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CHAPTER T
INTRODUCTION AND REFERENCE LITERATURE

Engineering, an "older" definition, is defined as
"the application of science ... to produce ... for thé
Welfare and venefit of mankind". The general goal of this
research investigation is to meet the latiter part of the
above definition. The hope is that this goal will be
achieved by a research contribution to menkind's guest for
energy.

The preceding contribution is planned Dby research ac-
compliéhments towards the following specific goal; The
snecific goal of this dissertation is the economic analysis
of conceptual models of energy storage systems. Eor this
analysis a simulation system is developed to examine the
economic feasibility of energy conversion systems coupled
with storage technologies on the basis of an annual energy
demand .

The subsidiary system simulation models require the
capabilities for examination of varying energy storage
technologies, and for examination of power generation and
storage systems which utilize unconvehtional energy SOUICES.
For the design and selection of energy systems the simu-

lation results need to present information about both the



costs and capacity requirements of the associated equipment.
A successful accomplishment of this goal will result in an
improved state-of-the-art for analysis of energy storage
technologies, and will advance the current knowledge about

the feasibility of energy conversion and storage systems.
Scope of Problem

One of the primary foundations for the economic growth
of today's nations is the production of energy—heavily
menifested in electricity. The rate and need for energy has
been growing faster than the population. Since 1900 in the-
United States, the generation of electrical energy has been
doubling every ten years [1].

- When the existing and potential energy needs are con-
sidered in terms of energy sources, the problem of energy
supply assumes a new magnitude of importance. If this
country is to maintain its standard-of-living and economic
growth much less the problems of worldwide growth in living
standards, then the productioﬁ of energy and sources of
energy can be viewed as a current, fundamental problem.

In the near future considerations will have to be
given to more efficient forms of utilizing existing energy
supplies, to new sources of energy, and to advanced tech-
nologies of converting energy to electrical form. ‘Without
research in all the aspects of this area, beginning soon,
the results to society could be severe for two key reasons:

first, long-time research efforts will be required for



solutions to the complex engineering problems; second, our
society of high population density. could not exist without

energy in the usable forms as required today.
Environment of.the Problem

Gaucher .[2], and others, report that by the year 2100
the present major sources of énergy, including fission, will
be unable to supply the tbtal energymrequirements._ﬂEven
with new energy soﬁrces,-théir utilization can require the
development of new energy conversion facilities. An |
example of new eﬁergy gource utilization is evident today
in the increasing construction of nuclear pdwer planfs in—
stead of building more.conventional, steam—turbine gener-—
ation, plants in some regions. Based on existing literature,
this problem area and its significance is not yet widely
recognized by the general population. .This may be largely
because the general population does not envision probléms
‘a century ahead, or it has the belief that "something will
be invented in time". Today oil companies and electrical
utilities are starting to consider a.longer‘ﬂtime horizon"®
-than just a decade. It is this recognition that has caused
part of the impetus to prognosticate and.to.évaluate.sources
of energy on a longer range basis than before, and to
support some research in this area. Yet, Sporn's [3] view~ .
point of this progress is not overly opitimistic. He relates:

Looking ahead to the end of this century,

growth in electrical energy generation in the
United States to a level of 6000 bi}lion kWh is.
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clearly indicated. The implications of sixfold
expansion over present levels in electrical energy
are: capital resource requirements amounting to
perhaps $300 billion; a build-up in annual primary
energy needs to a level of 1600 billion tons of
bituminous coal equivalent; and the numerous com-—-
plex technological problems created in designing,
building and operating the generation, trans-
mission and distribution facilities of the
yet not fully grasped much larger power systems
that will necessarily evolve. These constitute
an almost impossible to overemphasize challenge.
But they are also sobering prospects. Con-—
templating them one cannot help wonder whether
the electric power industry, inciuding both its
.manufacturing and utility segments, is alert
enough to visualize not only all these problems
involved in creating these systems but whether
it has the vision to see all the difficulties
which that act of creation will pose in so short
a time.

Relevant to the magnitude of this problem is
Schultz's [4] comment:

- During the past decade and a half it has
been the national policy of the United States
to support strongly research and advanced study
in those area of electrical engineering deemed
critical in our defense and space efforts, notably
electronics, communications, and control. As a
result, research in these areas has grown while
comparable growth has not occurred in the field
of power. . . . And various analyses seem to
indicate that a relatively small research effort
ig being made in the power field, small at
least in comparison with the size of the industry -
and obvious needs evidenced by its forecast growth.

These next comments of Schultz [4] indicate some
of the conservativeness in research efforts by those
industries directly concerned with power generations:

Equipment and appliance oriented manufacturers
are evidently increasingly reluctant to undertake
open-ended investigationg for the utilities
industry unless they can foresee a relatively
immediate market application. . . . The time is
now past when the electric utilities can rely



on the well-developed techniques of an earlier

day to promote the knowledge and skills that

will be required to implement the future.

Still, many advances are being made in the electrical

industry. Developments in. power transmission are notable.

R NG|

Improvements in operating costs have advanced considerably ™
in nuclear power generation. In some areas nuclear plants
with fuel subsidies are becoming competitive with conven-
tional generation. |
Behind these advances are the longer-range history
and current status in power generation. Conventional
conversion plants (steam tﬁrbinefgenerator_plants) are
nearly engineeringmopfimal iﬁ design and efficiency of
energy source conversion as individual units. A consider-
able body of literature exists on these plant designs. An
area of active research is caused by "power peaking"
energy requirements. The problem 1s one where the average
yearly generation capacity requirements are often on the
order of fifty per cent of peak-demand capacity require-
ments with concomitant losses in efficiency and plant
investment cost. The literature indicates a number of
attacks on these problems-—special purpose gas turbines,

pumped hydro storage, diversity exchg@ggnof power, and

(AN
Yy

long-range transmission for different time zones. Yet,
e nTEer T T .
many of these studies are of the immediate range of

solution to the general problems, and based more on current

technology for immediate problem solutions.



Storage of Energy

Underlying the problems of energy supply, the storage
v of energy is the age-old quest of man. Xarliest man wished
" that he could use winter's winds ﬁo pump watef in summer
~ and to grind grain in the fall; he wished to store summer's
~ heat for the winter. But the sources of energy wére often
not available at time of need. Availability of energy and
its demand were generally independent of each other. As
civilization developed and populations grew, greater demands.
for energy arose. . The energy of coal and oil, which had
been stored slowly by nature, became thevworld‘s major fuels.

As discussed, the problems of the future on a worldwide
basis require consideration of "unconventional" sources of
energy, if the demand. for power is to be met. In addition,
technological advances in these areas can also prove of
‘value to the conventional generafion problems of reduced
plant investment and increased fuel efficiency.

The fundamental problem is to make the géneratiqn of
enefgy independent of the demand for energy. This is
acooﬁblished by the storage of energy. Engineeriﬁg‘-
economy éfuﬁies g% t@ese systems for foreseen technologies

can direct research efforts towards fruitful results.
. Current Research Studies in Pumped Storage

Conventionhal conversion systems can be visualized as

a two-Dblock models: a conversion block which generates at



essentially the same rate as the demand function block.
This relationship is portrayed iﬁ Figure 1, where "blocks"
are entities of detail having logical wholeness in system
interrelationships.

However, when energy conversion utiliées an uﬁconu
trolled eénergy input (ortwhen combined with conventional
generation) then a three-block model is necessary to over-—
come the inequalities over time of input and output enefgy
rates. The first block can be visualized as directly
supplying demand, or the storage subésystem, or both (see
Figure 3). The second block, storage, in turn holds supplied
energy during some time periods, and sometimes supplies
energy to the demand block. The third block, demand,
obtaings its energy from either generation, or storage, or
both.

One such typical system under active research is the
"electrolysis—fuel cell" storage sub-system of a complete
energy conversion with storage system. Energy generation
input is received by the electrolysis component, whieh
breaks water into hydrogen anq oxygen. The hydrogen, in
turn, ig stored in some contaiher which acts as the time-
equalizer of input and output energy rates. When stored
energy demand occurs, this hydrogen with oxygen or air is
released to a fuel cell as the fuel for "combustion" by
which electricity is a direct product. This electricity can
be‘sent through an inverter to provide an alternating

current energy supply.



CONVERSION DEMAND

F—1 yEAR—] - b—1 YEAR—]

Figure 1. Two~Block Logic MModel of Con-
ventional Energy Conversion



The closest existing parallel of conventional forms of
generation to an energy storage system is hydroeléctric
generation. The purpose of the dam is to equalize the
difference in time-rates of input and demand‘outputev
Unfortunately, enough hydroelectricity is not available to
meet more than a small fraction Qf the needs for energy.

However, dams with nil or small watershed supply
have been built which purely act as an energy~storage sub-
system. These systems are called "pumped storage". There _~
are a number of power companies utilizing an integrated
combination of hydroelectricity, steam—turbine generation,
and "pumped storage! to gain some overall system economies
in fuel costs and capital investment. ggwever, economic
analyses of these combination systems for stdraé;wsub—
systems in terms of "pure" storage are prejudiced since the
effects of watershed flow are mixed with the aspects of
storage.

One of the nations's largest such combined systems is
the Smith Mountain Pumped Storage Hydro Project [5]. The
"stored energy", a combination of approximately a 1000 square
mile watershed plus the water pumped into the reservoir
during off-hours, is utilized to meet peaking loads for high
demand output hours in combination with conventional gener-
ation. This is a good example of engineering utilizing
natural advantages to improve efficiency. .ihoughiit is not
a pure storage system, its information is relevant. Cost

decisions for all equipment loading operations are based on
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the utility industry practices of incremental heat rates.
Choice of unit is the straight~fofward comparison of incre-
mental steam fuel costs versus the cost of hydro power. It
should be noted that at best this storagé‘furnishes only a
small per cent of peak load, and that the pumping capacity

is about one-fourth of the pumped sforage generating ca-
pacity. This hydro-generation cost ié in the upper ranges
ofvmills prer kilowatt—hour when compared to the conventional
generation units in this system [5]. When demand is at
lowest generation power levels, water is pumped into the
reservoir. At such tiﬁes.the conventional generation cost
for pumping,is lowest because: (1) the most efficient equip-
men't is.used, and (2) the fuel conversion efficiency is in-
creased by an improved running load percentage. A major
advantage of pumped storage is its ability to reach full e
load generation in about two minutes. This rapid start-up =
capability offers a significant advantage to emergency
loading problems, especially when independent of power
failure. A desirable factor of feasibility for any energy
storage block is Tthe capability of rapidly reaching full
load independent of any external power supply.

A large system in Canada composed of steam, nuclear,
and hydroelectrip plants utilizes some pumped-gstorage
energy 16]. In this article an analysis model,is,présented
whiéh adjusts hydro and thermal outputbts by an iterative
process until "further revisions would hot cover the ex-—

pense of extra computations®. Total production costs are



11

minimized with regard to availability of energy sources.
Pumped storage is plamned in terms similar to the pre-—
viously described generation system. Again, it should be
noted that this procedure is based on the predicted require-
ments "for weekly or daily economic dispatch" [6].

The most recent example of a "pure" (i.e. no watershed)
pumped storage system is in New Jersey [7]. Its costs and
unit efficiencies are based on combined pump-—~turbine gener—.
ator wnits. The economic trade—off relationships are des—
cribed as:

The reversible turbine-=generator units are

used this way: Af night and other times when the

customer use of electricity is low, surplus electric

power from other generating stations is used to

pump the water from the lower to the upper reservoir.

During the day as the use of electricity reaches

its peak, the water is allowed to run downhill

passing through the generating station. where it

operates the reversible turbine-generator as &
turbine to rotate the generator to produce
electricity. Thus the pumped~storage station

becomes a peaking unit, and results in steady,

more efficient operation of other stations.

The two-role unit efficiencies are of interest., With the
hydraulic head varying between 650 to 750 feet the turbine
generator efficiency varies up to 89.2 per cent. The unit,
when acting as a pump, runs over the range of the head at
90 per cent efficiency. Here is another example where
engineering design made useful advantage of an available
site capability for economic improvement.

Though not the first pumped storage sub-system in the

United States, the Taum Sauk project in Missouri is widely

known [8]. It is one of the first such installations of
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major size. This development was based on the new designs
of combined unit pump-turbine generators, for which its
capitalization economies made feasible such systems where
site conditions were desirable. Some economic relationships
in this study are pertinent to trade-off investigations.
These are [8]: |

The fact that some three kilowatt<hours of
pumping are reguired to store enough water to
produce two kilowatt-hours of on peak generation
poses an almost insurmountable economic problem
in the minds of many. These people fail to put
in focus the fact that the night-time pumping is
at low cost, whereas the energy delivered on
peak displaces energy which frequently would cos?t
twice as much as the energy used for pumping, and
sometimes even more. However, the more important
reason this 3 to 2 ratio is not controlling, is
that these plants are held as ready reserve most
of the hours that they are backing up the system
and actually cut peaks a comparatively. few hours
a year. In the overall economic eguation of
such a project, the cost of the energy lost in
the pumping is relatively small. In many cases
this could easily be less than half, and maybe
as little as one-third, of the savings on man-
power costs alone as compared to & thermal plant.

Here is a case then where’pumped.storage is used for
emergency and not on a\year~roundvbasisu Use of storage
on a daily or weekly basisnis '"mot ordinarily part of the
economic justification of a peaking project” [8]. It
happens at this site that the acre~feet capacity is a
fraction of the Smith Mountain project. There is also
the power system consideration of the mix of generation
units. A system with a high percentage of older, in-
efficient steam~turbine generation equipment and low base

loads has higher incremental fuel costs at peak loading for
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comparative economies. The rate of change of incremental
heat rate curves for major generation eguipment is sig-
nificant to the costs of pumping.  The éapacity rating of
the most efficient generation units relative to the daily
low demand loads also.affects the possibilities for eco-
nomic load factor gains by pumping.

Unfortunately, as in many of these studies of storage,
detailed after~the—fact total cost information is not too
readily -available. Especially, in the sense that natural
advantages of site, rainfall, et cetera, are separably
accounted so that only generalized extensions can be made.
However, the Taum Sauk project indicates that economies
are possible for their peaking load problems of as much
as forty per cent change in summer demand load between days
(only partially supplied by pumped storage). Based on
improved load factors for conventional eguipment and longer
amortization vperiods of some storage-block components, this
report estimates that for a good site the unit cost per
firm kilowatt is as much as forty per cent less than the

cost of conventional hydroelectric generation [8].
Current Research Studies in Nuclear Generation

The projections of the increased proportion of elec—
trical energy from fission fuels vary, but one estimate
value is about ten per cent by year 2200 [2]. Another
:description clarifies the utility industry viewpoint of

economic factors as [8]:
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The relatively low incremental cost of energy
expected from atomic plants as-their technology
becomes perfected, together with the desirability
of high load factor operation of such equipment,
will almost surely make hydroelectric generation
by means of pumped hydro storage a very usual
adjunct to the power systems of the future.

Defining "pumped hydro storage" as any economical storage
system emphasizes the potential role of storage. This is
especially relevant when it is considered that good storage
gsites are not always available nationally and that limited
acre-feet capacity prevents long-time storage cycles.
Rochman [9] further clarifies the need for storage in
nuclear conversion systems. Plant economy—of—scalé indi-
. cations are that of diminishing returns above 500 to 1000
megawatts capaditya Additionally, total annual cost per
kilowatt—~hour increases out of proportion to a drop in load
factor. Rochman's projections indicate that a thirty-eight
per cent reduction in energy output results in only a
thifteen per cent decrease in annual costs.. Thus, a vital
need for some economic storage technology exists, if the
high nuélear investment costs are not to raise energy costs.
General estimates for nuclear plant first costs are
200 dollars per installed kilowatt which is more than twice
the first cost of conventional plants. Moreover, if rela-—
tively constant running loads are.to be realized, the
implication of‘longmoycle time storage is significant to
this research‘investigationa

Stubbart and Zambotti [10] recognize this problem in

conceptual design comments about a nuclear conversion

i
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system. They suggest a generation output capacity of sixty
per cent of peak demand with the power balance met by pumped
storage. The nuclear generation supplies the base load and
the "bulkier" area of the peak load. It is expected that
the larger portion of the demand fluctuaﬁions are supplied
by the pumped storage. The same reference describes,.qualiw
tatively, the characteristics of the two plant sub-systems.
For nuclear and pumped storage, respectively, the compara-
tive factors are: éapital cost: high, low; operating cost:
high, low; maintenance cost: high, low; fuelvcost: low, high;
gualities are obvious. Pumped storage is demonstrated as
feasible with good site conditions. Load factor of pumped

storage is restrained by the acre-feet storage capacity.
Unconventional Energy Sources

High potential sources of non-fossil "fuels" appear
to be tigal, wind, and solar energy. Projections about frite
generation are often nebulous for all three energy sources;
their theoretical potential is large. The use of these
energy sources is held back by high cost or inefficient
conversion technologies. However, with practical methods
of conversion the above energy sources could help meet the
future demands for energy.

Underlying the most widespread possibility of utilizing
these energy’sourées is the inherent requiremént for storageu

The load factor availability of these sources is random, and
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the availability of energy is independent of demand needs.
It is this errafic and irregular output of energy that
especially affeéts wind generator development even though
its design state-of-the-art is well advanced (viz. aero-
dynamics)uv |

English design and costing studies in the wind energy
compendiuvm by Golding [11] indicate kilowatt-~hour costs as
low as three mills (circa 1950). These costs are for above
average condition power duration and velocity frequency
curves. There are Widespfead regions in the world in this
potential cost area. The load factor (i.e. time-availability
of generation) is much higher for wind aﬁd solar sources
than it is for tidal, unless tidal is combined with river
flow as in PFrance on the Rance River [12]. |

The ?otential growth of these generation éystems is
retarded by their own limited levels of applied research.
It is considered, however, that much of the impetus for
their development is held back by lack of a suitable storage

block technology.
Summary of Current Research Studies

The usefulness of energy storage is evident for Cdﬁ~‘
~ventional plants. Generation operating economies are
possible from better load factors, and, hence, lessened
fuel regquirements. Reduced investment in plant generation
capacity ig possible for low utilization, péak load periods

of the year.
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The fullest utilization of unconventional energy
sources require energy storage as a bagic condition. Here
the system difficulty is a lack of suitable storage tech-
nologies with universal applicability to the most advan-
tageous locations for the generation of ﬁncontrolled input.

Pumped storage is a feasible system today because of
its fairly high efficienciesland moderate capital costs,
However, successful adoptions are limited to a relativély
few acceptable sites. It should be noted that most of the
pumped storage applications are those where pumped storage
is sevefely limited in amount of storage "holding" capacity.
Because of this limited acre-~feet capacity, the pumped.
storage supplies only a fractional amount of generation
capacity or total energy. The pumped storage system is

often used primarily for emergency peaking.
System Model Research Concept

Throughout mdst of the literature references several
major factors are notable. Most of the powef systems, asg
existing équipment systems, use pumped storage as an alter-

native generation method (with advantageous sites) versus a

Now””

new cost conventional generation capacity of low utilization.

Pumped storage is often used as a limited emergency reserve;
in this situation, a more prevalent equipment is the gas
tﬁrbinea (The gas turbine is not constrained by acre-feet
capacity limitations but is limited by high-consumption fuel

costs.) Integral with these above conditions, all studies

S
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deal with the dispatching of facilities for time périods of
a week or even Jjust hours of a day.

Thus, it is impoftant to note that these reference
studies essentially have no total system effect on original
design of plant generation capacities. Their primary
economies are those of alternate.generation equipment based
on fuel efficiency conversion improvements aﬁd, or, time-
limited emergency”generatioﬁ where site advantages exist.
Because of the limited capacity and short-range diépatching,
the size of plant can be affected only at the most peak
period of the year, if then, depending on the existing con-
ventional equipment. This yearly demand peak can be just a
few hdurs of the full year. |

Thisg 1imit to changes in plant capacity is a result
of the very simple and direct relationship existing between
energy storage and plant generation investment. Use of
energy storage cannot reduce plant generation capacity for
that whole range of the demand curve which is below the peak ?
demand point ofipower genergtion capacity. ZLocal time-
period storage in this non-applicable range does not save
capital costs. Energy storage can substitute for conven-
tional generation e@uipment in some periods to gain fuel
economies as an alternate generator choice, but investment
is still made in that conventional equipment necessary for
those portions of the vear at higher demand loading. Gnly
if this short-time storage is used at maximum yearly peagk

demand, can economies result from both fuel efficiencies and
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~plant investmeht in conventional genefation equipment.
Relevant to the described studies, this applicable demand
curve period for the joint savings effect is on the order
of less than a day to perhaps several days on an inter—
mittent usage baéis.

Thus, the capabilities of the current literature models
are observed as inadequate for general studies of‘energy
storage and unspecified storage technologies. Probably
because of pumped-storage "volume'" limitations, these studies
are also limited to energy storage with only a periodic
potential for possible operating economies from fuel con-
version, or as a few-hour-per-year alternafive to é new
conventional generator or peaking gas turbine.

The fullest realization of the economic potential of

energy storage systems integrated into a total design

balance with conventional generation is not considered.
It is fhé adoption of a total energy conversion with storage ;
syétem concept that enables the maximum potential of
possible savings from fuel conversion efficiency and con-
ventional plant investment. In such a case yearly peak
demaﬁd is supplied by the sum of generation from energy
storage capacity and conventional generation capacity.

Such an investigation is feasible only when the demand
requirements are studied for an annual time cycle. One
reference, by Bruckner and Fabrycky [13], describes the
first guantification of a preliminary model with these

considerations. In this study the term "gross savings" is
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used to define those savings occurring from the trade-off of
fuél economies and conventional p1ant investment as a result
of energy storage over the whoie year.

