0 0 

1 1 1 1 

2 2 2 2 

3 3 . 4 4 

5 5 5 5 

8 8 8 8 

10 10 0 . . 0 0 
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CUM ENGY INTO EA NUCLEUS, RGN K, MWH 

3837498 3337498 2975231 2975231 2745414 

CUM CONN ENGY LOSSES FOR EA UNITf RGN <, M4H 

29 29 20 20 13 

CUM ENGY INTO ALL NUCLEI OF RGN K. G>IH 

34537482 38374980 62480909 71405753 46589041; 

CUM AVAILABLE ENGY ASHORE. RGN K^ GW4 

30897 34192 55l08 62031 40087 

H2 WSTD BY INSUFF ELECTROL CAP. RGN <, MLB42 

. 0 0 0 0 0 

UTiLfZATIOM OF TRANSMISSION LINES. R3N K 

0,42 0.40 0,00 0.00 0.00 

EL ENGY PROD BY 3NRTRS (CMENER) 253.G4H 

ENGY INTO ALL NUCLEI (CMENUC) 253 G4H 

AVAIL ENERGY ASHORE (CMEN3H) 222366 G4H 

ELECTRIC ENERGY DEMAND (CMDMND) 159437 G«IH 

H2 PRODUCED <CHPROD) 3495 M.B42 

H2 WSTD INSUFF STG CAP (CHWSTD) 100 M'-B42 

UNSATISFIED H2 DEMAND (CUNSTt^J 0 M'.B42 

TIME 31,779 SEC 



136 

HYDROGEN IN STORAGE AT END or EACH DAY (ML9) 

1893 1914 1921 1972 2004 1979 1950 1935 1915 1899 
1877 1842 1804 1794 1773 1754 1750 1747 1723 1719 
1720 1709 1683 1657 1648 1663 1646 1657 1643 1617 
1614 1620 1625 1605 1579 1557 1532 1543 1529 1549 
1520 1490 1477 1451 1427 1411 1424 1396 139 8 1421 
1421 1432 1411 1374 1339 1313 1336 1320 1331. 1331 
1311 1308 1335 1304 1274 1271 1259 1248 127 9 1278 
1258 1254 1294 1293 1300 1317 1323 1354 1359 1360 
1339 1306 1270 1233 1217 1233 1238 1245 1228 1206 
1204 1233 1212 1210 1187 1150 1137 1115 1117 1111 
1109 1096 1075 1041 1006 986 992 993 964 950 

956 941 942 958 985 1006 990 955 984 955 
922 894 864 825 804 800 767 730 713 715 
689 667 647 609 572 545 516 434 463 499 
525 506 492 493 474 462 433 411 376 369 
368 337 362 347 307 234 267 250 23 6 240 
273 248 222 208 193 183 154 163 166 140 
183 190 166 137 104 88 114 150 180 186 
206 249 297 320 301 294 330 307 267 269 
265 270 273 253 264 274 235 320 326 358 
328 321 299 324 353 382 349 370 363 3Bl 
354 330 308 328 353 333 3B7 425 435 457 
423 376 332 330 312 283 320 353 379 419 
415 438 463 511 437 526 519 500 526 532 
503 529 560 554 513 499 491 503 493 509 
502 533 504 549 539 620 6 36 640 554 698 
685 733 733 791 798 788 830 830 384 928 
975 959 972 958 935 907 914 830 920 923 
905 667 890 909 957 933 954 937 1015 1043 

1021 1017 1059 1090 1094 1117 1173 1174 1139 1123 
1161 1210 1249 1228 1222 1221 1196 1233 1280 1316 
1322 1369 1404 1415 1411 1457 1460 1432' 1412 1461 
1477 1519 1549 1595 1641 1633 1599 1636 1514 1610 
1586 1565 1547 1566 1578 1590 1594 1608 1520 1595 
1615 1662 1663 1651 1642 1696 1746 1773 1754 1720 
1702 1704 1704 1735 1725 1731 1731 1703 1711 1754 
1755 1719 1706 1709 1670 1635 1612 1578 1569 1558 
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CUM ENGy FROM EACH GNRTR IN LVL a. RGN K, MW-t 