Undoubtedly, a major cause for the small research
efforts by utility companies in total conversion with
storage systems is caused by the lack of suitable storage
technologies. Neverthéless, any developments of analytical
models which study energy_étorage should not be bound Jjust
by present day, feasible technologies. Such total system
models should be designed to explore potentially advan-
tageous, future technologies in terms of the annual cycle

of demand.
Introductory Remarks

Since the nature of this research involves several dis-
ciplines, a minimum of specialized terminology is used. In
order to pfevent interdisciplinary misintefpretationxof
terms commonly used throughout this dissertation, the
résearch-user cah refer to the Noﬁénclature listing bf
,gehéral terminology.

Chapter II develops the simulation objectives and the
deéign criteria of the supporting models. Chapter III
préSents the overall, operational relationship of the models
for energy system‘studiesﬁ Chapter IV discusses the modi-
fication of the demand curve variable; this chapter includes
the derivation, interpretation; and results of the demand

curve model. Chapter V derives the three system simulation
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models and defines the storage procedures. Chapter VI
discusses the interpretation of the computer output, and
the application to design of power plants with energy
storage. Chapter VII presents the results from actual
simulation studies, and establishes the analysis methods
for optimization. Chapter VIII describes the research
conclusions and limitations; this chapter also: outlines
some directiong for future research.

The next six chapters are each ended with a "Remarks
on Syetem Development" section. This.special'section serves
as a summary, in the nature of an evaluation, of each stage
in the development of this dissertation. The purpose is to
help coordinafe the diverse-discipline sectors of this

research for a general perspective of the simulation system.



CHAPTER TII
THE SYSTEM SIMULATION LOGIC MODELS

The fundamental bleock-~logic models are presented in
this chapter. The three system simulation models for
generation systems with balanced energy storage are named:
controlled input generation under a cyclical storage
procedure, controlled inpuf generatioh under a daily
storage procedure, and uncontrolled input generation model.
The structures of these logic models are developed as thé
bases for the model derivations in coming chapters. As
requisites to this model development, the models' design
objectives and criteria are established. -Before this out-
line of objectives, some generai precepts.of simulation
model-building are first reviewed in the following section.

Simulation Models

|

A medel is considered to.be a representation of a
real system. A simulation model is defined in terms of
the parameters of the actual system. Those constant or
variable factors which have the major influencés on the
operation of the real system are included aé the para-
meters of the model for decision-making effectiveness.

Simulation is the operation of that medel, instead of the

22
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physical system, in order to study the real system under

a large range of parameter values. The result is a more
thorough understanding of the real system under varieus
operating conditions which would be prohibitivé in cost

to determine otherwise from manipulation of the real system.
Evaluation of such results is used to predict,r@r to
control, the design parameters of a given system for least
costs, or maximum output.

Mathematiéal simulation models denote the usage of a
mathematical expressien te describe a whele system under
study. - The term "éystem simulation" generally denotes the K
usage of a model which is structurally composed of iogical f
operation.blocks that are interrelated in sequence and
processing of information so that a real system is also
described. In a system simulation some of the logical
manipulation blocks are in themselves mathematical ex-
pressions. There is no definite hierarchical order between
mathematical and system simulation. Howevef, in practice,

a system simulation model is a more complex representation
of a real system which is a too complex gsystem for mathe-
matical expression. Often, an inherent advantage of system
simulation is its capability ef detefmining information

about a larger number of parameters which enables gfeater

understanding of the real system's operatien.

Purpose and Criteria of Model Design

The purpose of simulation is keyed te the phrase
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"beforehand predictien". Simulated prediction befere
construction of a real system prevents waste in unused
equipment, cyﬂgtruction of_gngconomic alternatives, and
human resources in research and design work of low
potential value. MNoreover, simulation acc@mplishes these
hfesﬁlts at less cogt than trial—and—errof changes iﬁ a realaz
system. By simulatien, management can plan its needs for
capital, equipment, and human resources. Engineers can
become more effective with specific knowledge of research
and design requirements.

The quality of any medel is gauged by how well it
logically parallels a real system in operation. Immediately
adjunct, such a model needs economic operation if its use-
fulness is not restricted. These design objeetives of medel
quality and economy are often in oppesition. Further, the
quality of a model also depends upon the amount of useful
information it develops for description of the real sysfemu

It is desirable that all of the variable, significant
paraméters under the control of the manager or designer are
incorporated ih the model as input variables. in terms of
model design the model is made iess useful as more variable
parameters are specified as "constants". This coverage of
the parameters makes possible the manipulation of the model
over a large range of conditions for examination of the
effects on the toetal systemu

It is further desirablg that for a given set of in-

dependent input variables a maximum amount of information
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~is obtained about the dependent variables, or design parame-
ters. Without sufficient information in this area it is not
possible to specify adequately the construction of the real
system. This availability of parameter inforhation is a
general advantage of system simulation.

For a simulation model it is further necessary to
develop an “effectiveness function® of the system from which
an optimum value can be derived. Without this relatienship,
the manager cannot make a decision about the best system
design. Without thig relatioenship the designer cannot
determine the values of the system design parameters for the
besf system. Typically, in the commercial world the effec—
tiveness measure 1is total‘systemv‘cost° iEngineerng economj
analysis clarifies this as the least system cost ignbﬁgf 2
parison to alternatives of equal functiopal_capability. The j
guality of the simulation‘model is dependent“upon thisb
effectiveness‘functiong A model can successfully evaluate
a real system with telerable accuracy in input or oufput
- parameters. But, without adequate inclusion of_and a
logical relationship between the eignificant parameters,
the "pro and eon" exchange of paramefer values versus eos?
is biased. It is this trade~off examination of the coet

of a parameter versus received value that enables the se~

lection of the best system among the simulated alternatives.
Purpose and Objectives of the Simulation Medels

The background and goals of this research investigation
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are described in the preceding chapter. The purpose of the
gystem simulation modéls is accemplishment of the basic
goals by quantitative eva}uation of balanced energy conver-
sion with storage systems fér their physical characteristics
and cost effectiyeness on a basis of annual energy demand..
There areba number of groups concerned with the ob-.
jectives of simulation studiesakJM§nagers require cost ‘H
information for decisi@n;making uses in facilities

‘expansion, oapltallzatlan, and comparisons of alternatlvesg

[ Plant designers require the capacity spe01flcatlons of

storage equipment and conversion equipment before estimating
and purchasingo"Research and development engineers require
similar information on a feas1b111ty basis in order to
determine research directions of" high potentlalc- An in-
dustrial engineer concerned with econoemic development needs
energy cost per unit of uﬁconfr@lled input gystems in erder
to exémine foreign capital needs of energy applioations in
underdeveloped hationsg |

The objectives of these simulation models are best
defined by the various types of quéstiens>ab®ut enefgy'
systems for which users wish informationa. Typlcal decision-
making questlons from dlfferent viewpoints are:

Ta What is the economic limit to use of storage
versus the physical 1imit? :

3 2. What is the effect on the minimum cost peint
! of the total system by an increase in efflclency
of a fuel cell component?

3. How much leeway in storage cost investment exists
from no fuel cost in an unconventional energy



e

1'00

11,

12,

27

source application?

What are the effects oen plant specifications and
cost of operation, if the shape of the demand
curve is affected by a new, industrial customer?

What are the uppermost cost limits for a new
storage technoleogy if it is to be economical?

How much fuel and fuel cost can be saved by
generating at a uniform léad for a given demand
curve? :

~What storage components offer the best potential

yield in savings by additional research or
operating control efforts?

What are the design capacity specifications for
an electrolysis unit fer a given demand curve
and efficiency level?

What are the number and size of wind generators
required to meet an energy need for some under-
developed area?

What is the size of the reservoir needed for
pumped—~storage water at a given feet of head and
conversion plant generation capacity?

What is the marginal cest value if a high-cost
and high-performance component substitutes for
a standard component in the system?

What would be the effect on system costs of

running at a constant lead and supplying the
demand balance by diversity exchange?

Design Criteria of the Simulation Medels

The establishment of medel design criteria is necessary

if the desired objectives of the simulation system are to be

achieved.

However, any individual criterion in the final

result of a finished model reflects a value judgment, since

any criterion requires an evaluation of its worth when there

is an opposing criterion. In most cases this results in a



28

model design compromise in order to realize the most sig-
nificant asbects of all criteria. In terms of the feollowing
criteria, it is ebvious that the most restraining criterion
is the low cost of a single simulation study .

The most general criterion»for model design formulation
is the gquality of the effectiveness function, or opti-
mization model. Through@ut_this&researph the optimization
decision is based’on leésf_cast of the energy conversion
with storage system in comparisen te an existing system
cost. A hprthetical portrayal of this eé®nomic exchange
is the economic trade-off aptiﬁization model of Figure 2.
This graph demensitrates also‘the research concept of the
balanced, total excﬁénge of storage with conversion 6n an
annual basis. |

The sepond criterion. is net insignificant‘since upen
- it depends the practical usefulness of the simulation
models. In eorder to study a range of C@nditians,_the
V‘Simulation models are used repetitively° Accordingly, it
is Very desirable that the design of the model require. only
a short C®m§uterAprooessing time.

If a model is used for plant design purposes, it is
necessary that actﬁal plant demand curves are accéptable
as inpuf data. A simplified functional treatment of the
demand curve does not give explicit design_specificafions°
The usefulness of the model for analysis of different |
characteristics of demand curvés and concomitant energy

storage results requires individual curve input. Therefore,
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the model needs the capability of processing empirical
demand curve information from any campany.‘

If a medel is used for research purposes in st@fage
technologies, the model's definition of a storage bloeck \
needs a general purpese design. Therefore, the_m@del
logic requires a capability of simulating any general
conversion~-storage~demand sequence. of ét@ragé.operatian.

To support the‘effectiveness function, cosgt eVélu—
ations must be ﬁade. These evaluations must include cost
extensions for all significant cost parameters otherwise
trade—-off optimization is biased towards one direction.
Therefore, the model requires a 0®mputati®nal package for
the extension of storage compenent costs and other cests.

Theré are different lives and first coéts for most of
the various equipment components. At the same time the
locations of the applications have different owners. There-
fore; it is desirable that costs are based on engineering ‘
economy practices for‘qualified compafisons between
aiternative systems.

| The model users need detailed information about
specific componeﬂtsc Therefore,. the_storage bleck reguires
a detailed breakdown of processes rather than anvbverall
ét@rage'block computation. x

Similarly, the system effects from individual com-—
ponent changes in efficiency are desirable informatien
for design purpeses. Therefore, computatienal treatment

of individual component effiéiencies and their compound
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~effect is a model structure requirement. ‘
Within_the storage bleck, itself, there is an economi- |
- cal trade-off of equipment costs such that different plant
operating practices have different system costs for the

same storage techn@loé&lé Therefore, it is necessary that

the model structure incerporate different storage pro-
cedures so‘that for a given storage techn@}ogy the least
system cost is possible. \

Further, it is necessary that the model can realisti- ?

cally study an existing plant for energy storage appli- }
cations. This requires the capability of computatienal f
treatment forna“given mix of conventienal generation equip~;
ment at their actual rated loads and operating efficiencies.
Therefore, if design of a power plant system 1s an objective,
it is necessary that the model design have the capability of
optimization for empirically specifiédﬁpdwei‘plant facilities.
Even though the most impqrtant criterion of model
design is its accuracy of real system pQrtrayal, the model's
usefulness depends upon its interpretability of the compu-
tational results. Therefore, the computer outpﬁt must have
a dimensional form practicable for engineering design users.
Usefulness of a model is also dependent on the ease
and flexibility of preparation for a.computer run. There-

fore, a model design is desirable which requires little

specialized knowledge or complexity for setup preparation.
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Structure of Models

Figure 3 shows the original logic-block system simu-

- lation model which was used in the developmental test
stages of this research. The block graphs demonstrate the
concept of total bélahce of energy storage and conversion
equipment over an annual demand period. The first block
indicates the physical limit of reducing generation equip-
ment while maintaining energy supply to the third block,
demand curve. The central block represents the total
operation of storage. An energy éonversion system without
any storage is similar to the transmission of energy ex—
clusively between the first and last blocks. In this case,
in practical terms, the conversion block function is identi—
cal to the demand block function.

Folloﬁing the development of this concept test model,
an evaluation of this model vis—a-vis the design.criteria
was made. While some criteria were adequately met by this
model, the logic blocks were generally too large toestablish
detailed information or to have sufficient flexibilifya
The original model proved to be of too limited’scope for
the study of energy conversion with storage systems. The
computer model analyzed only simple changes in storage
compenent efficiencies with little detailed breakdown
for multiple storage components. Thebassociated demand
curve, in effect, wasgs fixed tovthe parameters of the curve's

original state. Of interest, the running time on a small-
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scale digital computer was 9.28 hours for less than hourly
demand curve values for a one year time duration. However,
this model served usefully as a stage in research develop-

ment of the final system simulation models.
Controlled Input System Simulation Models

There are actually two models portrayed by Figure 4.
The figure represents the controlled input simulation model
for either the "cyclical'" or "daily" storage procedure. A
reason for separate models is the criterion of computer pro-
cessing time. The models are similar except for storage
logies. Noticeable is the detailed breakdown of the storage
block into multi-components. In this manner:each domponent
is treated individually for its parameter values. In thesge
twovmodels the power generation conversionﬁbldd&repfesents
controllable generation,'vizgpoWer fluctuation is under the
power plant control on an immediate time basis. The units of
measurement for each component are defined; the units are fixed.
The conversion and demand blocks are also inkilowatt units.
For purpcses of general application, the model simulates any
storage technology provided that thé process islinear in
sequence; any storage technology of the form which receives.
electric power-converts electric power to a form required by
storage-holds energy over time-converts potential energy to
electrical power at the point of demand is capable of study
by this model. That is to say, the unifs of computation

are kilowatts and kilowatt-hours, and storage technologies
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with units so adjusted are acceptable. For more components
than are available, the extra‘cbmponents afe combined as onee.
The computatidnal outpuf reflecﬁs the “singleﬁ componént
parameter values. Fof leés components, an extra component‘
is made a "dummy" by setting a zero cost ahd.one hundred
per cent efficiency. Wifh refefence to the figufe, gener-

- ated powér is continually,supplied to the‘demand’block.
(unless a zero demand value). Other generated poWer is
supplied fo the storage block at times dependent upon the
storage logic. Power is received, supplied, or no activity
(except hold) by the storage block, but not’simultapeously
because of the nature of the process. Potential energy is
held in "cavern" storage and is released as reguired to
balance demand reguirements. "Cavern storage" represents

the energy-holding method of any storage technology.
Uncontrolled Input System Simulation Model

Pigure 5 represents the logic—-block relationships
for the uncontrolléd input model. The storage block
breakdown of compohents is the same as the controlled
model. There is only one storage procedure fof.this model ;
-1t is essentially a "daily" étorage procedure. A "cyclical"
storage procedure offers no economic advantages to this
model. The demand block in this mbdel is identical to fhe
controiled model. However, in this model the generation

block represents the uncontrolled generation of\power from

any unconventional energy source. "Measurement units are
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identical to the previous model. Acceptable storage tech-
nologies have the same‘requirements as the controlled‘input
model. o |

The flow of power between the blocks is the difference
between the models. An unconventional energy source is not
controllable by the power plant—the plant receives power
only when it is externelly available. Therefore, uncon-
trolled input systems necessitate a storage block for feasi-
ble support of a demaﬁd function. The "efficiency of con-
versionﬁ is analogous to fuel conversion efficiency of a
conventional generator. In this model it represents the
efficiency of the generetor in conversion of the unconven-
tional energy source. The purpoee is the conversion of the
theoretical potential of the energy source to the net use—.
ful electrical energy. The power density graphs inside the
conversion block emphasize the fluctuations and zero-power
levels of an unconventional energy source.

Power flows directly to the demand block. At the same
- time, whenever surplus power is available, the full;surplusr
enters the storage block. Whenever generated power is less
than demand requirements, the demand balance is supplied by
the storage block. In general, the input-~hold-—output
sequence of the storage block is much more active during the
whole year than it is for controlled generation.

There is an unigue applicationlef this model. The
uncontrolled model can be used to study controlled.geﬁeration

where the yearly function of controlled generation is defined .
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on an a priori basis. This application is relevant to
economic studies for diversify exchange of power. Also
any demand curve can be horizontally segmented for the year
and each segment studied by one of the three simulafion |

models.
Input and Output Parameters

To meet the design criteria, it is desirable to
-incorporate in\the.models, as variables, allthe_significant,
variable parameter§u> Generally, the user 1s concerned with
chapges inione or more of thesq_input parameters over a
range of conditions. There,are»thfee input parameters of
major significance to the user. They are the demand cﬁrve,
therefficiency values of each storage componeﬁt,‘and thé
annual costs“per unit'oapacify of storage and”géneration
egquipment. | |

. Other general parameters required by the computer
models are the efficiency of fuel conversion in‘dne per cent
intervals and cost‘pervkilowatt—hour of fuel (not appli~
cable to the uncontrolled“model)a Details of computer
setup preparation are described in the Aﬁpendixa

| The key objectives for all médels are the design
specifioations and the determination of least system costs.
These, of coﬁrse, are the résults of incorporating the inpuf
information for determinaticn of its interrelated effects )
onto the total power system o@eration from model simulétiong

By levels of conversion block capacity, the equipment
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capacity requirements and system costs are available from
the model;s 6utput.

Other information about fuel cost, energy requirements,
and a number of ﬁarameters unique to each model are also
available. Detailed interpretation of the models' computer
outputs and their applications to research and design are

discussed in the next chapters.
Demand Curve

The demand curve serves a dual usage. It is a major,
- variable inpﬁt parameter. The demand curve also defines
the energy needs which the system must satisfy-—the "bench-
mark" of physical feasibility. In essence, the simulafion
models vary operational requirements in order to satisfy the
"fixed" demand curve; Kilowatts and kilowatt~hours are the
computational units of the models. Therefore, the reso-
lution of accuracy for these different dimensions makes it
desirable to have frequent measurements of the demand curve
values. The controlled models can treat up to one demand
roint per hour for maximum accuracy. Computer core limi-
tations for the uncontrolled input model 1imif the demand
points to one point per two hours. Test studies indicate
that as few as four demand points per day give fairly re-
liable results with less demand curve information regquired.
Less tﬁanvthis'téndsvto lose daily demand variation effect.
A1l of the models operate under a steady-state en-—

vironment and are deterministically computed. Hence, the
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generation block camnot evaluate transient lag effects—all
equipﬁent performs at computed power loading without time
lag. However, there is no restriction in study of time
periods legss than a year for speciallpurposes (parameter
curve program is an exception). For example, the study of -
one day defined by 8760 points of demand is technically
possible. This flexibility assists specilalized research
studies such as rates of change over short time intervals
for some componente By increasing the time interval between
demand points, the models can study demand over periods
greater than a year. In any special application, the output
units of measurement require accordingly adjusted user—

interpretation.
Computer Operation

A large-scale digital electronic computer is used for
the model simulation. An appropriate unit is.the_Oklahoma
State University Computer Center's "IBM 7040" computer. .The
effective core capacity for the user is about 25,000 words
of which the majority is required. The computer program

nlanguage is Fortran IV. There are no requirements in the
models for ekternal tape étoragea Such requirements for
increased precision of the demand. curve are prohibitive in
computer running time. Depending upon which medel is run,
the computer times range from 0.15 to 0.60 hours for 8760.

demand points. Details are described in the Appendix.
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Remarks on System Development

Chapter II portrays the logical structure of the simu-
lation models. The descriptions of the models indicate .
their relationships to an inventory process in which energy
is the "raw material" under study. In addition, specific
objecti%es and ?he general development criteria clarify the
direction for the research desién of the simulation models.
In terms of éxplicitly relevant criteria, some detailed
deéign resultants now exist for the models.

Howe&er, fhe general picture of Chaptér IT serves
primarily_gs an introduction-to the in-depth derivations of
the models which the coming chapters consider. Furthermore,
even thouéh %he simulation models are the major researchv
~development, they @o form part of a whole analytical system.
A discussién of thisr"segmentation", for purposes of
efficiency criteria, is the next‘chaptero

In the remaining chapters, the terms "electrolysis" and
"input components" are used synonomously. "PFuel celi" and
toutput components" are also interchangeable. "Cavern
storage" in a fuel cell storage technology is the storage
of hydrogen:-in a sealed cavern. TFor some other storage
technology "cavern storage" represents the time-holding of
potential energy in some form. By use of these terms, the
.actual energy system studies in coming chapters are more
easily related to the presented logic modgis; |

i



CHAPTER III
THE OPERATIONAL SYSTEM

The operational approach to the analysis of energy

eneration systems with balanced gtorage is segmented into
In this chapter the position

g

four computer program models.
of the computer models is explained in terms of their inter-

relationships and analytical roles. The cause for fhis

division of the operational system is discussed in the

following section.
Development of the Operational System Design

Following the developmental phase of the original test
model, the research objectives broadened to include more
requirements. These requirements included the study Qf"

efficiency effects of a half-dozen storage components onto

energy systems with storage. The treatment of all,of,these{

components became desirable. The effects from parameter

changes of the demand curve data became another requirement.

The simulated methoed for storage of energy in a power plant

-operation also was enlarged to cover other storage algo-

‘rithms. In addition, these expanded requiremehts necessi=-

tated the study of their combination effects on an energy
After some of these model design requirements were

system.
43
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developed on an individual basis, an overall analysis system’
structure became necessary for éfficient applicafion to
research studies. |

Such a system design considers the ijecﬁives of
economy and simplicity of operation for the résearch user.
The'application to_botential reseérch studies of parameter
Variatidﬂé in detailed depth indicates the need for separate
computef programs. By the use of separate ﬁrograms,.an
individual simulation study needs only the haﬁdlingwand
preparation efforts ofﬁéﬁe relevant compuﬁer modéleﬂ)At‘the
same time the costs for computer operatipn‘éreiat a miniﬁum.
since just the area of sfecific concern td the ﬁser is
simulated. Most impertant, by fhis arrangemeﬁt.cbﬁﬁuter
time requirements are eliminated for those portions of an
overallvreseafch stﬁqy where‘computational resulté are |

redundant.
Operational System Design

Figure 6 portrays the flow design gf_the operational
system. Of first intéreét is‘fhét‘thére are fouf‘ihdividual
models each wifh their respective_gompufer pr@gramm Thelv
initiating model is the._parameter~curve,pr.ogrzima This moedel
analyzes the ofiginal demand curve and, when so specified, |
_generates a new, modifiéd demand curve analysis with a
carresﬁoﬁding punched.card deck ih suitable format. The

preceding analysés define‘the parameters of. the demand

CUrVES. .



PUNCHED CaRDS

DEMAND
CURVE VALUES (MW}

LOMPUTER

[N

CHOOSE
DECK 2 ONE DEMAND
CURVE

(£ 8760,6F1D.2 FORMAT)]

/ CONTROL CARDE |

FOR PARAMETER
OPTIONS & VALUES,
AND NUMBER OF
MOBIFIED DEMAND

CURVES DESIRED

POWER
DENSITY VALUES
(e.g KW/3Q.FT)
(£4380; NBR. OF

COMPUTER MODEL.

DEMAND CURVE
. PARAMETER ANALYSES,
r=et AND MODIFICATION
OF DEMAND VALUES

I
l
l
l
1
l
|
|
l

PARAMETER ANALYSES
{OPTIONAL | OFF-SCALED)

DEMAND
VALUES{MW} UNDER
PARAMETER
MODIFICATIONS

LISTING
ANALYSIS(KW}
OF ORIGINAL
DEMAND

CURVE
PARAMETERS

CURVE WITH
MODIFIED
PARAMETERS

CHODSE
UNCONTROL
R CONTR_(‘_)LLE

CONTROL CARDS
FOR COMPONENT
EFFICIENCIES
AND COSTS

| JCOMPUTER 51 smuulxm
~MODEL-

FOR COMPONENT
EEFICIENCIES
AND COSTS

CONTROL CARDS

ANALYSIS{EW)
OF SYSTEM
PHYSICAL DESIGN
fCHARACTERISTICS
AND CODSTS

FOR A CONTROLLED
INPUT ENERGY CON-
VERSION WITH STO-
RAGE SYSTEM
UNDER A DALY
STORAGE LOGIC

ANALYSIS(KW)
OF SYSIE
PHYSICAL VS(
CHERACTERISTICS
AND COSTS

L ED
iINPUT ENERGY CON-
VERSION WITH STO-

RAGE SYSTEM
UNDER 4 CYCLICAL
STORAGE LOGIC

CONTROL CARDS
FOR COMPONENT
EFFICIENCIES
AND COSTS

L]

DEMAND VALUES
TO BE EQUAL,
6F1Q.4 FORMAT)

Pigure 6.

Operational System

Design

St ANALYSIS{KW)
s = OF SYSTEM

PHYSICAL DESIGN

CHARACTERISTICS)
AND COSTS

FOR An UNCONYROLLED
INPUT ENERGY CONVER
SION WITH STORAGE
SYSTEM

R
A1



46

Repetition of this process uitimately develops a
library of demand curves with specific demand curve pa-
remeters. More important, this library is repeatedly usable
for any subsequent research studies. This is so whether or
not these studies are for the same storage technology or
storage procedures. Therefore, substantial reductions in
computer-time costsvfor demand curve generation are
realizable.

As. the figure portrays, the original set of demand
curve values can bypass the parameter—curve model for
direct input to simulation studies where a:demand curVe‘
parameter analysis is not necessary (or where the parameter
analysis is already available from the library).

After preparation of thebdemand curve data, the user
selects the simulation moael which is pertinent.to his area
of'investigationa Or, With‘the same demand curve deck
simulation studies are pqssible'in turn under ail three
system simulation_logicsé‘ This multiple usagé of the demand
data reduces préparation requirements. | o

The additional requirements are;the preparation of
control cards for the simulation models. Each of the
computer programs needs only a few control cards respective
to their own operation plus fhe general input variables.
There is even a high degree of commonality of the control
cards between programs. Preparation of these control cards
require minimal calculation-decision efforts by the user.

The uncontrolled input model needs an extra data input of



the power density values.

Operational Restrictions

There are several operational systemféestrictions of
an universal nature 1mplled by the fiowychartg They concern
the user who refers directly to Figure 6 for general layout
planning of a series of research studies.

The maximum capacity of the program is 8760 demand
curve values, i.e. one demand point per hour of the year.
This unit-time interval is a variable; iarger time intervals
are allowable. For all three simulation models, the demand
curve punched decks musf keep a chronological sequence order
(earliest time pbint is fifét)a All parameter—-curve gener-—
ated demand decks have a numerical sequence field for
chronblogical ordering. |

The uncéntrolled input model requires an additional,
major.input of the power density values. The nﬁmber of
these values should equal the number of demand curve values.
~The power densi%y card deck gggl‘maintaiﬁ an identical
drder of ChTOﬁOlOgiC&l sequence with the demand curve
sequence. When the number of demand curve values‘exceed
one value per. two hours, a reduction in the number of demand
values is réquired'before use df the uncontrolled modelo.
One demand @oint”per two hours is the maximum capacity of
»the uncontrolled input model. The use of every other demand

point is the correct method when a demand deck exists with

8760 values. Specific details about computer setup



preparation are in the Appendix.
Remarks on System Development

The operational system<design is both practical and
simple in apialicationn :Thé research}user's preparation
efforts are only a;few decisions over and above the area
bf research concern. Gifen tﬂat:a suitable demand éurve
is évailabie, little time or cosf‘is necessafy for a
simulation model cqmputer run. _Moreover, the operational
system design aétively supports realization of the design

. criteria.

48



CHAPTER IV
DEMAND CURVE MODEL

The concern of this' chapter is the model for the
modification of the demand curve and the analysis of the
demand curve parameters. Figure 6 shows the position of
the demand curve in support‘of the simulation‘models. The
demand curve is‘both a major input vé}iable and a subject
for separate investigation; the demand curve model is a,
general computer program‘ Because of the demand curve's
unigue position in the operational system, this chapter
covers the complete study of the demand curve model. The
analysis parameters, model derivation, and computer results
are then available in total perspective for reference in

subsequent chapters.
Purpose of Demand Curve Model

The desired nature of the demand cﬁrve data is
empirical information from electrical utility companies.
Nevertheless, even for a single power company its demand
curve 1s subject to changes in demand values over time.
The simulation models can use any demand curve for its
analysis of energy conversion With4Storage reguirements.

Yet, this is impractical for any large scale development

49
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of many typical shapes of demand which at the same time
reflect an equal scale of power plant with sﬁorage for
desighbstudies of a gystem at a particular location.

The deduction is that the demand curve data serves a
dual role. Demand values are the basic requirement for
"fixed" input data in supporf of the siﬁulation_model
analyses. At the same time, fhe demand curve "shape" is
a basic consideratioﬁ'as a major, variable input parameter
as well as the storage .component efficiencies and eguipment
eostsn‘ |

Therefore, the development ofva supporting computer
program model is necessary to the eperational system design.
By this vehicle, the just described considerations are
achievable. Planned usage of "PCURVE", parameter-curve
model's computer program, enables the research user to
utilize the demand curve of a particular company or fegion
without requiring a cross-~reference to a multitude of demand
curves from mény compaenies and regions. This is directly
accomplished by modifying certain parameters of the eXisting
demand curve to reflect the reasonably expected variations
in demand curve shape of the power company under study;

The approach of demand curve modification offers the
advantages of keeping the design study at the same size
scale of plant and with the same individually detailed
characteristics of the local demand curve (except for those
parametersiundergoing change). This same approach allows

the controlled movement of the demand curve's shape over
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wide ranges which is not possible simply from a gathering
of many so-called similar demand curves. -Further, the
effects on energy system optimization are examinable for
changes in individual demand curve parameters. .-This
evaluation of demand parameter effects is not possible
solely by comparison of a number of demand curves from
similar—-sized plants over many regions.

More economy in research studies igs an important
reason for the parameter analysis of new and modified demand
curves., A new demand curve is defined in terms of its
parameters, and thereby is cross-referenced in "shaﬁe" to
one or more existing demand éurves in the library. In such
a situation, existing equivalent cost and design studies are
reviewed for information about near optimal conditions for

the new power plant study.
Demand Curve Parameters

The general nature of the demand curve was described in
past chapters. For the determination of realistic parame-
ters, discussions were held with power plant engineers, and
examinations were made of detailed hourly values. In”thél
examination of hourly demand values for a year”the daily
variation was observed as evident across the whole year.
xSignificant'patterns in weekly variation were alsd noted.
;Partly because months were not unifofﬁ in duratioh, no
underlying monthly pattern Was observed. Seasonal-vari—

ations were obviously indicated except that between
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companies or regions no single pattern was noted as uni-
versally common. The height of the demand curve was seen

as an obvious consideration and one particularly relevant

to energy storage requirements. Along with height the
volume, or bulk, of energy required at the higher generation
capacities was considered. Further; the timé duration of -
this seasonal péaking occurrence was noted.

For a number of demand curve examinations, the above
curve parameters are similar in significance even though any
given demand curve varies considerably acéordihg to its
customer makeup or region. However, at the same time demand
curve parameters require consideratidn in terms of what
- affects the design of energy conversion systems with storage.

The savinés and costs of a storage sub-system are sig-
nificantly affécted by the amount of energy required for
storagé‘for a reduction in power generation capacity.
Methods of storage are additionally affected by the oscil-—
lation of demand requirements over short and leng periods
of time.

The last area of consideration for the determination
of practical parameters of demand curve.definition is the
ability fbr independent control of the parameters. As
descfibed, the shape of the demand curve is a major variable
in the analyses of energy conversion with storage. Ef-
ficient usage of library‘demand curve card decks makes,
deéirable fhé control_of single parameters (or their combi-

nations) over ranges of change in order to obtain new curves
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with planned characteristics for expected variations.

The results of this evaluation are the establishment
of a group of parameters both realistically praétical for
definition %nd suitable for the other Qonsiderations. The
selected operator parameters are the variations of>day, week,
peakednesé, and bulkedness. There are.also some additioﬁai
| resultant parameters which aid in'definition of the demand
curve, These éperatof parameters are univeréally common
beéween companies or regions and have the most stable

interpretation regardless of individual differences.
Definition of Operator Parameters

A customary measure by power plants is the percentage
variation in required.plant generation. This measure acts
often asba guideline.fqr cost estimation andbgenerator
loading predictions. Typica;ly, the specification of this
measure 1is onﬂa mchthly_basis for an average.day, as the
"averagé load factor for January". »Load factor is the per-
centage thained by the ratio‘of minimum daily power gener-
ation. over makimuﬁ daily power generation for a given day ”
or an éverage day. A pértinent comment is that the least

aﬁéunt of variation (i.e. no variation) equals 100.0. per
cent; maximum variation is 0.0 per cent. Figure 7 clarifies
the interpretation of variation percentages.
| Assuming hourly valué demand curve points, the
definition df daily variation for . .the parameter-curve

model follows the customary definition of load factor.



1000~ 58.08%
7647%

s SN100.00% N3
'Z (Daily Mean)
; i —————————
o
-
X
d‘500—-
<
@) s
]
>_
| -
g I DAY 1-
O

5

0 4 i 1 1 .
0 6 12 18 24 6 2
' TIME, HOURS

Figure 7. Demonstration of Plant Generation

Daily Load Factor and the
Corresponding Percentage
Measures of the Daily Varlatlon

Parameter

o4



55

Daily variation percentage equals the ratio of the day's
minimum hourly kilowatt‘value over the maximum hourly kilo-
watt demand value as averaged for the year.

As discussed, weekly variatien is of concern to power
plants and represents a significant pattern underlying the
demand curve. .However, if independence befween daily and
weekly variation 1s maintained for analysis purposes, then
measurement is not possible by the maximum and minimum
hourly values of the week. The usefulness of this indepen-
dence in evaluation of the effects of a demand curve
variable onto the storage sub-system overweighs the value
of.what is.possibly a more "customary" definitionol There~
fore, the ratio of the week's minimum daily mean over the
maximum kilowatt daily mean for the‘same week defines‘the
percentage of weekly variation¢

Buikedness and peakednees are 1ess easily defined.

Both of these parameters are recognized ea811y by power
plant englneers, ‘but no customary deflnltlons are estab—
lished. The only relevant deflnltlons are yearly mean
kllowatts and the ratio of hlghest to lowegt kllowatt demand
values for the year. At the same time for the purpose of
studying energy storage systems some definitions are needed
which support the analyses of these two characteristics. .

Bulkedness isudescribed'asvhow mueh "weight" of energy /
there is in the yearly "hu@p" of the demand curve. Peaked— 3
ness is described as how‘m;ch elongated "pointedness" there }

is in this yearly "hump". PFigures 8, 9, and 10 visibly f
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demonstrate these gualities. Obviously, there is a certain
interrelationship between these two characteristics. A
demand curve can have a high degree of bulkedness and a low
or high value of peakedness depending upon what width of the
year the bulk—energy‘is spread.

At the same time the definitions are desired which
recognize the problems of demand curve modifications such
that the variation is most useful to analysis of energy
storage systems. Definitions are reguired that are ex-
prlicitly communicable and, as much as possible, independent
of other pafametersa Two separate definitions are deter-—
mined for peakedness and bulkedness.

Bulkedness 1s defined as the ratio of the yearly
kilowatt-hour demand greater than the yearly mean kilowatt
value over the total kilowatt-hour reguirements for the
year. Peakedness is definéd as the number of demand values
greater than the yearly mean kilowatt value over the total
number of demand values.

It is noted that all four of these resultant parameters
are computed on fhe basis of hourly demand values (assuming
8760 demand values are available). The operator parameters
are not so computed except for daily variation. The‘day
operator isvcomputationally modified in sets of twenty-four
hourly deménd values. The week operator is computationally
modified in sets of a week's demand values by sub-sets of a
day. Bulkedness and péakedness are computationally modified

in sets of a week's demand points by weekly means and over



()
O

the year. Other curve-~defining parameters are computed for
the original curve and for the modified curve; they are
computed on the basis of hourly demand values since they
are not operator parametefs° They gre defined later in
this cﬁapfaera

Also of significant note, the day and week parameters
are kilowatt-percentage Qriéntedu Bulkedness is kilowatt—
hour»pércentage oriented. DPeakedness, however, is time-
percehtage oriented. The effects of this orientation are

\
congidered in a later section.

Design of Program Model

The operator parameters are usedvforvthe modification
of sefs of demand curve values in turn across the year. :
in this model design these time—period sets are indepen-
dently adjusted. The sequence amistructure-@f‘theparameterm
curve ﬁodel's oﬁeration is clgrified by reference to
Figure 11, thé macro-logic dérivation of parameterwcurve
modeln |

Mean-value options‘are‘also available for day, week,
and bulkedness parameters in order to reducé cdmputational
time. The sequence of computation is déy, week, peakedness,
and bulkedness options. The bypass of any option is
possible. The computer program always analyzes the original
demand cur?e input to this program. Any number of moedified
demand curves aré developable each with a demand curve

punched card output; in such cases the original demand
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MODIFIED DEMAND CURVE

[OMDTBL{HRY=FIXED TABLE (HR) |

l NBR. OF MODIF : NBR-1 |

MODIFICATION
CONTROL _CARDS

BYPASS

VARY DAY

REPEAT UNTiL
NPOINTS > KNTR

SUM A SET
OF DAY PTS.
COMPUTE
DAY MEAN
SACKUP | DAY SET

COMPUTE DAY SET BY
DMDTBL{HR)= ((KW-MEAN)*OPTION} + MEAN

TAKE MEAN BYPASS

VARY WEEK

REPEA UNTIL
NPOINTS>KNTR

SUM A SET
OF WEEK PTS.

COMPUTE
WEEK MEAN
BACKUP 1 DAY SET
SUM A SET
OF DAY PTS.
COMPUTE
DAY MEAN
COMPUTE DAY SET BY

DELTA= WEEK MEAN -DAY MEAN
DMDTBL (HR) = (DELTA - {DELTA%OPTION) ) +KW

@ O

Pigure 11. (Continued)
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CALL
ALMTLN

REPEAT UNTIL
N POINTS >KNTR
UM A
OF WEEK PTS.
COMPUTE
WEEK MEAN
IDELTA=ALMTLN—WEEK MEANI

BACKUP 1 WEEK SET

COMPUTE WEEK SET BY
DMDTBL.{HR) = DELTA+KW
S |

Figure 11«

CALL
ALMTLN '

[ FIND AMAXKW ]

I
[ PKTSTL = PEAK TEST LINE |

]
~—={PKTSTL=AMAXKW [%* AMAXKW] |
|cOMPUTE NBR.OF WEEK MEANS > PKTSTL |

<NBR WEEKS>PEAK OPTIQ!

[ increasE % ]

| RATIO: ALMTLN/PKTSTL ]

1
EETALL OMDTBL(HR)= RATIO % KW VALUE !

I
FIND AREA OF WEEK MEANS ABOVE J
ALMTLN AND BELOW({=ALMTLN-MEAN)

| PHACTR = BELOW/ABOVE |

REPEAT UNTIL
NPOINTS >KNTR

S
{

HIFT ALL HOURS IN 1 WEEK SET > ALMTLN BY )
(PHACTR (WEEKMEAN-ALMTLN))-(WEEKMEAN-ALMTLNY),
1

T_L‘

TAKE MEAN

BULK
OPTION

VARY BULK

REPEAT UNTIL
N POINTS> KNTR

SUM A SET

OF WEEK PTS.
COMPUTE
WEEK MEAN

IEELTA =(ALMTLN-WEEK MEAN)-{{ALMTLN-WEEKMEAN) % OPT ION)]

BACKUP ] WEEK SET

COMPUTE WEEK SET BY
DMDTBL (HR) =DELTA+KW
i |

FIND AMAXKW
FIND AMINKW
COMPUTE TOTKWH

(c)

(Concluded)
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curve is always the curve under modification by the next
given group of'operator parameters. |

The essential computational process of the day option
is the read—in of a set, or yeariy sub~-set, of 24 demand
curve values (assuming 8760 demand points). A daily mean
vkilowatt value is computed. The option percentage value
is then used for modification of‘the hourly values above
and below the'daily mean éuch that the mean is unchéngeda
For example, a daily option of C0.0 per cent implies a |
reduction ih the percentage of daily variation. Consider
a set of daily poihté whose mean is ten kilowatts, and an
hourly kilowatt value of twenty. The modified hourly value

is_determined as:
(20 - 10)(060) -+ 10 = 6 + 10 = 16 I

In other words, the difference between the daily mean value
~and the hburly value is réduced to 60 per cent of itself,
and this value is added to the mean, This is reflected in
the computer array for the demand curve values, subatime,
by the "insertion" of 16 to replace 20 kilowatts. Consider
an hourly value of five kilowatts for the same day. The
new demand-curve value for that pérticular hour of the year

is determined as:
(5 - 10)(.60) + 10 = =3 + 10 = 7 .

This approach is required so that the daily mean value is
kept constant. The purpose, of course, 1s viewed as

formation of a modified demand curve whose yearly mean



kilowatts and total kilowatt-hours are the same asthe ®rigi—
nal demand curve. In this manner, the "scale of powef
plant" is maintained for later energy storage studies.

The computational process Qf thé week option is iden-~
~tical in princip;e tb the day option. However, the sequence
is somewhat different. A set of points for a week are
brought in from core (the array now médified by day optien)
and the program computes the Weekly mean. The précess then
backs up to the first day set of points and computes the
daily mean. The computation for the kilowatt shift of the
daily mean is the same as the already described hourly shift.
However, the process now backs up to the first hour of this
day and shifts this hour by the amount of kilowatt shift for
the daily mean. All hours within this day are shifted by
this uniform amount. This is the necessary approach in
order tb maintain independence between the measures of daily
variation and weekly variation according to their definitiens.

Peakedness 1s a more compléx computational proceés‘
since it is essentially time~ofienteda .The purpose of this
option is the modification of the demand curve so that the
specified number of option weeks are equivalent to the re-
capitulational computation of peakedness according to its
measurement definition.

Beginning with the now maximum value of the current
demand array a series of kilowatt levels ("peak test lines")
are decremented with peakedness evaluated in weeké,atveach

line. When this peakedness value is first greater than the
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specified option value, a ratio is determined by the yearly
mean kilowatts over %his computed level. The interim pur—
pose is the reduction (or increase) of the demand curve in
proportion so that the daily and weekly variation remain
independent and a psuedo~meaﬁ value exists with the desgired
peakedness measurement. At this point modification.of‘thé
demand curve is again necessary so that the original yearly
mean 1s re%established.whilé in turn the new peakedness
value is kept. For the’modified curve a computation de-~
termines the energy above'the original mean value. This
area of energy, by a ﬁercentage modification of thé area,
then equals that area below the original yeérly mean, which
is abo?e the demand values. Of note i§ that these series of
computational processes utilize weekly sets of demand éﬁrve 7
valuess |

The program then proceeds to the last option, bulked-
ness. The computat;onal process is identical to that oflthe
day option exéept that;thé full year is the ﬁtilized set
with adjustments by suﬁ-sets of a week. Demand.values B
Within each week receive uniform kilowatt shifts so that
hours and days ére léft in the same magnitude of variation.