6940 6940 7199 7199 7199 

7901 7901 8175 8176 B175 

CUM FLN LSES FROM EA GNRTR/ LVL J f RGN K, MWH 

30 30 44 44 44-

64 64 64 64 64-

CUM ENGY FROM EA STATION IN RGN K> M4H 

21782 21782 22574 22574 22574 

CUM ENGY INTO NCL FROM ORBIT N, RGN <, MWH 

130690 130690 135445 135445 135445' 

261380 261380 270889 270839 270889' 

392059 392069 406333 406333 405333 

544540 544540 564351 564351 564351; 

675228 675228 699794 699794 699794 

805916 505916 835237 635237 609497 

936604 936604 0 0 0 

CUM CONN ENGY LOSSES, ORSIT N. R3N IK, MWH 

0 0 0 0 0' 

1 1 1 1 1; 

2 2 2 2 2: 

3 3 3 3 3 

5 5 5 5 51 

7 7 8 8 5 

10 10 0 0 0 
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CUM ENGY INTO EA NUCLEUS. RUN K, MWH 

3768209 3768209 2934623 2934623 270B883. 

CUM CONN ENGY LOSSES FOR EA UNiTi RGN <. MWH 

29 29 19 19 17 

CUM ENGY INTO ALL NUCLEI OF 2GN <, G-^H 

33913677 37682085 61627078 70430947 46051014 

CUM AVAILABLE ENGY ASHORE, RGN Ki GWH 

30339 33575 54355 61233 39539 

H2 i^STO 3Y INSUFF ELECTROL CAP. RGN <, MLBH2 

0 0 0 0 0 

UTILIZATION OF TRANSMISSION LINES. RGN K 

0 , 41 0 . 39 .0 , 00 0 . 00 0. 00 

EL ENGY PROD BY GNRTRS (CMENER) 

ENGY INTO ALL NUCLEI (CMENUC) 

AVAIL ENERGY ASHORE (CMENSH) 

ELECTRIC ENERGY DEMAND (CMDHNO) 

H2 PRODUCED (CHPROD) 

H2 NSTD INSUFF STG CAP (CHWSTD) 

UNSATISFIED H2 DEMAND <CUNSTF) 

250 C^H 

250 G4H 

219041 G4H 

159911 GWH 

3364 M'.B42 

0 MLB42 

0 MLB42 

TIME 32,024 SEC 
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APPENDIX IV 

Output Variables 

System Characteristics 

STIONS: Total mnnber of wind stations in the system. 

3 TPIPVL: Offshore pipeline volvnne (Mft ) . 

PIPCAP: Offshore pipeline capacity (Mlb H2). 

STGCAP; Hydrogen storage capacity Ollb H2). 

PCLCAP: Total fuel-cell capacity CMw). 

NSTCMP; Number of wind stations in compressor-reducer station. 

H2SRPL: Haximtm hydrogen surplus. 

PHCMPR: Total power of hydrogen compressors. 

CBLCMP; Total connecting cable length in compressor-reducer station. 

ORBTSCK); Number of orbits per unit, region K. 

01JTSTN(K) ; Number of stations in the outer orbit of each wind unit, 

region K. 

STATNSCK): Total ntnnber of stations, region K. 

ELZCAPCN)J Electrolyzer capacity in each wind xmit, region K (lb H^/hr). 

HZMAXMCK) I Maximum H2 that can be produced in region K during a simula­

tion cycle (klb H2)• 

CABLNGCK): Total connecting cable length, region K (kft). 

PQMXUN(K); Maximvm power available at the nucleus of each unit, region 

K (Mw). 
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POWRMXCK) : power available at all Buclei of region K Ob'). 

PTBMMCK) : Megawatt'-miles of transmission cable, region K. 

GKRTNOCl)! Total number of generators of type I in the system. 

GNENUNCI,K): Number of generators of type I per wind unit of region K. 

GNENOCl»K)! Total nvnnber of generators of type I, region K. 

System Costs 

CTWNSTCK)5 Total cost of wind station structures, region K. 

CTCNCBCK): Total cost of connecting cables, region K. 

CUELCZCK): Cost of electrolyzers in a wind unit, region K. 

CTELCZCK): Total cost of electrolyzers, region K. 

CUNCLRCK): Cost of rest of nucleus in a wind unit, region K. 

CTNCLRCK); Total cost of rest of nuclei, region K. 

CUNUCLCK) ; Cost of a complete wind unit nucleus, region K. 

CTNUCLCK)I Total cost of wind unit nuclei, region K. 