At this point the program examines the now several—
times medified computer array of demand values, and fe~
computes all resultaht parameterso Of note, the hoﬁrly
demand values.areithe basis for this computation, in the
same way as for the eriginal cufve detefminationa’

An hourly set of demand values for the year are now
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puniched for this modified curve in a suitable format coupled

with the

analysis listings. In addition, listings are made

for drafting purposes. The program arrays are then re-

initialized to the original demand curve, and the next

modified

group of

The
forward;
original
computer

Appendix

demand. curve is computed according to the next

operator parameters, if any.
Interpretation of Computer OCutput

interpretation of this program model is straight-
it simply defines the parameter values for the'
and modified demand curves. There is no direct
relationship to the system similation models: The

lists. other mnemonics and eperational computer

requirements.

Figure 12a is a sample computer output page for the

analysis

of the ériginal demand curve. Figure 12b is a

sample output page for a modified demand curve. The values

in its heading restate the parameter option values as

specified by the user; in this example, the medification

bypasses

all but the week option.

"YRHILO" is a resultant parametern It is:the ratio of

the highest yearly kilowatt demand value over the year's

minimum demand value. Its use is essentially a descriptive

one.

"DALYVL" and "WEEKVL" are the respective values for the

measures

" DLWKVL"

of daily variation ahd weekly variation as defined.

;is general information about the variation of the
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_THE FOLLCWING IS THE PARAMETER ANALYSIS FOR THE DEMAND CURVE INPUT UNCHANGED,EVERYTHING IN KILOWATTS

KNTR= 876C = NUMEER CEMAND POINTS

KNTPTS= 8761NDLPTS= _ 24ADLPTS= _24.CO000IWKPTS= _ 168NWKPTS=. _ 192AWKPTS= 192.0C0C0 FOR_INSPECTION

YRHILO= 0.43574E 01 YR-MAX—KW OVER YR=MIN=KW

CALYVL= - 0.53658E_OC _ YR.DAILY VARIATION (MIN/MAX)

DLRGKW=  0.19828E 06 ONE-HALF_YRLY AVG DALY KW _RANGE

WEEKVL= 0.77486E 0OC YR.WKLY VARY (MINDAYMEANGFWK/MAX
WKRGKW= 0.83397E OS5 ONE-HALF YRLY AVG WKLY KW RANGE
ng@gypf;‘g:5;§§9g>9ba | YR.WKLY.VRY ( MINHROFWK /MAXHR OF WK
DWRGKW= 0.25862E 06 ONE~HALF YRLY AVG DLWK KW RANGE

TCTKWH= 0.57593E 1C TCTAL KWH REQTS FOR YEAR

AMAXKW=___0.1372CE C7 YR.MAX.KH.REQD
AFINKW= _0.31200E_Cé YR.MIN.KW.REQD
BULKVL= 0.116S8E CC PCT KWH(OF TOTAL)ABOVE ALMTLN -

PEAKVL= 0.47534E_OC ____PCT CF DEMAND PTS GRTR_ ALMTLN

ALMTLN=_  0.65746E 0¢ YEARLY MEAN KW

ENCCRC=___0.99S9S0E 38

(a)

Figure TZQ Computer OutputhfbrfParameter—Curve.Model
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THE FOLLOWING IS THE PARAMETEXR ANALYSIS FOR THEDEMAND CURVE AS MODIFIED BY UPTICNS (EVERYTHING Id4 sKILOWATTS=).

THE OPTICNS KWEKEeeoaceone

CPTDLY= -11.10C00 OPTWEK= ¢.5C000 . KOPTPK= -10  OPTBLK= -11.10000 -

«s#PUNCHED CARDS ARE IN FL10.2 #MEGAWATTS==.

KNTR= 8760 NUMBER DENMAND PUINTS
KNTPTS= B876INDLPTS= 24ADLPTS= Zﬁ.COQOOINKPTS=7_NJ§QNFKEI§i7;V}?29F§PJ§?UISZ:QQQOQ7MNWEOBH!NSPECIIGN

YRHILO= ©.38828E 01 YR-MAX—-KwW OVER YR-MIN-KW

DALYVL= 0.53658E 00 _ YR.DAILY VARIATION {MIN/MAX)

CLRGKW= 0.19823E>06‘  ONE-HALF YRLY AV5 DALY Kw RANGE

WEEKVL= 0.88072E G0 . YR.WKLY VARY(MINDAYNMEANGFWK/MAX

WKRGKW=  0.41699E 05 GNE-HALF YRLY AVG WKLY KW_KANGE

DLWKVL= 0.46056E 0C YR.WKLY.VRY { MINHROF WK/ MAXHR UF WK

DWRGKW= 0.24283E 06 CONF=HALF YRLY AVG DLWK KW RANGE

TCTKWH=  0.57592F 1C TOTAL KWH REGTS_FOR_YEAR

AMAXKW= C.13156E 07 YROMAXSKWGREQD

AMINKW= 0.33882F 06 YR INGKWREQD e

BULKVL= C.11158E& ©C . l‘_’CIvKHH(,G.E..._ICI_QLIB&QY_C-B__U’_T_L_NM

PEAKVL= 0.46838E OC PCT GF UEMAND PTS GRATR ALMILN

ALMTLN= 0.65746E 06 YEARLY MEAN KW

ENCCRC= 0.G9990E 38

(b)
Figure 12. (Continued)
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LISTING CF CAILY MEANS RELEVANT TC ABCVE PARAMETERS

1

357

358
359
360
361
362
363
364

365

C.47G79t

Ca51671F

C.47246E
0.60521F

C.6C550F

C.59529E
C.56138E
C. 603500
C.57946€

. C.5C342F
C.60783C

6.58723E
CL.5G6921F
~.598C¢&F

.3 192E

C.64362E
C.67708E

C.66T54E
C.65953E
C.61758E
0.54550F

0.65929¢

C.655C4F

‘0.€5529E

C.65196E
C.5G975E

. Le51733E

C.5236TE
C.65575E

C.£6CTYF

C.641CUE

' 0.62892F
0.59917%

C6

Co

Gé
Cé
g6
ce.
C6
(13

IN KILOWATTS

KILOWATTS..

06"
c6 .

06

6
b .
cé .

Ce

ce

C6

ce6

06
c6
Cé

C6
06
6 -
Ce

[

06
cé.
cé
06
cé

o6
(c)
Figure~12,;'(00ntinued)
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LISTING CF WEEKLY MEANS RELEVANT TO ABCVE PARAMETERS

PHCAY=
PHCNY=
PHCNY=
PHCKY=

1

CON0 N

&
45
46
47
48
49
50
51
52

195.CC

222.CC

4CC.C0

gccC.CC

0.55C90K C6
C.58412F C6

IN KILOWATTS KILOWATTS..

£.58C23F 06
C.S7B396F Cé
C.584SG3E Cé&
C.57593E C6

C.57CC3F C¢
C.c6821E C6

C.56164E C6
C.56C80L 06
C.548855 06
.58093E 06
N.55693F

(6]

VIR o9k (6

0.57923% Cé6
C.55123F Cé6 T
£.59742F .C6 T '

"C.EG301E C6

C.5H8396F Cé&
C.597CSE .06
C.60939E (6
0.63154F Cé6

C.E3546F Cé
C.EC320F C6 , o
8760 8T61AMAYKW= C.1272C 07  ALMTLN= 0.6575E 06
§76C 8T61AMAXKW= C.1372E 07 . ALMTLN=  0.6575E 06

8760 BI7ELAMAXKW= (.1372E 07 ALMTLN= 0.6575E 06

B760 8761AMAXKW= C.1213E 07  ALMTLN= 0.6575E 06
(d)
PFigure 12. (Concluded)
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week's maximum and minimum hourly demand values. There are
three "xxRGKW" items. For purposes of visualizing‘the'kilof
watt magnitude of the variatien, these values equal one—ﬁalf
the range of the average‘aﬁnual kilowatt measure of variation
for, respectively, the day, week, and the day-week combi—,
nation. |
"TOTKWH" is the yearly total kllowatt-hour energy re—
quirements for the given demand curve. "AMAXKW"zmmi"AMINKW"
are the max1mum and minimum yearly demand curve kilowatt
values. "ALMTLN" is the wvalue fer'theyearly mean kllewattsa
"BULKVL" and "PEAKVL" are the values for the bulked—
ness and peakedness parameters already deflned¢ |
Figures 120_and 124 are examples ef the listings which
follow each page of computer parameters,including the origi-
nal curve. They are useful for draftlng purposes when pro-
trayal of a demand curve is desired at a broader view than
a detailed plet of the hourly demand values. (The values
that fellow the flfty—second week in Figure 124 are gust

program 1nternal reference messagesu)
Results of Application

Applications of the parameter-curve model are shown in
Figures 8, 9, and 10. Succeesful results are achieved fer
all of the demand modlfleatlons 1nclud1ng both 51ngle and
comblnatlon parameter effects. The original demand curve is
ﬁedified in a;pianned and contrelled manner with an explicit

vdefinition'of the curve shape. Punched card decks of demand
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values are obtained for input to the system simulation
models. Thus, the objectives of this model are realized by
its application potential for studies of demand curve
variation effects on energy storage requirements.

Figure 8 warrants particular review. Thig figure plots
the demand in de%éil of daily mean kilowatt poeints. The
heavy line is the original demand curve. It is essentially
the 1965 demand curve for‘Oklahoma Gas and Eléctric Company
which serves the medium~sized city'afOklahoma_City, sections
of Oklahoma, and border areas of Arkansas. The fine line is
the plot of this demand curve when modified by an operator
parameter value of OQEO'fof‘the Week option; the other three
options bypass computation. In the next chapters a refer-
ence tqifhese curves 1s desirable since they are the éptual

study's demand input data.
Remarks on System Development

A summary evaluation in Table I gives the operator
paraméter and resultant parameter values for a number of
modified demand curves. _All of the resultant values are
in the range of predictable results.

Those modifiedvdemand curves based on a combination of
operator parameters are less predictable, since the hourly
demand values are modified in series by fhé number of af-
>fecting‘optionse

There are three basic conditions which cause a degree

of less than perfect independence. The first is the peaked-



TABLE I

COMPARATIVE DEMAND CURVE PARAMETER
BY USE

RESULT
OF THE PARAVETER-CURVE GENERATOR

OPERATOR PARAFﬁ” B3 RESULTANT PARANETERS*

DAY WEEK - PEAI BULK DAY. WEEK PEAK BULK YEA“ HI/JO © DAY-WEEK
) (%) (IpR) (%) (%) (%) (%) (%) %) (%)
— Original Curve —— 53.66 77.49 47.53 11.7C £39.74 43.54
.50 73.79 77.49 40.23 8.87  314.34 59.14
« 50 53.66 88,07 46.83 11.16 388.28 46.06
3 53.15 82.65 16.14 27.10 2,026.10 54 .50
47 46.92 T73.62 52.84 12.58 791.68 35.94
1.25 53.66 T7.49 44.74 12.56 501.37 43.54
.60 1.170 1.25 69.35 75.51 39.04 10.75 393.80 54 .37
+ 50 .50 40 1.15  70.53 86.45 52.32 6.05 225.02 63.21
¥ Total annuval kilowatt-hours and yearly mean kilowaits are the same for
all demand curves. Total XWH = 5,759,300,000. Yearly mean KW = 657,460.

7L
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ness option which is a result of the time-oriented defi-
nitienc This'option requires a computational process that
has to force more strongly.a change in the shape Qf the
demand curve with several stages of curve.medificetiona The
second condition is the movement of some demand p@ihts by an
absolute shift for the time—period set of data. This design
decision involves a criterion ef maintaining the curvé vari-—
ation magnitude for equipment specificatione¢ This is more
appropriate for the studies of energy systems for range-
ehanges of a non-steady-state projection. This approach
requires some "loss" of proportional modification relative
to the generation of new demand curves; For analysis'of a
given company, the selected approeach is tﬁe design becauee
of its better analysis of one given company for a range of
conditions. In any-case, modification by a‘lowef order time
set (ioe} a day set‘is less than a week eét) compensates
reasenably for this effect. The third condition is also
important for net result effects. As recalled, the compu-
tatiqnal processes perferm on the basis of sets of days and
weeks. The finél calculatioﬁ>of the resultant parameters is
in terms of hourly demand. values. This iszaplanhed approach
in erder to gain maxiﬁum measurement accuracy‘between any
number of demand curves. However, this approach causes |
somevsacrifice in‘pfecise predictability of pafameter move-—
ments under medificationsa |

These abeve conditions inherently cause a degree of

dependence between the separate parameters when some parame-
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ters are used in combination for demand curve modifications.
That is to say, the precision of measuring the regultant
parameters of the modified curve is greater than the natural
independence of the sets of data. The computational move-
ments of sets of days and weeks are logically independento
Nevertheless, an hourly value within a set can cause a minor
perturbation in parameter measurement; This 1s most notable
in thebpeakedness and bulkedness parametérs as well as when
the parameters are used in combination. For example, an
hourly value might move &bove or below the yearly mean kilo-
watts when a day mean is near that value. he day and week
parameters are virtually unaffected. However, that same
vroint causes a moderate change in either or both of the
bulkedness and peakedness measurements when finally measured.

This is evident by reference to Table I. During the
design of this model, a choice of design-decision was
selected. It was concluded that the greatest precision in
measurement of the finally modified curve for its parameters
is more important than preventing minor perturbations af-
fecting independent predictability. |

This conclusion is based on the ocriginal goals of
capability for demand curve comparisons for common gualities
at a minimum level of research cost. Therefore, the model
design objectives are satisfaotoriiylachieved ocn the basis

of this decision for maximum precision in measurement.



CHAPTER V
DERIVATION OF SIMULATION MODELS

This chaepter is concerned with the derivation of the
system simulation computer models. The interpretation of
the models'® computer oubtputs 1s degcribed in Chapter VI,
There are three_system simulation modelss contrelled input
with cyelical stoerage procedure, controlled inmput with daily
storage procedure, and uncontrolled input. "Controlled
input" denotes a conventional plant where the rate of gener-
ation is continually adjusted to the present demand need.
"Uncontrolled input" denoteg the utilizetion of an unconven-
tional energy source where the rate of generation depends
upon source availability regardless of demand for energy.
"Cyclical" and Ydaily® denote the power plant methods and

model algorithms by which energy enters-stays-leaves the

storage block.

Ignoring legal and gafety requiremeants for generation
capacity, the technically required generation capacity
(kilowatts) is equal to the meximum yearly demand value.
This peak load requirement 1s often only for a few percent
of the year coupled with a very low kilowatt-hour energ

o,

7
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regulrement. It 1s this condition that warrants the study
of energy conversion with storage systems. Only a small
amount of stored energy 1is required for a generally signifi-
cant decrease in conventional power plant investment. There
is a minimum point of power plant capacity belowrwhidhenough
total energy is not generated over the whole year to meet
the sum of the demand requirements. Mathematically,_this
would be equivalent to the yearly mean kilowatts, if 1t
were not for storage block efficiency losses. |
Therefore, no matter how much storage is available, !
the minimum generation capacity must suffice the yearly N

total energy requirements plus the energy required to

coggéaéate for the storage block efficiency losses. This %
minimum generation capacity kilowatt level is called "ALMTLNY,
1imit line, at which point the power plant generates at a
uniform level across the year. The 1imit line kilowatt
capacity is greater than yearly mean kilowatts except where
the storage block operates at 100 per cent efficiency.

This cOnéept is portrayed in Figure 13; "A" is the
energy required at the point of demand. "B" is the total
amount of energy that must erter into the storage block to
satisfy the "A" reguirements. "B", however, is not the
amount of energy that must be stored such as hydrogen in a
cavern. Thus, "B" includes the "A" energy requirements plus
the energy reguirements to overcome the storage.block

efficiency losses. It is notable even at this maximum

storage case that its percentage of yearly energy require-
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Pigure 13. Portrayal of Limit Line and

Energy Storage Concepts
Storage block efficiency is
less than one hundred per cent'
in this example..
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ments is still relatively small. Practical considerations i

i
£
j

of economic trade—off between plant investment savings and
storage block costs seldom approach the limit line. The

economic optimization level for power generation usually |

\

falls someplace above the limit line. '

torage Block Efficiency

Reference tQ.Figure 4 indicates that seven storage
components are defined for individual study. The input and
output components are rated in kildwatts» The Ycavern"
storage component 1is ratéd in kilowatt—hourse For each of
these components an efficiency percentage is specified as a
single percentage value for each component. The storage
block compound efficiency is then the product of these
seven efficiéncies since they act in series. This is,oalled_
"SYSFAC", system factor. The energy area "A" (Figure 13) is
divided by the system factor percentage to determine thev"B"
energy reguirements. This is the amount of energy that must
enter into the storage system at the input point of the first
input component, "B1" in Figure 4. The combination of the
gingle, or point, efficiencies of the input components is
called "STINFC", store-in factor efficiency. For a given
time interval unit (”AET") that energy entering the first
input component times the store-in factor is the amount of
energy entering into cavern storag;'éu This amount o0f energy
is summed over periods of input to determine the maximum

cavern storage requirements (kilowatt~hours), accoerding to

s
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the storage procedures. Similarly, the output component
efficiencies are multiplied to obtain "A1INFC", "A1" input
factor. The kilowatt output of "A3" is equal to the kilo-
watts reQuired by the demand curve; when this value is
divided by "A1" input factor, the kilowatt input rating is

defined for "A1" in Figure 4.
Fuel Conversion Efficiency

The cumulative fuel efficiency as a function of system
load percentage is portrayed in Figure 14. The values of
this graph are for a simplified view of the complete power
generation system of the Oklahoﬁa Gas and Electric Compeny
for 1965. The genération capacity ie made up of a number
of generators with the most efficient generators being used
for base load. Therefore, the overall fuel conversion
efficiency declines as the system load increases. This in-
formation is used to evaluate fuel costs. The price of bulk,
purchased fuel is converted to cost per kilowatt-hour
according to the theoreticélly availablé energy of the given
fuel. Percentage system load is defined as the ratio of a
kilowatt demand value over the yearly maximum demand value.
Actual cdst of fuel for a given hour of the year is then

computed ass

(kilowatt demand value)(dollars/kilowatt-—hour of bulk fuel)
(fuel efficiency value for that hour's system load percentage )

Total yearly fuel costs then are the summation of all hourly

costs. This approach parallels the power plant practices of
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loading generation eguipment according to minimum heat rate
(BTU/KWH Net) combination levels. As the energy load in-
creases the generation units of déclining efficiency are
éddedo The design of this fuel cost computational procedure
offers maximum flexibility in allowing réseérch studies to
be made on individual. power plants regardiess of their
eguipment-loading operating practices. Thié can be observed
in Pigure 14; the first generation unit loaded is a re-heat
unit with slightly lesgs efficiency than the next unit.

There is no effective difference in this case since the two
first units'’ megawatt fating is below customary minimum load.
Figure 14 was developed in "jumps" of unit megawatt ratings
at generation unit-average heat rates. The regearch user
can develop as precise as efficiency chart as desired by
plotting smaller heat rate increments before conversion to
cumulative efficiency values.

Annual operating costs of conventional power systems
include in the range of fifty per cent for fuel costs.
Therefore, the cost optimization model must include this

major cost component in the trade-~off analysis.
Costs

Energy conversion -with storage systems are evaluated
for the following eguipment cos?t parameters:vstorage input
components, cavern storage, -storage output oomponenté, and
conventional power plant cost. The purpbse of the computer

cost output is solely one of ready decision~estimation
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convenience to the research user. Costs are simply linear
cost extensions, i.e. no economy-of-scale analysis is made
Within the.pragrama Hence, the cost parameter input values
should represent reasonable~range values for the expected
size of specified componentse.-

Even though the research user of these models might
“have only "best estimates® of costs because.the state~of-
the-art precludes better information, the cost computations
play a very useful rolé in the analysis and design of energy
‘conversion with storage systems. They are used in the pre-
diction of boundary conditions for feasible limits of costs
if savings are to be realized; they are used to find the
physical parameter value range where least costs are likely
to occur. Further, they aid in determinatien of those
equipment and.efficiency areas where continued research
efforts offer the greatest potential yield.

Cost parameter definitions indirectly emphasize the
equipment design aspects by being based exclusively on
Eguivalent Annual Costs per kilowatt or kilowatt-hour. Some
information, therefore, requires prediction concerning the
Iexpected life:of components. Again this demonsitirates a con-
venient approach, since the technology stafemofwthewart for
different components can have radically different useful
lives. Consideration of a rate of return ("interest per—
centage") is recommended thereby emphasizing this significant
restraint of a feasible system design. (In this study,

where pertinent, a rate of return of eight per cent was used.)
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Equivalent Annual Costs are computed by conventional
engineering economy methods. Estimated first costs of equip-
ment per kilowatt or kilowatt-hour are evaluated by the
capital recovery factor-uniform annual series for the various

A

projected lives. The research user can make reference to a

table of these values in books like Engineering Economics,

by Thuesen and Fabrycky, Prentice~Hall Company. Neverthe-
less, the research user is not obligated for development of
accurate costs and liveg of storage equipment components.

in understanding boundery

Rough estimates can still assist
conditions if good estimates are used for conventional power
plant cost (and fuel cost). This is since one "side" of the
trade—-off cost curves are well defined as the feasibly
practical limit for storage sub-system costs. Accuracy of
the cost input parameters is not vital in order to obtain
much of the decision-making value of the cost output. It
behooves the research user to meke use of this information
in his 6verall analysis of research prediction no matter
how grdss Tthe cost data information.

A common engineering practice is specification of
eguipment in terms of output capacity. This is appropriate
to equipment analogous to controlled generation. Energy
storage systems, however, periform differently. Theilr
definition is in terms of capability to receive power.

Hence, begides physical characteristics, all computer cost

outonuts define the reguired cogts for the input capacities

of storage eguipment.

N
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Design of Cyclical System Simulation Model

The basic concept of trading—off plant investment in
generation with storage is already discussed. This con-
trolled input syétem simulation model with a "éyclical"
storage procedure is very similar to the éimulation model
with a daily storage procedure. Their computational
processes parallel each other except for the logic of
storing energy over time. The name "cyclicalﬁ is based on
the approach of storing energy across the yearly cycle of
the demand curve. |

Before discussing the general computer program, next
is the description of the method logic of storing energy.

The necessity for cavern storage reéults from the step—ﬁy~
step decrease in peak poWer generation capacity while the
demand curve stays fixed; refer to Figure_15¢ For any given
kilowatt peint on the demand curve which is greater than

fhis ad justed power generation peak capacity, the extra
demand‘requirements reguire supply of energy from the storage
block. Over the vyear at a level below maximum demand, the |
power genefation peak "cuts off" a quantity of demand energy.
This quantify is met_by stored energy at the point of demand.
Therefore, the;maximum stored energy reflects the effioienw_
cies of the storage block. The oyolical.storagerprocedure
meets the demand requiremehts by storing across the whole
cycle of the year at a new minimum level of generation.

Whenever actual demand is below the new minimum generation
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] ‘ DEMAND TO BE SERVED
FUEL CELLKW " FROM STORAGE
‘ ‘ A\ IA  REDUCED MAXIMUM
\/ GENERATION LEVEL

NEW

ELECTROLYS!S MINIMUM
KW GENERATION
LEVEL

TIME

Figure 15. DPortrayal of Cyclical Storage

Procedure
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level, energy is stored. When demand is a&beve the new maxi-
mum generation level, then stored energy is released. If
the optimum ecenomic generation 1eve1 is greater than the
1limit® 1ine,ithén the generation level ruﬁs at two uniform
nplateau® levels, maximum and minimum generation. The
generation level runs at the demand level only those times
of the year when demand is between the two plafeaux0

The ordinate kilowatt value difference between maximum '
demand and the new, maximum generation level specifies the
"A3" kilowatt outbtput requirement. The ordinate kilowatt
value difference between the new minimum generation level
and the demand curve minimum value specify the "B1" input
requirementm The energy in storage Which meets the cut-off
peak energy requirements is the yearly sﬁm of cut-off peak
enefgy adjusted for storage bloﬁk effiéienciesa

Based on thié algorithm, the computer,model first sets
up an array, or table, of the energy that can be stored at
a specific minimum generation level. Refer to Figure 16.
This table is called "BLLVL", below level. In incremental
steps of 0.04 per cent increase in minimum generation‘level
kilowatts, this table is built up for the two major_paramew
ters of the amount of cavern storage and the wérst caée
input component kilowatt value required (new minimum gener-
ation level minus minimum demand value)@. |

The program then evaluates the amount of energy that
is required across the full year by thé cut—-off demand peaks

and the worst case output component kilowatt value. The
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"¢ READ-iN CONTROL CARDS FOR
CONTROLLED INPUT UNDER
CYCLICAL STORAGE PROCEOURE

READ-IN PLANT
CONVERSION FUEL
EFFICIENCY TABLE

READ-IN DMDTBLIHR)|
DEMAND CURVE VALUES|

[ FIND AMAXKW:
MAX. KW VALUE
FIND AMINKW=
MiN. KW VALUE

KNTDMD = NBR. OF
DEMAND VALUES

CALL SYSNCY =
STORAGE SYSTEM
-EFFICIENCIES

CALL ALMTLN =
FEASIBLE KW LiMiT
LINE{NOT YEARLY MEAN) /

CALL BELOW-LEVEL =
SETUP_TABLE OF CYCLI-
CAL STORAGE VALUES

ENTRY TO
SUBROUTIN

[ AJUMP = ((ALMTLN %105} -AMINKW}/400.0 I

1
lAKWDWN =MIN. GEMERATOR KW= AMINKVLI .

REPEAT UNTIL
N POINTS > KNTDMD

KW VALUE=
OMDTBL{HR)

KW VALUES
AKWDWN

AKWDWN = AMINKW
+{ACELL* AJUMP}

INCREASE KCELL

‘ DIFFER < AKWDWN- KW VALUE]

I
FIND MAX. ELECTROLYSIS KW
FOR DIFFER AND STORE

RE-INIT
N POI

IALIZE
NTS

Pigure 16. -lMacro-Logic Deri%ation of Simulation
Model for Controlled Input Under a
Cyclical Storage Procedure



[CHUNK=(AMAXK\V-(AMINKW'I.O.‘))VIQO]

INCREASE ‘INDEX

AKWUP = AMA XKW ~{AINDE X« CHUNK1]
= NEW GENERATION LEVEL
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CALL OPRREG=
POWER PLANI
STORAGE PROCEDURE

WRITE HEADING
| AND VAR!ABLES
RITE

WRIT
PHYSICAL DESIGN
CHARACTERISTICS
OF PARAMETER:

COMPUTE ALL
PARAMETER COSTS

END OF
| PROGRAM NOTE

ENTRY T

REPEAT UNTIL

—

N.POINTS >KNTOMD

KW VALUE*:

DMDTBLIHR)

KW VALUE
< AKWUP

DIFTOP = KW
VALUE ~KWUP

FIND MAX FUEL CELL
KW "FOR DIFTOP

M OF
QR DifTOP)

FIND

PEAKKWH

Su
Fi

STORE KWH =
PEAKKWH/SYSNCY

- K GELL®

REPEAT UNTIL TEST

GAP 1S SMALLEST

____.[ TEST. GAP = | STOREKWH - CANSTORE(K CELL) | J
INCREASE K CELL

|
- (b)

Figure 16. (Continued)
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N POINTS>KNTOMD

KW VALUE = ]

DMOTBL{HR}

e

KW VALUE

]

I

FUEL COST AT KW
EFFICIENCY LEVEL

I
< CALL GAS=

)

S

2AKWUP

KW VALUE

>AKDWN

ADD_KW VALUE
TO TOTAL KWH

|
1 KWG AS = l
KW VALUE

CALL GAS=
FUEL COST

ADD_AKDWN
l TO TOTAL KWH l

i
KWGAS®
AKWDWN
[
CALL GAS=
FUEL COST

COMPUTE ALL MAX. CASE PHYSICAL DE-
SIGN VALUES FOR PARAMETERS AND
STORE {INCL. FUEL COST)

'Figure‘ﬂ6o

(c)

(Concluded)
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energy requirements are adjusted for sterage block efficien-
cies and then mérged with the below-level table's nearest
energy storage value. At this poeint a full set of parameters
is available for describing the energy storage componentss
After this new pattern of energy geﬁeration has been estab-
lished with its two generation plateaux, the'fuel cost is
computed for this new pattern of generation. (Néte:
Depénding cnlrthe desired precision by the research user,
additional, small savings in fuel can be obtainedlby making
‘a second computer run with the fuel efficiency curve ad-
Justed to its maximum efficiency‘value at the system load
percéntage reflecting the new minimum generatioh level.

This is based on the assumption that the design of a new
plant Would buy equipment teo reflect this new minimum.base
load.) This precedure is repeatéd until the new, maximum

generation level appreaches the limit line.
Design of Daily System Simulation Model

The design of this controelled input system simulation
medel with a "daily" sterage pracedure is‘similar in strﬁcw
ture to the simulation model with a cyclical storage pro-
cedure. The discussions about cencept, storage efficiency,
fuel conversion, and system costs are alsoe relevant to this
model. |

Thé derivation of this model occurred later than the
cyclical moedel. Anbevaluati®n of the cyclical storage

system parameters indicated that an.alternate storage
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system offered an advantageous cost picture depending upon
which storage system components had greatest costs per unit
of capacity.

The characteristic of this storage procedure is the
storage block's‘frequenf.change between input and output of
enérgya In this seﬁse, it is at the opposite end of the
spectrum from cyclical storage. Between these two stoerage
legics are possible a numgerﬂaf arbitrarygstérage approaches;
it is iikely that their nature represents some randem or
individualistig approach by a power plant. However, in
terms of the researéh user these tWQ syétematic approeachesg
offer determination of minimum costs f@r_st@ragevsince one
of the procedures offers thg best conditions for the input-
output-storage compohent‘of significantly greater cost. In
essence, these two storage logiQsA”bracket" the capacity
requirements for_thg input and output.components@

The name "daiiy" implies a storage appfoach of storing
energy intermittently between "daily“ sufges in démanda
"Daily" is.apprbximate terminelegy since it will be con-—
cerned with loﬁger stqragg periods as the new, maximum
generation levels are reduéeda

The sterage logié is described before discussing the
computer pragrém@ Reference to Figure 17 clarifies %his
descfiption@ Inua manner similér fgvéyclical stofage,
the méximum generation level is reduced stepwiée while the
demand curve stays fixed. Accordingiy, for periods where

demand is greater than generation the balance of energy is
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Figure 17. Portrayal of Daily Storage Procedure



supplied from storage. The computational process is started
at the end of the year and is érocessed to the beginning of
the year so that only the necessary amount of stored energy
is detefminedn Energy is stored, whenever the deﬁand level ¢
drops below the new, minimum generation Level. .
A peak of demand energy is "cut~off5; by this leftward
movement across the demand curve at the adjusted generation
level. This ameunt of energy is adjusted for storage block
efficiency and then is stored in the timé periéd below the
generation ievel which immediately precedes the requirement
for stored energya If the amQunt of energ& is fully stored
(i.e. adequate energy placed inte storage) in this period
preceding the usevbf energy, then the requirements for
storage are satisfied and the cerresponding cavern storags
requirements are determined. However, if the'energy sterage
availability is not adequate, the balance is carried over
aﬁd is added to the next cutoff peak's requirement for
Storageu Thus, energy is stored and used in an intermittent
and repetitive manner between "daily™ cutoff ﬁeaks¢ The
total cavefn storage réqUirements are then equal to just
the worst "daily" case plus any carried;®ver residuélsa
Different from the cyclical sterage procedure, the ﬁinimum
plant generation level is hot chaﬁged'by‘this storage pro-
cedure. The base load stays the same. However, peak loading
at the maximum_generatibn’level is increased. The peak
loading plateag-is‘broadened, with interruptioﬁs, more than

- the cyclicalvpfocedureo The' effects on capacity require-



ments of sterage components between these two procedures are
analyzed in Chapter VI, d | |

The brdinate kilowatt value difference betwéen the
maximum demand and the new generation level specifies the
"A3" kilowatt output requirements in Figure 4. However,
the worst capacity case for "B1" input requirementswis
.determined és the maximum difference bétween the new gener-
ation level and thebtop of the demand curve during’thése
periods when energy is stored. -

Baséd on this algorithm of storage, the cpmputer}model
decrements the maximum demand value and establishes a new,
maximum generation level; refer to Figure 18. By starting
at the end of the year and moving towardé the start of the
year, basic energy reqﬁirements and fuel c@sts are under
calculafion until a demaﬁd‘value occurs which is greater
than thé maximum generation level. |

For all sequential points above this value the amount
of energy peak is determined until a demand value is reached
below the maximum generation level. This temperary sum is
then adjusted by the storage block efficiency in order to
détermine the required amount of energy for st@rageu‘ Then
for all sequential demand‘peints below thelnaximunygeherétion
level per time-unit interval, the amount-te-be-stored is
reduced by that area available for storage.

This reduction‘continueé until either there is no need
left for "daily" storage or unfil a demand value above the

maximum generation level occurs. The former condition is



" READ-IN CONTROL -CARDS
FOR CONTROLLED INPUT UNDER
DAILY STORAGE PROCEDURE

READ-IN PLANT
CONVERSION FUEL
EFFICIENCY . TABLE

READ-IN DEMAND
CURVE _VALUES =
DMDTBL(HR}

FIND MAX KW VALUE

KNTDMD = NBR. OF '
DEMAND VALUES .

T
CALL SYSNCY
STORAGE SYSTEM

EFFICIENCES

: [
CALL ALMTLN =
- . FEASIBLE KW LIMIT
LINE(NOT YEARLY MEAN),
T—

ICHUNK=(MAXt KW-ALMTLN)/10.0 I

REPEAT UNTIL
INDEX > t1

WRITE HEADING

[ INCREASE. INDEX

.
IKW UP = MAX. KW - (INDEX*CHUNK ) |

AND VARIABLES

WRITE PHYSICAL
DESIGN
< CALL OPRR EG - > CHARACTERISTICS

POQWER PLANT DAILY OF PARAMETERS
STORAGE LOGIC

COMPUTE_ ALL
PARAMETER
COSTS

ENTRY TO
SUBROUTIN

END OF
PROGRAM NOTE

I SUM TOTAL ]
KWH_PER HR.

1
T CALL GAS
sFUEL GOST
PER HR.SUM
v J

(a)
Figure 18.‘,Macro-Logic’Derivation of Simulation

Model for Controlled Input Under a
Daily Storage Procedure



REPEAT UNTIL

NPOINTS >SKNTDMD

| SUM TOTAL
"] KWH PER.HR

CALL GAS AT Kw
EFFICIENCY LEVEL

SUM PEAK KWH
2 KW UP

FIND MAX. KW
FUEL CELL

STORE KWH =
PEAK KWH/SYSNCY

RUNNING SUM =
STORE KWH + CARRY

RUNNING SUM>
MAX. STORAGE

MAX STORAGE KWH
= RUNNING SUM

I
BALANCE =
RUNNING SUM

—-{CAN STORE = (KWUP-DMDTBL(HR))*ADﬂ
-]

l BALANCE = BALANCE - CAN STORE ]

SUM TOTAL
KWH PER HR

CALL GAS

FIND MAX. KW ]
ELECTROLYSIS

]
l PEAK KWH 0.0 J

L CARRY = 0.0 J

]
SUM TOTAL KWH I

CALL GAS

[CARRY = RUNNING SUM- TOTAL STOREDJ
]
l PEAK KWH=0.0 ]

i

(o)
Figure 18. (Continued)



RESIDUAL =
RUNNING SUM

RESIDUAL MAX.>
STORAGE KWH

MAX. STORAGE
KWH = RESIDUAL

I

ESSENTIALLY RECOMPUTE ABOVE
OPRREG SUBROUTINE UNTIL STORED
RESIDUAL<0.0. THIS INCLUDES
ADJUSTMENTS FOR FUEL COSTS
AND PARAMETERS.

l

COMPUTE ALL MAX. CASE PHYSI-
CAL DESIGN VALUES FOR PARA-
METERS PER INDEX.

RETUR
TO MAIN
PROGRAM I
GO TO
RECYCLE

(c)

Figure 18. (Concluded)
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the amount of cavern storage for comparison to similar values
for the worst case requirements. The latter condition re-
guires carrying the unstored balance and adding it to the next
ad justed peak amount-to-be stored. Ultimately, the last peak
ig cutoff for this particular decrement level of maximum
generation. The worst case of this series of "daily" storages
specifies the maximum cavern storage requirements. If, how-
ever, the amount of energy for storage is yet out of balance,
then the residual carries for areiteration of the storage
procedure beginning at the end of the year. . Itcontinues to
that time where the residual is zero with adjustments for
the affected fuel cost time intervals. At this point the
worst case establishes the parameter values, and the program
proceeds again to the step for maximum generation level

decrementation down to the feasible test limit.
Design of Uncontrolled Input System Simulation Model

The computational logic and nature of this model: is
considerably different than the prior two simulation models.
The purpose is different. This model is for examination of
energy source conditions different than the energy sources
of present day conventional generation.. However, its use-
fulness in research studies is not solely exclusive to
problems of developing nations such as using random sources
of energy like wind, or sun. This model is usable, somewhat
artificially, for an examination of an a priori decision of

conventional generation loading pattern which then makes
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generation independent of demand.

Even so, the basic principle of reducing generation
requirements for peak load and replacing that supply of
energy by stored energy 1s applicable to this model. The
difference here is that storage is a necessity. No demand
curve 1s capable of supply by only an uncentrolled source
of energy; storage is neeessary if the two time'functions
are to be made feasibly cempatible for satisfaction eof
demand. . | |

The problem then becomes one noet of finding the most ?

_ _ i
economic trade-off point between conversion and storage as

i,

kY

in the former simulation medels Tfor conventional plants.
The problem is the determination of now much storage is
necessary for the successfullsupply of a demand curve. Thisgf
is a criterion for the design of this model. Nevertheless, “
after evaluetioneiof'experimental studies, the induction is
that nossibilities of'ecenomic‘trade~off optimization exist;
This trade—-off situation doeg not invalidate the eri— |
terion; it is still necessary 1o determine a sufficient
system. _However, an economic trade~off optimization exists
after a sufficient cendition of»storage eapacity is deter-
mined. An eﬁample serves for elarifieation ef this peint.
Consider a basic energy system with storage like some region
uging wind generation. Storage is rnecessary for the satis-—-
faction of the specified demand curve. However, by doubling
their number of wind generators, this region probably re-

duces, depending on individual costs, the amount of sterage
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sub~system costs. This reduction might cause a lesser
total annual cost for satisfaction of the same demand curve.

The prqpise.of design is the most economic combinatién W
of equipment which meets the specified demand curve. This
premige 18 emphasized és a basic asSumptioh beéause if in
the above case an over-capacity number of generators were
the most econemical, a surplus amount of energy would
result. According to the premise it is "thrown away","
whereas 1in realitj a non—pianned use might develoep; this is
randem power. The specified demand curve'stays unchanged
because otherwise the original system f@f satisfaction is
re-defined.

The general references to the computation of storage
block efficiencieé are still applicable to this model.

There is no fuel cost. No fuel ceost is the basic argument
for a system like this in-a developing nation context or
general savings context. There is; however, a function for
the efficiency of the generation equipment in conversion of
the energy source to output energy. Costs of the whele
system are computed similarly to the @ther models. However,
the research user probably has not too firm ceosts for any
prart of the trade~off medel for good evaluations of the
limiting conditions. Additionally; when this model is con-
cerned with studying a special éiﬁuati@n in conventioenal
generation equipment, the addition of fuel cost is necessary.
The computer output specifies the total energy required; 2

efficiency adjustments for fuel in this special situation
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are according te the percentage of system load levels of the
user's pre-defined generation pattern.

Most of the data required for a conventional system
is alse required by this medel. There is one major ad-
ditional input of the same magnitude as the demand curve;
in the same chronoloegy an identical number of time-unit |
values is necessary. This additional inpﬁt is the "theo-
retical power densify curve" for the uncenventioenal energy
source. The scale of these values is defined in terms of
kilowatts per square foot across a time of one year of the
random source petential energy. The computational procedure
requires a small generation value as a denoeminater. This
scale of power density is a practicable.choicef An uncoen-—
ventional power source likely includes many single units in
parallél (esga solar cells) whose total becomes an effective
magnitude of energy. The éonversion efficiency of one unit
is the same for the aggregate without regard to scale. The
conversion efficiency function develops the actual ontput,
or "transformed power density curve". Since the demand and
power dengity curves are independent, thebpurpose of this
power density function is the definition of the "gap® be-
tween the two curves where storage i1s necessary for some
duration.

Thig energy gap is the foundation for the computational
approach in the uncontrolled medel (see Figure 5). The next
discusgion shows that the storage logic is similar to the

daily sterage procedure and that any cyclical method of
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storage is always more costly.

The storage algorlthm is 1ncluded in the following
discussion of the computer model. Reference to Figure 19
clarifies the computation of this storagc procedure. From
the theg;etical power den51ty curve the program develops the
transformed power den51by curve accordlng te the conversioen
efflclency functlon, refer to Figure 20. The effective
power isg tetalled over the year for the‘square foot power
source. This is dividéd info‘thé‘amount of demand curve
- energy as a starting point fer determination of the require-
ments for an adequate generation with storage systemu' At

his point two computer ar;ays, demand and transformed

power density, are avaiiable and are nearly equal in magni-
tude. (Power den51ty is forced to be less so that a first
point 1nterpolatlon case is established. ) The demand array
(iaew computer table of chronological demand values) is
gubtracted from the power density array teo form a third
array, deficit-surplus array. The éhronological sequence

of values is idenfical for all’three arrays. In this compu-
tation parameter values are obtained for the sterage input
‘and cutputs cqmponentsu Figure 19 portrays these storage
logic relationships. A>deficit (~) implies the requirement
for stored energy; a surplus (+) implies the input of energy
to the storage system. A zero value indicates that the
energy source output eguals the demand need at the particu-

lar uwnit—-time period. The deficit wvalues are absolutely

summed and adjusted for storage bleck efficiencies; the
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0 TIME
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Figure 19. Portrayal of Storage .
A gorithm in Uncontrolled
Input Model
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VY

READ-IN CONTROL CARDS FOR
UNCONTROLLED INPUT MODEL

DEMAND CURVE VALUES

( READ-IN DMDTBLI{ZHR) =

KNTDMD * NBR. OF
DEMAND VALUES

AL S VR SAc

r—ﬁmﬂmmemrﬁ'j
VALUE OF POWER DENSITY

= NBR.
I POWER DENSITY VALUES I

REPEAT UNTIL
N POINTS>KNTR

[LMD Pzncsu'r-wnmumm.rmmhmq
i s
BLI2HR1: PRDTBL(2HR) # CON-
VERSION EFFICIENCY TABLE LOAD %

| i PebTot Lot
MAX TPDTBL { 2HR)

0

IND

TPOMIN =
MIN TPOTBLI2HR)

IND SUM Of
KWH FOR TPDTBL

[
[ﬁMULTIPLlER * (DEMAND TOTAL KWH/S5UM KwH FOR fPDTBLI’QN;I

®

(2)

Figure 20. Macro-Logic Derivation of
Simulation Model for
Uncontrolled Input
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|UPPERLINE = AMULTIPLIER %{L! 5Y2-52432

I
‘ ADJUSTER = AMULTIPLIER/LAST MULTIPLIER

REPEAT UNTIL
N POINTS > KNTR

TPDTBL(2HR) =
TPOTBL{ 2HRI*ADJUSTER

REPEAT UNTIL
NPOINTS > KNTR

{ DEFICIT IMPLIES FUEL CELL(-} }
SURPLUS {MPLIES ELECTROLYSIS {+)

—]I DEFPLS{2HR) = TPDTBL(ZHR)-DMDTBL(ZHR)I
I

& )

[FIND MAX. FUEL CELL KW ]
!