CTTRCBCK): Total cost of transmission cables, region K. 

CTWNDGCI): Total cost of wind generators of type I in the system. 

CTPIPLCL): Total cost of section L of offshore hydrogen pipeline 

Cinstallation cost not included). 

This section includes, besides, the total and annual investment costs, 

and the cost per kwh, exhibited on pp. 125T-12& CAppendix IXIi. 

Simulation Outputs 

HSTlCl)' Hydrogen in storage at the end of Ith simulation day, 

1=1,...,10 (Mlb H^). Printed every ten simulation days. 

The following outputs are printed at the end of each simulated year and 
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represent cnmuletive annual figures: 

CMENGNCJJK^) : Energy from each, generator In level J of region K CMwh) . 

CMFELSCJ,K)i Purling energy losses from each generator In level J of 

region K O&rh} . 

CMENSTCK): Energy from each, wind station In region K (Mwh) . 

CMENNCCNJK): Energy that reached each nucleus of region K from the Nth 

orbit of Its wind unit CMwh). 

CMENLS(N,K): Coimectlng cable losses for orhlt N of each unit of region 

K (Mwh). 

CMEYNC CK): Energy that reached each nucleus of region K (Mwh). 

CMEYLSCK): Connecting cable losses for each wind unit of region K (l&rh) . 

CMENCRCK): Energy that reached all nuclei of region K CGwh). 

CMESHRCK)I Inverter energy output obtainable by direct transmission If It 

were available, region K CGwh). 

CHWSTICK): Hydrogen wasted by Insufficient electrolyzer capacity, region 

K (KLh H^) . 

TRUTIL(K): Utilization of transmission lines, region K. 

CMEMER: Total energy produced by all generators In the system (Gwh) . 

CMENUG: Total energy that reached all nuclei (Gwh). 

CMENSH: Total Inverter energy output obtainable by direct transmission 

If It were available to all regions (Gwh). 

CMDMKD: Electric energy demand (Gwh). 

CHPROD: Total hydrogen produced (Mlb H2). 

CHWSTD: Hydrogen wasted by Insufficient storage capacity (Mlb H^) • 

CUNSTF: Unsatisfied hydrogen demand (Mlb H2)• 
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APPENDIX 7 

Available Options for the Extimation 

Of System Component Costs 

Note: An option is assigned a zero value when it is not being used. 

a. Option for wind generators of type I, OPWNDGCl) 

Value Meaning 

1. Estimating relation for the cost of a complete unit, installed, 

is used. 

2. Estimate of the cost of a complete unit, installed, is provided 

by the user. 

3. Estimates of costs of individual components and installation 

costs are provided by the user. 

b. Option for wind stations in region K, OPWNSTCK) 

Possible values and meanings are identical to those in part a. 

c. Option for connecting cables, OPCNCB 

Value Meaning 

1, Estimating relation for the cost per foot of installed cable is 

used. 

2. Estimate of the cost per foot of cable, installed, is provided 

by the user. 

d. Option for electrolyzers, OPELCZ 

Value Meaning 

1. Estimating relation for the cost per unit capacity of 
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electrolyzers, installed, is -used. 

2. Estimate of the cost per unit capacity of electrolyzers, installed, 

is provided by the user. 

Note: Electrolyzer capacity is measured in lbH2/hr. 

e. Option for rest of wind unit nucleus, OPNCLR 

Value Meaning 

1. Estimating relation for the cost of the rest of the nucleus, 

installed, per unit of electrolyzer capacity, is used. 

2. Estimate of the cost of the rest of the nucleus, installed, per 

unit of electrolyzer capacity, is provided by the user. 

Note: The cost of a wind station in the nucleus (wind generators and 

structure) has already been included under wind generator costs 

and wind station structure costs. 

f. Option for transmission cables, OPTRCB 

Value Meaning 

1. Estimating relation for the cost per MVA-mile of installed trans­

mission capacity is used. 

2. Estimate of the cost per MVA-mile of installed transmission capacity 

is provided by the user. 

g. Option for offshore H2 pipeline, 0P0FH2 

Value Meaning 

1. Estimating relation for the cost per mile of each pipe type, 

installed, is used. 

2. Estimate of the total cost of the pipeline, installed, is pro­

vided by the user. 
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« 3. Estimates of the cost per mile of each pipe type. Installed, are 

provided by the user. 

4. Estimates of 

Ci) the cost per mile of each pipe type, and 

cm total installation costs Cpi^ovided by the user) . 

h. Option for inverters, OPINVR 

Value Meaning 

1. Estimating relation for the cost per kw of capacity, installed, 

is used. 

2. Estimate of the cost per kw of capacity, installed, is provided 

by the user. 

i. Option for hydrogen compressors, OPGOMP 

Possible values and meanings are identical to those in part h. 

j. Option for high pressure pipeline, OPHPPl 

Value Meaning 

1. Estimating relation for total cost, installed, is used. 

2. Estimate of total cost, installed, is provided by the user, 

k. Option for fuel cells, OPFLCL 

Possible values an d meanings are identical to those in part h. 

1. Option for storage tanks 

Value Meaning 

3 1^ Estimating relation for cost per 1000 ft , installed, is used. 

3 2. Estimate of cost per 1000 ft , installed, is provided by user. 
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APPENDIX VI 

Input Tape Format, Wind Observations 

IRG 

Is t. day 2nd. day 

date hour 1V date 

yr mo day 00 01 02 23 yr 
i 

no ! d 

X X Y Y Z Z WWW www www// wwwjxx Y Y Z 

10 th.. day 

date 

yr 

X X 

mo 

Y Y 

day 

Z Z 

hour 

GO 

WWW 

01 

www 

02 23 

W W W ill www 

IRG 

WWW Three digit number (unsigned) 

000-998 Wind speed (knots) 

999 Unknown or invalid observation 

XX Last two digits of the year 

YY Month of the year (1 to 12) 

ZZ Day of the month (1 to 31) 
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APPENDIX VII 

Estimated Wind Energy Productivity of Selected Regions 

in the United States 

Annual Capacity by Year 

Offshore, New England 159x10^ kwh 1990 

Offshore, New England 318x10^ kwh 2000 

Offshore, Eastern Seabord, along the 
100 meter contour, Ambrose shipping channel 
south to Charleston, B.C. 283x10^ kwh 2000 

Along the East-West Axis, Lake Superior 35x10^ kwh 2000 

Along the North-South Axis, Lake Michigan 29x10^ kwh 2000 

Along the North-South Axis, Lake Huron 23x10^ kwh 2000 

Along the East-West Axis, Lake Ontario 23x10^ kwh 2000 

Through the Great Plains from Dallas, Texas, 
North in a path 300 miles wide West-East, 
and 1300 miles long. South to North. 
Wind stations to be clustered in groups of 
165, at least 60 miles between groups (a 
very sparse coverage) 210x10^ kwh 2000 

Offshore the Texas Gulf Coast, along a 
length of 400 miles from the Mexican border, 
eastward, along the 100 meter contour 190x10^ kwh 2000 

Along the Aleutian Chain, 1260 miles, 
on transects each 35 miles long, spaced 
at 60 miles intervals, between 100 meter 
contours. 
Hydrogen is to be liquefied and transported 
to California by tanker. 402x10^ kwh 2000 

Estimated Total Production 1.536x10^^kwh 2000 
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APPENDIX -VIXI / 

a. Average Weekly Electric Demand Peaks, New England CMw) 

Soure; Internal Docnment of the New England Planning Committee, 

West Springfield, Mass. 

Week Demand Week Demand Week Demand Week Demand 

1 9288 14 8344 27 7667 40 8643 

2 9383 15 8347 28 8463 41 8699 

3 9358 16 8278 29 8512 42 8819 

4 9212 17 8393 30 8720 43 8821 

5 9224 18 8198 31 8507 44 9570 

6 9039 19 8518 32 8823 45 9712 

7 8903 20 8346 33 8805 46 9875 

8 8767 21 8482 3A 8767 47 9954 

9 8595 22 8053 35 8884 48 9983 

10 8599 23 8573 36 8730 49 10094 

11 8501 24 8474 37 8587 50 10343 

12 8505 25 8640 38 8757 51 10690 

13 8518 26 8633 39 8717 52 10386 

Monthly Averages of Weekly Peaks, New England (Mw) 

(Derived from part a) 

Month Demand Month Demand Month Demand 

Jan 9302 May 8349 Sep 8710 

Feb 8916 Jtin 8526 Oct 8825 

Mar 8539 Jul 8361 Nov 9832 

Apr 8342 Aug 8765 Dec 10353 

Average = 8902 