FIND MAX.
ELECTROLYSIS KW

FIND SUM OF
I FIND SUM OF KWH l ! SURPLUS KWH J
: [
DEFICITKWH =
SUM OF KWH/SYSNCY

{

[EXTRA KWH = DEFICITKWH+SURPLUS KWPJ

CALL OPRREG=
POWER PLANT
STORAGE PROCEDURE

NO TRADE-OFF EXISTS FOR ELECTROLYSIS
AND OTHER STORAGE tNPUT COMPONENTS.
THEREFORE, THIS OPRREG 1S ESSENTIALLY
A DAILY STORAGE PROCEDURE.

KW VALUE =
DEFPLS (2HR}

REPEAT UNTIL
N POINTS >KNTR

(b)

Figure 20. (Continued)



SUM PEAKKWH <00

FROM DEFPLS {2HR)

STOREKWH =
PEAKKWH /SYSNCY

KW VALUE =
DEFPLS(2HR}

RUNNING SUM
MAY. STORAGE

MAX. STORAGE KWH
= RUNNING SUM

BALANCE =
RUNNING SUM

CANSTORE = KW VALUE
FROM DEFPLS(2HR!

PEAKK

RESIDUAL>
MAX. STORAGE
KWH

MAX_STORAGE KWH
=RUNNING SUM

INSUFFICIENT
CONDITION

(c)
Figure 20. (Continued)
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ESSENTIALLY RECOMPUTE ABOVE OPRREG
SUBROUTINE UNTIL STORED RESIDUAL £00.

THIS INCLUDES ADJUSTMENTS FOR RELE-
VANT PARAMETERS.

COMPUTE ALL MAX. CASE
PHYSICAL DESIGN VALUES
OF PARAMETERS AND STORE

|
—J

.

CALL INTERP =
INTERPOLATION BETWEEN
ADJACENT * EXTRAKWH

VALUES

I

COMPUTE A NEW
AMULTIPLIER AND SET
OF PARAMETER VALUES
THROUGH RECYCLE POINT

WRITE
{HEADING AND
VARIABLES

WRITE
PHYSICAL DESIGN
CHARACTERISTICS
OF PARAMETERS

WRITE
COSTS

—T

END OF |
PROGRAM.
NOTE

(d)
Figure 20, (Concluded)
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surplus values are summed. The algebraic total of these two
sums equals the energy system surplus. Whenever this energy
surplus sum passes into the positive value range a feasible
energy system exists. The program now determines the cavern
storage requirements by a computational method similar to
that of the daily storage procedure for the controlled input
model. Refer to Figure 19; the computation process utilizes
the deficit—surplus array for this evaluation. The input
component capacities are aiready defined by this deficit-
surplus array under the criterion of storing enough energy

to satisfy the demand curve. Accordingly, there is no alter-
native to the capacity requirements for the input components.
Hence, 1f a cyclical storage procedure were applied, there
would exist no trade-off between capacity requirements for
inpqt components and cavern storage (where output components
are-fixed as a controlled variable). Costé of the whole
stofage bleck are always 1owér for a daily storage pfocedure
in an uncontrolled input model.

After making adjustments for energy residuals, a new
multiplier factor is computed. This factor is used to in-
crease the "size" of the transformed power density curve for
another series of deficit-surplus array and storage component
calculations. This recycling is continued until the avail-
able energy from the transformed power density is approxi-
mately five times the requirements of the demand curve. The
program then transfers to an interpolation section where a

new multiplier factor is linearly computed between adjacent
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plus—and-minus energy system surplus values. A complete
iteration cycle is performed with this multiplier factor for
determination of the sterage component specifications at the
point where the system is a Just-satisfied feasibie system.,

The multiplier factor adjusts the tranéformed power
density curvé, This generétéd p@Wér'éutput stili must.ex-
ceed the demend energy to compensate for storage.bl®¢k
efficiencies. Hence, if the storage éfficiencies are too
low the system is not satiéfied.within the above limits,
and it is very unlikely that such a system is ever econemi-
cally feasible. An efror message 1is written for the case
where a system is not satisfied even at five times the
energy required by the demand curves.

It is this multiplied-buildup of the power density
arrgy which enables the study bf over—satisfied systens,
i.e. a system generating mere kileowatt-hours than required
for phySical feasibility. For the same reason as above,
the economic feasibility ef a system, this enlargement‘of
the power density array is limited to a multiple of five.
The most economic system may be greater than the just—
satisried demand system. If se, there is extra energy

enerated. Though of possible utility, this extra energy

0

is considered outside of the utilization of the demand
system. Moreover, its availability is very erratic. ' Under
a special cagse, an over-gatisfied system can reqqire no
storage sub-system; this is called a super—satisfied energy

system.
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Remarks on System Development

The derivations of the three system simulation models
are developed in Chapter V. The overall pegition of these
models in energy storage study applicatiens is clarified by
the operational system design in Chapter iIIa |

With reference to Chapter II, the derivations of these
models are evaluated as wholly within the constraints of
the relevant deéigﬁ criteria. Moreover, the accomplishment
of the simulation objectives iswiﬁdioatedlnrthe capabilities
of these simulation models (within the operational system).
The use of these models 1s demonstrated in thé computer

output interpretations of the next chapter.:



CHAPTER VI
INTERPRETATION OF THE COMPUTER MODELS

This chapter describes in detail the interpretation of
the computer outputs for the system simulation models of
Chapter V. TFollowing each of the descriptions about inter-
pretation, & section discusses the application of these
gimulatien results to the design of such power plant systems.

[

Only the basic computef mnem@nics are defined for the
output pages. Thése definitionsmare the ones necessary to
the engineer for his practical use iﬁ'system studies and
design applications. Figures 21 and 22 present an overall
view of the mnemonics for the research user's reference,

Figure 21 schematically represents the basic mnemonics
appropriate to the contrelled input medel unéer a cyélical
sterage procedure. The same portrayal is suitable for the
daily storage model except that there is no "DWNKW". The
portrayal is useful for the uncontrolled input medel only in
a sense of analogqﬁs relationshipéq Figure 22;cress~
identifies the mnemonics associated with the individual
componen%s of the sterage bleck. This'identificétion is
suitable for all three system simulation models. "DMINMX"
is the effective kilewatts utilized by the demand curve; it

18 equal toe the output from the "A3" component. Reference
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¥
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e ENERGY DEMAND CURVE

- POWER GENERATION CURVE (THE TOTAL AREA UNDER THIS CURVE
EQUALS "TOTKWH" FOR A GIVEN "GENKW ")

Pigure 21. Representation of Computer Output Mnemonics of
Controlled Input Generation Model Under a

Cyclical Storage Procedure for a Hypothetical
Demand Curve
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to Figures 4 and 5 ghow the relative block positions within

the simulatien logic moedels.
Interpretation of Computer Cutput for Cyclical Storage Model

This sectien describes the computer output for the
contrelled input system simulation model under a cyclical
sterage proeocedure. Figure 23a both ﬁict@rializes the basic
energy storage model and lists the input parameters of
storage component efficiencies. Figure 23b lists the:
storage component kilowatt specifications for various levels
of new méximum generation. "GENKW" is the réquired power
plant output capacity; the first row is for the caée of noe
energy storage. The input'components,."BTINMX"; etc., are
the werst case kilowatt requirémgnts for the particular
generation level. The valueé listed specify EEEEE capacity.
BSTORMX" specifies the maximum kilowatt-hour size of caverh'
storage; the negative sign is used only to highlight storage.
The output components, "ATINMX'", etc., are the worst case
component fequirements for each generation level. The
values listed specify input capacity. "DMINMX" is the maxi-
mum- kilowatt requirement for a unit of time by the demand
curve; it is equal to the output from "A3". PFigure 23c
ligts other relevént values Tor each generation level.
"GSDLLR" is‘fhe fuel cost in dollars; "TOTKWH" is the
total yearly kilowatt-hours generated; only the value for
generation with no storage is the kilowatt-hours required

by demand. "AREAPK" is the kilowatt-hour requirements of
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Figure 23. Computer Output of Simulation Model for Controlled Input
- Under a Cyclical :Storage Procedure '
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- CONSTANTS  =====
ADT = 1.C000
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Aﬁ}NKN_§ C.312OE“O6
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Ui
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DLRKWH = C.68261726-03
QIFLIN = C.7046E 06
TSTLIM = 0.7379E 06

SYSFAC 056429999

!

STINFC = 0.95CCCCC0
JDEX = 11

KNTPSS =

it
‘o

KCELL= 401
(a)
Figure 23. (Continued)
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the demand that were cut-off by a new generation level.
"KTIMPK" is the number of hours of the year in which energy
is drawn (in some amount) from the stérage block. "KTIMBL"
is the number of hours in the year in which somé energy is
placed into storage. "DWNKW" is the kilowatt output -capaci-
ty specification for the néw, minimum generatien ievel; it
assists in design eof plant.

Figure 234 lists some relevant values. "ADT" is the
user~specified valué of the time interval between demaﬁd
points. HAMAXKW" and "AMINKW" are the yearly maximum and
minimum demand values. "DLRKWH" is the raw fuel cost in
dellars per kiloWatt-h®ur. MQIMLIN" is the 1limit line;
HTSTLIM" is the feasibie test 1limit. A feasible test limit
is used in establishment of the smallest new genefation
level value in order te reduce computer "looping" timé fér
residual storage checks in some models.

Figures 23e énd 23T are the cost output pages for all
storage compoenents and power plant at each new generation
level. The first row is the cost for a power plant witheutb
storage. The user-specified values for Equivalent Annual
Cost per unit capacity are listéd‘below the generation
levels. "ENPCST" is the sub-total fer input and output
components. "OUTCST" is the sub-tobal for all storage
components. "TOTAL SYSTEM ANNUAL COST" is equal to the

¥Eguivalent Ammual Cost" method in engineering economy .
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Design of a Power Plant with a Cyclical Sterage Procedure

Assuming that the state—of—the~art commercial costs
were satisfactory for some type of energy storage system,
the plant designer obtains his capécity design specifim
cations from this computer output. The mix of generators
bage their capacities on the new maximum and minimum gener-
ation levels. One generator or group of generators have
thelr sum of output capacity ratings egqual te "DWNKW" for
base load generation for best fuel efficiency. The input
capacity specifications are given for the storage components
at worst case levels.

The decision for how much trade-off between generation:
and storage only needs reference to the minimum cost value
in the total annual cost celumn; this value is %20,706;000
at 1,182,000 kilowatts generation capacity in Pigure 23f.

In order te reach the start pesition for a steady state
operation, the designer refers to "AREAPK" and then makes
an adjustment by the storage bleck cempound efficiency.
When that much energy igs stored, the system is balanced and
ready for startup. This is a very conservati&e calculation;
a graphical analysis of the demand curve with regard to the
calendar develops a reduced storage amount for startup.
Maintenance of generators has itg doewntime planned in a

gsimilar manner.
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Irterpretation of Computer COutput for Daily Storage Model

This sectien describes the computer output for the
controlled input system simulatien model under a daily
storage procedure. Figures 24a, 24b, 24c, 244, 24e, and
24f are related to those of the dyclibal storage model,
except that there is no "DWNKW" since the minimum gener-
ation level is unchanged in this model. It is re-emphasized
that all storage input and output components ha&e specifi-
cations in terms of input capacities. Storage cost exten—
sions are made accordingly as input capacity costs. PoWer

generation cests are based on output ratings.
Design of a Power Plant with a Daily Storage Procedure

If the research user were using this model for determi-
nation of the design specifications of an energy conversion
plant with storage, he refers to the computer output for his
specifications. By examination of the Equivalent Annual
Cost column in -the computer output, the designer selects
that new, meximum generation levei ("GENKW") at least annual
coste. ﬁ@r example, in Figure 24f the appropriate "GENKW"
value 1s 991,600 kilowatts. The generator level capacity
is in conventional terms of rated output. The corresponding
set of storage system components then establish the worst |
case design capacities for this generator 1evela.

The designer gives extra consideration to the purchase

mix of generaters since it is necessary that the equipment
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Figure 24. (Continued)
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ADT = 1.TCCO
BRAXKW 2 C.13726 €T
CAVINKW = C.312CE 06
'kNTEMﬁ"é - 876C
KHRTIM = 8760 |
DLRKWH = C.6826172E~03
deMLiNbé'C.ZG46E"d€”
TSTLIM = C.137SE Cé&
"SYSFAC = . €.56425999
SEEN AL
KNTPSS = ¢
()
Figure 24. (Continued)
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2]

C.1118E C7 C.57G4E Cé& C. 0. - 0.4

2]
(@)
~

C.1C5%E C7  C.544CE C&  C. Co . . 0.7862E 05  0.5284E 06 0. D 0.7538¢
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- BICLR -
B2CLR
B3DLR

l.CCCCCC
C.CCCCCC
¢.cCcccc

i onon

STRELR = c.C1251C
AICLR = l1.CCCCCC
A2DLR = c.cccccce
A3DLR = C.CCCCCC

GENCLR = 7.1434CC

(e)
Figure 24. (Continued)
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THEREFCRE USE CCST CATA ENLY FCR TEST PURPOSES.

*aNCTE*=ALL DCLLARS/KW,KhH EASED ON EQUIVALENT ANNUAL COSTS FOR ANY RATE OF RETURN (I./.).

(EQUIVALENT ANNUAL TCTAL SYSTEM COST) = (ENPCST)#(GENCSTI#IGSDLLR) ) 2
GENKHW ~ ENPCST O TCTAL SYSTEM ANNUAL COST '
- XTI E $4365% 355556355555 535555558553
B 0 T I -2 S ol e o C.21336°C8
"C.I3CSE €7 7 C.2283€ C€ C.3843E Cé6 G.2127€ C8
C.1245E €7 0.7635E C&  C.7505E C¢ ' C.Z170E708
"0.1182E €7 C.S151E C& C.BBTBE C¢ ‘ : 0.2C92F €8~
C.1118E €7 C.1C4€E C7 0.10025 7 i ' G.Z063E C8
C.1C55E €7 C.1151€ 67 ~GI1072E €7 ' G 20336 C8
0.551€6E C6 C.1414E €7 ©0.1161E C7 ' G.2019E C8
C.5282E Cé €.2C16E ¢7 0.1246E 07 G.2039E ©8
C.R8648E C6 .3348E ¢7 - 0.1355E (7 ' 0.2131E €38
0.8C13E C6 C.5456E C7  0.1397€ 07 G.230BE 08
"C.T37SE C6 C.8052E €7 0.1483E C7 0.2542E C8
(f)

Figure 24. (Concluded)
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run 2t the new peak level for relatively more extended time
periods. Other design considerations are similar to those

of cyclical storage.

Interpretation of Computer Output

+ for Uncontroelled Input Model

This section describes the computer output for the
uncontrolled input system simulation model. Figure 25a
nertrays the basic model; it lists the input storage
efficiencies. It also lists the computed values for max-
imum power and yearly energy of the theoretical and trans-
formed power densityvcurvesa Figure 2%b lists the storage
parameter values according to levels of generation output
in kilowatts ("GOUTKW"). The storage parameter values,
eugu "B1INMX", are input capacity ratings in the specifiéd
units. "XTREWH" is}the value for the energy.system surplus
energy; only the values with a pius sign satisfy the
demand curve requirements.

In those cases where "XTRKWH" is negative, the parameter
values listed on all esutput pages are not necessarily valid.
Beginning at the "GOUTKW" value of 0.1489E+07, this line
and all following lines for all ocutput pages ao not necesg-
garily list valid parameter values. In this particular
study, the nature of the power density curve (and its max-
imum kilowatt rating) super-satisfied the maximum demand
curve value before the upper limit of cemputational passes.

Figure 39 portrays the super-satisfied case where no storage
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THIS CUTPUT IS EXCLUSIVELY FOR AN CNERGY CONVERSION WITH STORAGE SYSTEM, WHERE THE ENERGY SOURCE 1S UNCONTRCLLED.

STCRAGE IS EVALUATED CON A YEARLY DEMAND BASIS.

#THEC.PCWSReee®s swxne® *CONVERSION® . snscHERER ’ EENCGERDE

LOGIC MOCELas. *DENSITY INPUT2==20/0#==¢GENERATED =2==Bl==B2==B3==xSTORAGE#==Al==A2==A2==«DEMAND®
ERERERRERRDRREE sREER sQUTPUTessxa £ X X AEREEREEE EX ] * o "% rEEEERORS
CUTPUT NMEASUREMENT UNITS... ) KW KW KW KWH . KW Kk KW
CCVMPONENT EFFICIENCIES... o
' BLPCT =  0.9500 i
B2PCT = 1.00C0
B3PCT = 1.CCCO
STRPCT= 0.99C0
AIPCT = 0.6000
A2PCT = 1.0CCC
A3ZPCT = 1.0C00
PCHER DENSITY FUNCTICN CCNSTANTS...
PROMAX = 0.10000E CO KW/FTSQ
TPDMAX = C.30150E-01 KW/FTSQ
SUMPRD = 0.87594E C3YEARLY KwWwH PER SQFT CF PRD
SUMTPD = N0.26411E O3YEARLY KWH PER SQFT OF TPD

(a)

Figure 25. Computer Output of Simulation Model for Uncontrolled Input
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WITH THE NEW,INTERPCLATED VALUE FOR THE AMLPLY FACTOR.
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INTERPOLATED CASE FOR JUST—FEASIBLE SOLUTION
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Figure 25, (Continued)
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YHE LAST LINE ABOVE IS THE INTERPOLATED CASE FOR JUST-FEASIBLE SOLUTION {XTRKWH=0.0). A FULL RECOMPUTATION 1S MADE
WITH THE NEW, INTERPCLATED VALUE FOR THE AMLPLY FACTOR.
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_ SOME _CONSTANTS... .
ADT
~AMAXKW
AM INK
KNTR
KNTDMD
TOTKWH
KNTPRD
KNTTPD
KNIPP
KNTDIF
JDEX -
PLRNEW
ABOR
- CHECK
. SNEAKY
SYSFAC
STINFC
TIMADD
TIMXTR
TIMPK
TIMBL
TIMTWO
. TIMORG
JPHAKE
KBAL
_RUNSUM
SLIPPY
RESID
PLSKWH
_BEFKWH"
XRAKWH
PKARE

2.000000
0.1358E 07
0.31200E 06
..4380
4380
- 0.5754717€ 10
4380
'’
0
0
Rt
0.2335F€ 08
TT0VI99TE 07
... 0.06000C0O0
22.22000003
0456429999
" 0.95CCCCO0
. %.00000000
186.00000000
..2930.0000CC00_
T 5644.0000CC00
_.1562.C0000C00
662.00000C00
3266
3266
—0.24185495E 05
7.00000000
0. ‘
0.
0.
0.
0.

(a)
~ Pigure 25. (Continued)
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‘#es s WARNING#=ALL CCSTS ARE BASED ON CUNSTANT RATE DOLLARS PER UNIT OF CAPACITY IN KW OR KwWH.

$5.ees TOTAL SYSTEM AND CUMPONENT CUSTSeoes$$

THEREFORE,USE COST DATA ONLY FOR APPROXIMATE TEST PURPOSES.

" sxexNOTE#=0ON INPUT CARDS,ALL DCLLAR$®/KW,KWH REPRESENT EQUIVALENT ANNUAL COSTS AT SOME RATE OF RETURNII 0/0).
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THE LAST LINE ABOVE IS THE INTERPOLATED CASE FOR JUST-FEASIBLE SOLUTION (XTRKWH=0.0}. A FULL RECOMPUTATION IS MADE -
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ex AST LINE(ROW 14)ABOVE REFZRENCE NOTC##«

WITH THE NEW, INTERPCLATED VALUE FUR THE AMLPLY FACTUR.
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Figure 25.
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$$.a..TOTAL SYSTEM AND CCMPONENT COSTS....$$

{TOTAL SYSTEM EQUIVALENT ANNUAL COST) = (BBBCS]")fV(§TRCST)+(A.AACSVTV)V'f(GDUT7C7$)VW

- #SNOTE.eus. o . FUEL COST CONSIDERED ZERG (WINDsSUN,ETC.
Kie's « GOUTKH $$.0.BBBCST  $$...STRCST  $$...AAACST ~ $$...BSACST $$...GCUTCS $$...TOTEAC
_0.6438E 06 0.3318£ 06  0.1097F 08w,,Q:llﬁgﬁﬁQZA,W_MWQngﬁqﬁ;QﬂLHAQ:ﬁ§9?E 7 _0.1709E 08
0.7404E 06 0.4284E 06  0.6453F 07  0.10298 07  0.7910E 07 - 0.5289E 07  0.1320f 08
0.8514E 06 0.5394E 06 0.2397E 07 0.8443E 06  0.3781E 07 0.6082E 07  0.9863E 07
0.9791E 06  C.66T1E 05  0.3420E 06 ,"03§314§.9§"w;,vw9-}6ﬁlﬁwo?h,w03é?945_97,!,W_ 0.8635E 07

0.1126E 07 0.8140E 06  0.4144E 05  0.3B66E 06 0.1242E 07  0.8044E 07 0.9286E 07
0.1295E 07  0.9829E 06  0.4977E bgﬂ,wo,;os1gmggﬁfﬂ _ 0.1093E 07 - 0.9250E 07  0.1034E 08
_0.1489E 07 0.1177€ 07 -G6. =0. 0.1177€ 07 C.1064E 08  0.1181F 08
C.1713E 0T 0.1401¢ 07 -o._. . =0. . 0.1%01E 07  0.1223E 08 0.1363E 08
0.1969E 07 0.1657E OT -0. . -0. ”;>vv 0.1657€ 07  0.1407€ 08  0.1573F 08
0.2265E €7  0.1953E 07 -0. o-0. 79.1953E 07 . 0.1618E 08 0.1813F 08
0.2605E 07 0.2293€ 07 0. -0. 0.2293¢ 07  0.1861E 08 .0.2090E 08
0.2995E 07 . 0.2683E 07 =-0. -0. - 0.2683E 07  0.2140E 08 0.2408E 08
0.3445E ©7 . 0.3133E 07 -o0. . =0. e 0.3133E 07 0.2461E 08 0.2774€ 08

‘0.704CE 06, 0.392CE 06 0.8051E 07 ~0.109CE 07 0.9533E 07 0.5029E C7 0.1456E 08
##LAST LINE(ROW 14}ABOVE REFERENCE NOTE=+# -

" THE LAST LINE ABQVE IS THE INTERPOLATER CASE FOR JUST-FEASIBLE SOLUTION (XTRKWH=0.0). A FULL RECCMPUTATION IS MADE
" WITH THE NEW,INTERPOLATED VALUE FOR THE AMLPLY FACTUR.

(£)
Figure 25. ( Cd_nt;’gnue d)
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| $$....TOTAL SYSTEM AND COMPONENT CCSTS....$$

BUT,#xIFx=1T HAPPENS THAT GENDLR INPUT IS BASED ON GENERATOR=GINPKW, THEN THE COSTS ARE LISTED BELOW.

KWesoGOUTKW  KWo oo GINPKW __§§ +++BSACST $5...GINPCS $$...TOTEAC

0.6438F 06  0.2135€ 07~ 0.1249F 08  0.1525E 08 0.2774E 08

0.7404E 06 0.2456E C7 ~ 0.7910t 07 0.1754E 08 0.2545E 08

0.8514E 06  0.2824FE 07 0.3781F 07  0.2017E 08  0.2395E 08
_0.9791E 06 0.3248E 07 _ 0.1641E 07  0.2320E 08 0.24B4E 08

0.1126E 07  0.3735€ 07 0.1242¢ 07 _ 0.2668F 08 - 0.2792E 08

0.1295E 07 ° 0.4295€ 07 0.1093E 07  0.3068F 08  0.3177€ 08
0.1485€ 07 0.4939¢ 07 __0.1177E 0T 0.3528E 08 0.3646E 08
0.1713E 07 = 0.5680E 07  0.14ClE 07 0.4057E 08 = 0.4198E 08
0.1865E 07  0.6532€ CT_ N,'Qf¥6575”9?‘_”015§é§§,9§”,mWWWQ:ﬁ§???HQQ

042265 07 0.7512€ Q7 0.1953E 07  0.5366E €8  0.5561E 08

0.2605E 07  0.8639E 07 0.2293E 07 0.6171E 08 0.6400E 08
0.2995E 07  0.9934E 07 0.2683E 07  0.7097E 08  0.7365E 08
0.3445E 07 0.1142E 08 0.3133E 07 _ 0.8161E 08 _ 0.8474E 08

0.T04CE 06 0.23356 07 . 0.9533F€ 07 0.1668E 08
h . _

e _0-2621E 08

#«LAST LINE{ROW 14)ABOVE REFERENCE NOTEse

REFER TO PRECEEDING PAGE.
(g)
Figure 25. (Concluded)
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equipment is needed. The exception is the row of listed
parameters for 0.7040E+06, which is valid; it is the inter-
polated case for a Jjust-satisfied system. "-0." is equal to
zero; the leading sigh‘has no significance.

A super—-satisfied energy system can occur only where
the transformed power density curve has no values equal to
zero for any hour of the year. It may not occur even in
this case, when any time-~unit power density value is small.
When this power density value is multiplied, and this lowest
value is still less than the maximum demand curve kilowatt
value, then the energy system is over-satisfied but is not
super~satisfied.

Figure 2%c lists additional design information parame-
ters also according to the generation output levels; "GINPKW®
is %he corresponding maximum input level of generatiomn, |
1.8, maximum energy source input capacity rating. "PRDKWH"
is the input source energy potential received by the total
generation block. "IPDKWH" is the generated net output from
the energy source; this energy is utilized in storage or
directly by the demand fequirementsu "DMDKWH" ig the net
amount of energy thaﬁ is required by the demand curve.
"RCVKWH" is the amount of energy that enters the storage
block. "USEKWH" is the amount of energy required to enter
the storage block if the demand curve requiremeﬂts are to
be met; the gross energy required to meet deménd curve net
regquirements. "PKEKWH" is the net amount of energy reQuifed

by the demand curve for a particular level of generation
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cutput. PKTIMPK", "KTIMBL", and "KTMXTR" are the hours per
year that energy i1s drawn from storage, placed inte storage,
and neither drawn nor placed into storage, respectively.
"FCTR-AMLPLY" is a key design information parametero It
specifies the tetal number of square~foot power-density
generation units that are.fequired. for example, the number
of square feet of s@iar cells where the power density curve
was computer input-defined for one sqguare foot.

In Figﬁre 25d the pertinent valuesbare "KNTRY", "KNTDMDY,
end "KNTPRD". The first value is the array counter used in Ny
computation. The second value is the count of the input
values for the demand curve. The third value is the number
of input values for the power density curve. :It is prefer~v
able for accufacy that all three values be egual.

Figures é5e, 25f, and 25g list the cost computations.
All storage componént costs are based on input requirements.
Typically, genération eguipment is specified by oeutput
rating and cost ("GOUTCS"). However, it is more likely
that generatien equipment for uncontrelled inpﬁt systems
is based on input capacity rating and costs ("GIﬁPCS")o
Cost summaries are given for bbth situations Since this
model is used for analysis of conventional plants. All
costs are defined as Equivalent Annual Costs at some se-

lected rate of return.
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Design of an Uncontroelled System Power Plant

The appreach to the design of a power plant based on
uncoentrelled input is not too dissimilar fo that of con-
tr@iled input. An underlying consideration, however, is the
mere prebabilistic nature éf many uncentrolled input energy
sources. Depending upon the firmness for which the demand
curve requires»satisfaction, the”designer needg further
subsidiary estimates (uéing'wuacompu%er model) in allowance
for the variations expectéd in the power density curve.

The compufer medel readily performs these analyses when it
is provided with new power density curves for expected
varying conditions of the energy source. It is observed,
however, that the over-satisfied case of a feasible system
is not an accurate estimate'of component specificatiouns
whereby variations in demand are compensated, since there:is
a trade—-off between various compenents. Nevertheless, some.
of the generatioﬁ "slack" is partially picked up by the
energy system surplus in the over-satisfied systems«:

In the same manner as in previous‘m@dels, the designer
obtains the worst case parameter specifications for the
storage components from the computer output for a particular
level of generated output from the energy source. This
generation level 1s based on the least Eqﬁivalent Annual
Cest row from thé cost output. .The capacity rating, hewever,
for the generation system is based on a trénslatibn to the

scale and type of generation system. The "AMLPLY" factor
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specifies the number of "square feet" of power density
“ynits". PFor example, an appropriate econemy-of-scale wind
generator unit might be the equivalent of 100 équare feet of
power density units. Thereféfe, the number of generaters
ordered would be 0.01 times "AMLPLY". Further, it is noted
that generation capacity is based on either "GOUTKW" or
"GINPKW", and the numbér of generation units is cérresand—
ingly defined. For this same wind generator.at a "GOUTKw"
of "0.8514E+06", the "AMLPLY" value is "0.2824E+08"%; réfer
to Figure 25c. This is equivalent to 282,400 wind generators
which haﬁe an aggregate output capacity of 851,400 kilowatts.
For the given "GOUTﬁW" value the corresponding "GINPKW! is
"0.2824E+07" which specifies an aggregate ihput capacity of
2,824,000 kilowatts, er equals 282,400 one-hundred sguare
feet wind generators each of 10 kilowatt input capacity
rating. (The same digits for AMLPLY and GINPKW are coinci-
dental.)

The physical design of all equipment requires consider—
ation of the higher movement levél of eguipment loadingq In
the controlled models, in general, between time intervals
there is a moere gradual change in the xilowatt load on a
unlt in addition te load plateaux and base loads. Rela-
tively speakihg, the uncontrolled model requires larger and
more Ifrequent movements over the full capacity range of a
system cdmp@nente Of course, this depends significantly on
the amount of difference in "shape'" of the démand curve and

power density curve. A direct example is solar energy where

£
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zero to maximum loading of a generation unit (and other

components) can occur within twenty-four nours.
Remarks on System Development

The computer output interpretation is explained in
this chapter for the three system simulation models. TFor
given storage technology parameters these computer outputs
are shown for a complete set of eguipment specifications
for power plant design.

The general position of these computer outputs in
energy storage applications is charted in the operational
system design of Chapter III. With reference to Chapter II
the applicable design criteria are met in terms of the data
arrangement and parameter coverage of these computer out-
puts. . Within the overall operational system the established
research objectives are supported by this computer output
presenfation of information. The satisfaction of research
objectives and design criteria is demonstrated by model
applications»to'a variety of energy system studies in the

next chapter.



CHAPTER VII
SIMULATION STUDY RESULTS

This chapter is concerned with the application ap~—
proaches of the simulatign system for energy storage studies.
Actual results are used@f@r description of various research
appr@achesé Cbvieusly, these results have net encompassed
the whole picture of energy conversion and gloerage, since
there are an unlimited range of parameter values and com-
‘binations of different parameters. The pstential studies
are multiplied also by the number of developing storage

technologies@ Therefore, only the nature of research cate-

gories and approaches are demonstrated.
Nature of Research Study Applications

A consideration is the type of study for which this
simulation system is needed. There are two groups of people

with primary interest in the application of these models.

The first 1s the plant design engineer. The second 1s the

research-and-development engineer. There are three major

input variables of direct concern to these two groups.

These input parameters are: (1) the demand curve, (2) storm.f

age system component efficiencies, and (3) equipment cests {

of the whole energy system. It is the movement of one or

/
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more of these parameters and its effects on the energy con-
version with storage system which concern the engineers.

The plant design engineer is reguired to establish the
pewer capacities for all plant equipment. His studies are
based on some existing storage technelogy. The cost and
efficiency values are assumed available for the storage
eguipment. For the particulér plant under study, simulation
results are required for the variation effects of the demand
curve. These results can be the explicit design speci-
fications of the plant versus those of similar categéry
plants. Or, the results can be the gpecifications for a
plant under different "steady-state" demand conditions where
projections are made for the most reliable set of speci-
fications. Or, if a plant hag an energy storage system, but
.requires expansion because of added customers, then the
results are the adjusted storage equipment specifications
which are necessgary for the new demand curve pattern.

The research and development engineer is legs concerned
with a specific demand curve, although a representative y
demand curve is desired for the type or region of demand.

His basiglgoncern is’pne of the feasibility of some storage
techn@logyw=;£g requirements necessary for an econoemically
feasible storage system. The key input variables of concern
here are the efficiencies and costs of the storage compoh~
ents. The reguired informatien is which aspect of which
component offers the best research potential for a feasible

energy system.
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The life, first cost, and efficiency of all components {

require investigatioen for their effects on the overall

energy conversion with storage system. The simulation re-

sults indicate the effects on the combined system for an

incremental change in some parameter value. Interpretation

of these results establish the ceost or efficiency boundaries

which must be met for syétem feagibility. These simulatien

results also identify the "bottleneck" component that holds

back economic feasibility because of a too low efficiency or

too high wnit cpst of the component. The gimulation results

can compare different storage technologies for the tech-

nolegy of lowest annual cost.

Examination of other input parameters is possible, such

ag efficiency of power generation and cost of fuel. In the

most typical
plant design
analyzes the

for a change

circumstance of a simulatien study, whether

or storage technology
interrelating effects

of only one parameter

ponent (or demand curve). In this

information about effects is built

for the area

of concern.

research, the engineer
onto the combined system
of an individual com-
manner the most detailed

up from several studies

In the next sections, results are described Which re—

flect the various orientations eof the types of research

applications.

Variations in single demand curve parameters

are portrayed for the plant designer. A case study ap-

plication is developed for explanation of a research-and-

development series of studies.

//)

-~
i

;
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Variatioen of Demand Curve Parameter

This section is more of concern to a plant designer of

an energy conversion with storage system. In this example

study, the requireménts Tor storage components are analyzed

in terms of a variation of the demand curve by a demand

curve parameter change. In this example, the'demand curve

operator parameter of the week option is set at 0.50 which

is a reduction in the original weekly variation. The fine

line in PFigure 8 represents this modified demand curve.

Table I lists the resultant pvarameters. For this appli-~

cation of the simulation system all other parameters are

fixed. The following table lists the relevant parameters.

TABLE II

PARAVETER REFERENCE

TABLE

Parameter Original Demand Curve Modified Demand Curve
Demand Curve ” Original 0.50 week optioﬁ
Storage Efficiencies ~game for Both-~
Input Components -game for both-
Cavern Sterage -same Tfor both-
Output Components -gsame for both-
Annueal Costs/Unit Capacity —same for both
Fuel Cost ~game for both-
Generator Cenversion
Efficiency —~game for both~
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The originsal resultant varameter for weekly variation
is 77.5 per cent; the modified resultant parameter for_
weekly variationvis 88.1 per cent. PFour simulatien studies
are graphed in PFigures 26, 27, and 28. The two demand
curves are each anaiyzed by the two storage procedures of
the controlled input simulation model.

Figure 26 is a graph of the capacity requirements for
the fuel cell, or storage output compenents. Both curves
are straighf lines because the fuel cell is used as a
"controlled variable" in the simulation models; it is in-
creased at a cdhstant rate. When a demand cﬁrve is medified
by %ﬁy parameter, the hourly values are subject 1o change.
Inkﬁiis case of a parameter reductien the maximumvdemand
vaiﬁé for thé yeéf is reduced within the set of a week's
reduction. This is the cause f@r‘the kilowatt differencé
at the no-storage point of power generation. Allbpoints in
the demand curve are modified By the demand curve variation.
Sinée the demand curves are not alike, there is a slight
chaﬁge in the feasible sterage limit géneration kil@watts
as a result of computatienal methods. The physical storage
limit kilewatts afe the same, h@wevef, since the storage
block efficiencies are the same.

Figuré 27 is a graph of the capacity requirements for
electrolysis, or sterage input compenents. In this case |
differences between the sterage metheds are evidentn The
reason i1s the same fer the kilewatt differenée at the no-

storage point and at the storage limit line as it is for the
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fuel cell. The algorithm for cyclical storage allots
storage across the year in uniformly increasing guantities.
This is shown in the graph for each cyclical storage line.
Each line is an individwal calculatien of worst case
eleotrelysis’requirementsyfor the respective demand curves.
Since the demand curves are different, ne conclusions should
ke made about the slopelrates between the twe cufvesa of
course, the overall position of the curves to each other is
relevant. This relationship is discussed at the end of this
section,

A different pattern is portrayed for the electrolysis
requirements under a daily storage précedure. For both
demand éurves, the electfolysis réquirements rapidly " Jjump"
to their maximum leveisev This capacity jump results from
the algorithmic determinati@n of the worst case daily
"valley" as the maximum generation capacity is reduced;
When the deep "valleys" during the summer meonths are cut-
off, the worst case valleys reguire less electroiysis ca—
pacity. This i1s shown in the graph by the dewn-slope of
kilowatt requiremenfs te the left of 1,100,000 kilowatts of
generation capacity. The more erratic naturé of daily
storage electrolysis requirements is observed; thesé daily
reguirements are more affected by shape and kilowatt range
of the demand curve than are the requirements for cycliéal
storage. Therefore, estimate projections for daily storage
electrolysis requirements are less reliable between dif-

fTerent demand curves.
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Figure 28 is a graph of the capacity requirements for
“cavern" storage in kilowatt—hours; Again, these require-
mentg are the$maximum case regquirements during the year for
held-energy storage. The reason is the same for the kilo-
watt difference at the no-storage generation peint and_at
the storage limit line. The significant differenée between
thé3st@rage methods is seen. DBoth storage methods have a
slow rate of increase during the high ranges of generation
capacity. ‘This reflects the low kilewatt-hour quantities
of energy.required to supplant the high peaks of thé:demand
curve, As'the maximum generation line lowers, the energy
magnitude rapidly increases. This is seen in the graph for
b@th_storage.ﬁrocedures. The abscissa values of this graph,
when coﬁpared to the @rdinate values of Figure 8, highlight
the changes in energy requirements. For beoth demand curve
lines of the cyclical sterage procedure the cavern require-
ments ascend more rapidly than daily'storagea This results
from the cyclical alg@rithm which accumulates energy needs
acrogs the year. For beth demand curves under the daily
storage procedure, the cavern storage increases at a much
slower rate te a lower point of power generatien. Cavern
storage then increases more rapidly even theugh with still
significantly less kilowati~hour reguirements. However,
reference to areasg "AY and "BY" in Figure 13 explaih that the
cavern storage reguirements cenverge for the same demand
curve regardless of storage method.

Following the preparation of these graphs, the plant
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design user is prepared for examination of the results
affécted by a variatien in the demand curve input data.
Tt is observed that for any storage procedure the kilowatt
or kilowatt-hour storage component requirements are léss for
most cases where the weekly Variétion is less (i.e. higher
percentage). The exception is the input component fequife—
ments under a daily storage procedure. They are relativeiy
equal for these two particular demand'cﬁrvesa-vlt is also
observed that there is a trade—off in requirements'for
electrolysis and cavern storage between the two storage
procedures. At this peint the user needs to decide‘which
demand curve most nearly represents thebdemand curve-to-be
after plant construction. Or, if the two demand curves
represent the expectéd range of demand curve shape, then
the design engineer might chooese the most conservative
values for each storage component according to the cost-
évaluated generation level choice of_storage procedure.

The selection of this minimum system cost is based on
the total annual costs as indicated in Figures 23f,‘and 241,
In the situation where the year-end actual curve falls
béfween the two demand curves; the teotal annﬁal savings from
use of a storage system reguire a decremental adjustment for
the excess capaclty reguirements of each component'é con-
_ servative selection. These capacity differencesbare in-
dicated by the graphs when a vertical line is drawn at the
point where the maximum pewer generatien capacity cerresponds

te the lowest cost. The lowest cost generatien peints



differ by both storage procedure and demand curve. Accord-
ingly, even though the storage costs are gréater with &
lower percentage variatioen the savings in generation ca-
pacity are alse greater between demand curves at the same
generation level,vand for the séme stéfage procedure. There-
~fore, the user needs also 1o ¢6nsider the‘absolute savings
from the selection of the'éﬁnservative désigna

Whefe thé demand curve is fairly stable but the pattern
is changed‘by new customérs the selection of the most
economic generation peint is straightforward. At the mini-
mum system cost's corresponding generation capacity point
a vertical line indicates the incréase (or decrease) in
storage component capacities necessaryffor safisfaction of
the new demand"curve° Only the marginal change in capacity
rqu;fements needs eqﬁipment supplementation. The most
economical generation capacity for the‘new_demand curve
simulation is according to whichever storage procedure
offeré.the least storage costoﬁ‘

The demand variation study shows that a reduction in
demand curve variation reduces the capécity requirements for
gtorage eduipmentg The proportion of change, however, is
not proportional to the change in the input parameter. The
percentage of change in the input parameter is not a re-
liable indication of resultant effects. Relative gain

decisions are possible only by individual cost analyses.



157

Variation of Storage Block Efficiency Parameter

This section is of concern to both the plant designer
and the research engineer. In this example, the effects are
examined for an overall increase in storage block efficiency.
The overall improvement is a result of anefficiency inérease
in an output componentofsforagen The original demand curve
of Figure 8 is used for this study. The efficiency of the
output component is incréased from 48.75 to 60.00 per cent.
A1l other parameters are kept the same between the studies.

The following table lists the relevant parameters.

TABLE III
PARAMETER REFERENCE TABLE

Parameter Original Study Comparison Study
Demand Curve Original Same
Storage Efficiencies 0.4585 0.5643

Input Components 0.9500 0.9500

Cavern Storage 0.9900 0.9900

Output Components 0.4875 0.6000
Annual Costs/Unit Capacity ~same for both-
Puel Cost o ~-gsame for both-

Generator Conversion Efficiency -—=game for both-

It is seen that the combined storage block efficiency
increases from 45.85 per cent to 56.43 per cent efficiency
as a result of a percentage efficiency improvement of

23.08 per cent in the fuel cell. TPFour research studies are
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graphed in Figures 29, 30, and 31. The same demand curve is
analyzed by the two storage procedures for the two levels of
storage efficiency.

Figure 29 is a graph of the capacity requirements for
the fuel cell. Both curves are straight lines because the
output component acts as the "controlled variable". The
capacity ratings are based on maximum input requirements.
Input requirements are affected by component efficiencies.
The two lines are identical when the efficiency of that
component is 100.0 per cent, since the output needs are the
same. Since the demand curve is identical for all studies,
the no-storage point for generation oapacity is identq‘.calu
The feasible gtorage limits are not the same because of the
difference in ovefall efficiency. With reference,ﬁo' |
Pigure 13, the simulation study with a higher effieiency
has a smaller "B" energy requirement. Hence, the physical
limit line is lower.

Figure 30 ig a graph of the electrolysis capacity
regquirements. Storage method differences are noted here.
These differences are a direct result of the different
methods of storing energy. The "growth'" of the cyclical
storage lines is similar to those in the study of demand
curve variation. As the generation requirements are reduced
the differences in capacity ratings increase. This is an
effect of system efficiency requiring less stored energy and
in turn a lesser kilowatt rating of the input.components to

transfer that energy by the cyclical logic.
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The case of daily storage is different. The erratic
pattern of electrolysis requirements is closely similar to
the studies of demand curve variations. This erratic nature
is a function of demand curve shape. This graph shows that
the worst case reguirements for this demand curve virtually
override the gains realized from an increased storage block
efficiency for this study where the demand curves are alike.
A slight chahge in a demand curve, however, causes a dif—
fergnt worst case which affects both efficiency-level
electrolysis réquirements. Theréfore, with an improvéd
storage block efficiency the daily s%orage procedure re-
quirements are no more or less than the case with less
efficiency. | |

Figure 31 is a graph of the capacity requirements for
kiiowattmhour potential energy storage over time. The
patfefns are similar to those in the‘demand‘cﬁrve‘variation
studies. Figure 31 does indicate the lesser capaéity re~
quirement and consistently increésing difference in require-
mentsfbr'wnaenergysystmﬂoperatingat a higher storage ef-
ficiehcyo A system operating at higher efficienéy regquires
less energy in storage. At the same time as the generation
levelzis reduced, the higher efficienéy systen increaéés at
a sldwef rate, since the increase in energy storage is less
than the reduction in generation requirements on a compara-
tive basiss. |

After préparation of these graphs, the design or re-

search user can evaluate the effects on the overall power
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gsystem by an increase in storage block efficiency from an
efficiency increase in one éomponent° " The situation is
relevant to the decision about the worth of a new éomponenta
He observes that for'any storage component the capacity
heeds are reduced for higher efficiency (with only negligi-
ble savings for the electrolysis requirements under daily
storage). He further notes that the storage efficiency
differences between component requirements are increased as
generation levels are reduced with a subutrademoff between .
electrolysis and cavern storage by storage method. |
The decislon problem is resolved by direct examination
of total annuel costs. For both efficiencies and both‘
storage procedures it is necessary to determine respectively
the annual savings at the beét generation level of‘each and
not the same generation level. The simulation study with
the most savings determines the appropriate equipment
capacities, storage method, and generation level. “When a
new replacement'purchase is under consideration, then -the
problem 1s 5ne of savings gain by the marginai cbst increase
for the particular storage component. The increase in
savings is the difference between the old savings and the
new savings at the best new generation level. TFor the por-
trayed graphs 1t is noticed that the improvement in one
component decreéses the required capacities of all componeﬁtsa
Best realizable savings assume the possible resale 6f the
excess capacity units for all components as Well.as the

adjustments in generation capacity. A formal engineering
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economy study is warranted under the actual re~sale con-
ditions in existence. However, a desirable alternative
existso The one storage component when installed increases
the overall efficiency and the overall energy.capabilities
of the power system. in other words, the power plant can
expand its market by the addition of only one component when
new customérs exist or if an increased safety factor of
power is desirablec. This may not be true for electrolysis
reguirements uﬁder daily storage because of the‘eventually
down=sloping capacities as generation capacity is reduced.
In the typical situation, a line dfawn horizontally from the
present efficiency line for a given generation level in-
bdicates roughly the émount of'generator reduction possible
to serve the same curve. This offers only the roughest
possible indication of enlarged power system_capabilitieso
The interlocking computétions from the number of storage
components apd other input variables prevent any determi-
nation of increased power generation for the system. It is
necessary to use a new demand curve enlarged according to
future trends. The gimulation results from this new study
can be used to examine the growth in production-by instal-
lation of a higher efficiency component where a system is
already in going operation.

An increase in the efficiency of a storage component
decreases the equipment reguirements. The choice of storage
procedﬁre does not physically.change the eqguipment. The

choice of storage procedure affects the plant operating
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decisions about when to store energy. Since the change in
equlnment requirements does not reflect the proportlonal
increase in storage efflolency, system‘speolflcatlon_de—

cisions require individual total cost studies.
Case Study Results for an Aphodid Storage Component

The case study is oriented towards the research-and-
development engineer; A new storage technology is studied
| Where llttle prior energy system knowledge is available.

In this case the primary concern is the feasibility of an
aphodid "system" in place of the output storage.cemponentsg
The first step is made to evaluate best known aphodld data
for feas1b111tya Later steps concern the research di~ -
reotlons and boundary values ‘necessary if an economlcal
system is to be reallzedg In the two prev1ous studies of
varlatlon and efflclency no emphas1s Was placed on flndlng
the limiting condltlone or analy31s of oosts 1n.detall
These two past studles are sultable more for ex1ut1nb plants
‘and storage'technologleso For the study in this sectlon"
& more detailed analysis is made as it would.be'done by &
research user to explore all‘theAfaetors affecting the
economic feasibility of a new stbrage_teehnologya

| Figure 32 portrays a p0851ble equlpment arrangement of
a storage-blook utlllzlng an aphodld burner setupo It‘is
noted that the solid-lined figures "replace" the fuel cell
and associated output cqmponentso The 1ndlcated generator

.. . i
is the final step to convert stored energy to electricity;

b
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it 1s not the plant generator. An aphodid arrangement dif-
fers from conventlonal steam-turblne generatlon in that the
boiler costs are ellmlnated

For this study the original demand curve of Pigure 8 is
used without'chaﬁgec Reférence,is‘also ma&e to the previoﬁs
Figures 29, 30, and 31 relative to the orlglnal demand curve.
Best known costs for the present state~of~the art are used
in combination w1th representatlve costs in this region for
fuel ahd conventlonal generation equlpment.

The remalnder of this section is orlented to the step-
wise approach that a research englneer might follow for a
feasibility study. The first step for existing condltlons
and known data is used to establish the "go-not-go" case of
economic feasibility'relative to conventional generation
without storage. The succeedlnm step explorea the boundary
conditions for storage block efficiencies. The next step
is to "force backwards" from the savings boundaries for
determination of ﬁaximum sforage unit costs. when a system
ig still not economically faasiblea

Table IV lists the initial stage costs as predicted
according to best knowledge before this step. _Electrolysis
costs are established as a judgemantzestim‘ateo Present
state—~of-the-art prevents a better cost picture for the
capacity rating of electrolysis required for this magnitude
of applicationq  Life df electrolyéis is estimated as equal
to conventional generation as anmindication of desirable

commercial reguirements. Cavern storage-is charged for only



hydrogen at the time of the studies; cavern storage is an
estimate based on a large-scale extrapolation of cufrent
technology costs. Lives and costs of conventional generation
reflect the Oklzhoma region conditions. Aphodid costs are
developed from a comparison to convgntional'generation costs’
less the reguirements for high pressure boiler equipment.
All costs are based on a true annuval rate of return of

eight per cent. TFirst costs are based in terms of reason-:

able scale magnitudes.

TABLE IV
EQUIPMENT COST REFERENCE TABLE

Equipment First Cost Life Capital Equivalent
‘ per Unit Recovery  Annual Cost
Capacity Factor per Unit Capacity
($/kw,kkwh) (years) (i=0.08) ($/%w,kwh )

Power Plant Generation

82.25 33 0.08685 T.1434

Storage Costs
Input (elec) 23.00 33 0.08685 2.0000
Cavern 0.1563 100 0.08004 0.01251
Output 47@25 33 Oa08685 4&1034

(aphodid)

The fuel conversion efficiency table is the same as
FPigure 14. TFuel costs are $0.0006826 per kilowatt—hour
of purchased bulk fuel.

‘Table V 1lists the other input variable values used for

the first step of this study.
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TABLE V

PARAVMETER REFERENCE TABLE

Parameter Tnitial Step

Demand Curve Original.

Storage Block Efficiencies 0.4585

Inputb 0.9500
Cavern 0.9900
Output 0.4875

With this inpﬁt data, computer simulation runs of a power
plént are performed. A run is ma&é for both daily and cy-
clical‘storage procedures. The storage compoﬁent capacity
ratings are identical éo those in Figures 29, 30, and 31
for the lower efficiency value ("A"). Total System Annual
costs for this gtudy are portrayed in Figure 33 for both
storage procedures. Detalled component costs are shown in
Pigures 34 and 35. It is observed that no total system cost
point lies below the total system”cost point for ﬁo storage
(i.e. conventional plant). Therefore; the system wifh its
present cost and efficiency parameters is not economically
feagible for the ggxég demand curve. |
The research user can now modify either component ef-
ficiencies, or unit costs as the approach fér egstimating
boundary conditions. Typically, only one of these parame=
ters isAmoved at a time in order to determine its singulér‘
effects onto the present state of information. In this ex~-

ample, the research user observed in Figure 33 that between
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"1100" and "1400" generation capacity the total system cost
is fairly flat and only about five per cent beyond}the Zero-—
savings level ("$21,330" on the ordinate écale). The re-
searcher elected to examine an improvément in efficiency
at the optimum range level. Table VI shows thé_next study

stage, Step Two.

TABLE VI
PARAMETER REFERENCE TABLE

Parameter Initial Step Step Two

Demand Curve original same
Power Plant Cost -~ game for both -
Storage Costs —~ same for both -
Efficiencies . 0.4585 - 0.5643
Input - 0.9500 C.9500
Cavern - 0.8900 0.83%00

Output 0.4875 0.6000

The overall results are shown in Figure 36 for the
second sﬁepc It is observed that the total systeﬁ cost
line is lower than for the step with the lower storage
block efficiency, but there afe still no savings. The in-
crease in efficiency -does not have a proportional increase
in sayingso The total system cost lines must be below the
zerOwéavings line at some roint to obtain savingsn The
ordinaté values between the total system cost lines and

the zero—savings line are the annual losses which occur from
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use of the proposed system with storage. On the other hand
the ordinate values between\the zero—savingé line and the
total fuel and power plant cost line are the maximum costs
for the total storage system to achieve break-even betweeﬁ‘
storage and no storage systems by generation levels.

In step two:the research user evaluated the effects
from an increase in storage block efficiency. The system
is determined és economically infeasible. The research
user can now again increase the efficiency. However, in
this case of an aphodid sub-system, the 60.0 per cent figure
represents the best efficiency case because of thermal
limits to efficiency. The research usef‘s remaining di-
rection for potential feasibility is an examination of the
cost parameter which is the third step.

Figureé 37 and 38 indicate the storage costs with a
breakdown by components. Figure 37 is a graph of storage
cost details for the cyclical storage procedure; Figure 38
is for the daily storage procedure. Both grapﬂs_ére the |
costs_for the second aphodid study. The research user now
refers to the "transpositioned fuel and plént cost” 1iné in
his evaluation of the cost parameter for feasibility. The
fuel and ﬁlant cost line is the line of maximum storage
costs for economic feasibilitys System feasibility in fterms
of the cost‘parameter requires that the total storage block
costs be Dbelow this line of maximum storage costs.

.For example, the user refers to Figure 37 at the "1150"

point on the abscissa scale. At this point the line of
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maximum storage costs 1is approximately fifty per cent of
total storage costs. The user now needs to re—examine the
annual costs of unit capacity for possible reduction. For
zero savings 1t is necessary to reduce all component costs
fifty per cent, or enough of a component to reduce the total
storage cost to the line of maximum costs.

The steps for evaluation of a storage technology's
feasibility are demonstrated iﬁ this sectioﬁ for the
reSearQhuandvdevelOPment engineer. The first step examined,
and rejected, gystem feasibilify ih.termé of all reasonably
expected parameters. The second step eValuated, and re-
jected, syétem feasibility in terms‘of the boundaries bf
the storage efficiency parameter. The study's third stepex-
aminéd the boundaries of the cost parameter (for the high
efficiency example). Depending upon which maximum power
generation level is appropriate, the average value for fe—;
guired cost reduction is at least fifty per cent. The
demand curve, fuel conversion efficiency; and fuel cosgt are
kept constant betweenfthe studies. I these last three
parameters are representative of the typical application
- environment, the research user hag the cﬁrrent}and boundary
condition information necessary for a feasibility decision

or for a decision about the research emphasis direction.
_Application of Uncontrolled Input Model

‘This study is oriented towards both the research-and-

development engineer and the design engineer, WhoSe problem
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areas concern the feasibility of energy systems with storage
which utilize an unconventional energy source. In this case,
the storage tgchnology might be commercially available with
results needed for evaluation of a proposed method of gener-
ation. Or, when practical generatoré'aﬁd storage equipment
are available, the.problem is the economic feésibility fqr
the parfioular region's power density pattern of the energy
source. These results are aiso'used to demonstrate the
simulation model design principle of trade-—off between over-
. generation and storage.

For this demonstration study, the original demand curve
of Pigure 8 is used. The additional parameter for this |
ﬁodel is the power density function for the generation block.
In this sfﬁdy the power density function is uniform dcross
fhe year at 0.10 kilowatts per sQuare foot. The study of a
conventional plan£ with a pré~defined generation péttern is
a typical example of such a generation pattérne Table ViI
lists the parameter valuesAfor thié study. The demonstration
costs are ideally low for the purpose of trade~off emphasis.
There are no fuel costs.

Figﬁfe 36 is the graph which charts the energy system's
surplus energy geﬁerationo When.the line is below the zero
ordinate value, the demand cﬁrve cannot be satisfied. At
zero, the demand curve is satisfied with the leasf Qapagity
of generation»equipmenfa Above zero, the demand'curve is
éatisfied with more generation equipment than neceséary°

Surplus energy is available from this "over-satisfied" case.
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TABLE VII
PARAMETER REFERENCE TABLE

Parameter Study Value
Demand Curve - Original
Power Density . Constant
Storage Efficiencies ' 0.5643
Input - . 0.9500
Cavern 0.9900
Output 0.6000
- Annueal Costs/Unit Capacity
Input : 1.0000
Cavern 0.01251
Qutput 1.0000
Generator T.1434
Conversion Efficiency Figure 14

When the line crosses into the "no storage required" area,
the sysfem is "super—-satisfied" with more’generétion eqﬁipm
ment than is utilizable. The "feasible range" area in this
graph is the area for least cost trade-off of generation and
storage equipment.

Figures 40 and 41 specify the caﬁacity requirements of
the storage components. The lines are economically valid
only in the feaéible range area. FPFigure 40 porirays the‘
naturé of éxchénge between fuel cell and electrolysis re-
guirements which is a result of the ap@lication of the daily
storage procedure for the uncontrolled model.

Figure 42 demonstrates the uncontrolled mcdel's premise

of trade~off between storage and generation for the
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uncontrolled model. Even though more than enough energy is
generated, over-generation is more economical in terms of
total system cost of operation. It is aléo noticed that
there is no gost for fuel. The elimination of this major
cost element is the factor which grants the system potential
wheh generation teéhnologiés become more commercially avail-
able. PFuel cost for a conventional plant is in the range

of fifty per cent of annual costs. Thus, the‘elimination

of this' cost element ﬁalloWs" an increase in all equipment

costs while economic feasibility is still possible.
Remarks on System Development

This chapter serves for demonstration of the appli-
cation of these models by research users. The range and
nature of possible research applications are shown by.ex~
amples. These applications also indicaté the system simu~-
lation design's capabilitiés in meeting those simulation
system design criteria pertinent to the user. The first
studies of demand curve and efficiency variations indicate
the capabilities of the simulation system tosanswer desgign
engineer guestions.

It is necessary, however, to evaluate the worth of
théserchanges for comparative system aspects as in the_
third study about an aphodid storage technology. In this
third study, with a fixed demand curve, the boundaries for
efficiency and for equipment costs determine the limits for

an economical energy system. By this approach, the research
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user can determine his minimum limits of equipment perform-
ance for a successful system. The engineef can also reject
a technology as either or both physically and economically
impractical. |

The design or research engineer must first recognize
the fact that generalized deductions about energy conversion
with storage systems are invalid, as shown by the four
actual studies of this chapter. The complex interrelation-
ships of individual storage component efficienéies$ demand
curve shapes, eguipment costs, fuel oonversion efficiencies,
and fueivcost are such that explicit prediction is im-
posgible. It behooves the engineer to make'simulation
studies bhefore energy system predictions; the resultant
predictions are then relevant only to the set, or clqsely
similar set, of input parameter values involved in the

simulation studiess



CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

The conclusions from this research divide into several
categories. These categories concern (1) the evaluation of
the simulation system, (2) the results of the actual simu~
lation studies, and (3) some general considerations about
energy conversion and storage systems. The last sections of

thig chapter discuss the directions of future research.
Simulation System Conclusion

The design of this simulation system, including the
derivations of the system simulation models, successfully
achieves the spécific goal of this dissertétion in Chapter I.
In studies of balanced energy conversion and storage systems,
the determined results include the interrelationships and
effects of parameter: variations in the demand curve; modi~
fications of storage component costs; alternatives in pro-
éedures of gtoring energy; differences in‘the nature of the
energy source; and changes in generation conversion ef-
ficienciés and, also, cost of fuel. With these analysis
capabilities, different storage technologies can be analyzed
for their physical requirements. Storage technologies can

be evaluated for economic optimization of the balance
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between generation and storage capacities on the basis of
annual energy demand. Additionally, thé_simulated system
information is available to the research user in suitable
dimensions and an eagy—to-~interpret presentation° The com-

puter costs are moderate for a simulation study.
Limitations of Simulation System

The dispatching of particular generation units on a
daily or weekly basis is not within the scope Qf this model.
Therefore, for any given day the decisions about the mix of
generation units and use of energy storage is not possible
(except in terms of the annual balance of equipment). Thése
short time sub-optimal decisions are made directly on a mar—
ginal cost ﬁasiso Whenever stbrage facilities already exist
in the energy system, the economic choice of generation
Versus“storage can‘be examined by use of the simulation
models for a demand curve "yéar" of a day or a week. (This
type of economic study requires the use of an appropriate
gscale for the generation fuel conversion efficiency table in
terms of the capacity loading of that season of the year%)
In éuch economic sssignments of storage facilities, the
utilization of storage equipment is increaséd; the yearly
requiremeﬁts of storage still exist for the balanced storage
system. Dual usage of storage equipment is possible excep?t

for the peak capacity generation periods of the year.
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Simulation Study Conclusions

A1l of the conclusions in this section are related to
the implicafions of the actuﬁl case>studies in Chapter VII.
Extrapolation of thig data to any energy system application
requires consideration of the new conditions of parameter

values,

Variation of Demand Curve

On the basis of the results of the actual studies, the
inference is that decreased variation in the demand curve
requires storage components with lesser capacities. However,
this conclusion does not necessarily imply a lower cost
energy system since decreased demand curve variation cbw
exists with decreased generation capacity reqﬁirementsq On
an opposite basis, storage and generation eguipment capacity
'relationships increase when demand curve variation increaseso
An economic feasibility éecision is possible ohly by a cost

study for the whole set of conditions of an individual

energy system.

Mcedification of Storage,Block Efficiencies

Based on the studies presented in Chapter VII, the
inference is that an increase in the overall efficiency of
the storage bloék causes lesser requirements of storage com~
ponent capacities. However, there is no indication that the

ain in total system savings is proportional Tto the increase
¥ & 3 PTOX
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in storage block efficiency. An economic decision is pos-—
sible only by a cost stﬁdy of the increased cost of the
storage block versus the worth in savings in cost of the

total system.

"Aphodid Case Study

In the first aphodid study step, the economic feasi--
bility is evaluated for a representative demand curve, set
of storage efficiencies, and unit—cépacity costs. The
system is economically rejected forrthis set of parameter
values. The maximum storage efficiency boundaries are
examined in the next comﬁuter study. For this second step
the system is also ecoﬁomicéily rejected.

By analytical extension,.the'break—éVen cost boundaries
of the stdrage equipment are examined in the third step
evaluétion (at the maximum efficiency boundary). The system
is still economically rejected. A reduction in unit costs
averagiﬁg"fifty per cent or more is reguired for economic
feasibility as indicated by this analysis. The other majbr
input variable is the demand curve. No modifications are made
for this pafametery since it isrepresentative'of this region.

At the optimum bouhdary values of the major input
Variables, an aphodid sub-~system storage technology does not
approach economic feasibility for a coﬁtrolled input gener-—
ation wifh storage powervpiantﬁ On_the basis of present
cos%s, therefore, fhe conclusion is that an aphodid sub-

system storage technology of this configuration offers no
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potential to econcmically feasible energy convergion and
storage systems which utilize conventicnal energy sources.
This study does demonstrate the simﬁlation‘System's low cost
advantages for examination of the potential Qf é future

research direction.

Puel BEffects

As a result of storage block efficiencies less than
one hundred per cent, the total‘generated kilowatt-hours
increase as‘the capacity of storage opera%ions incfease@

-At the same time the cumulative efficiency of fuel conver-
sion tends to increase as the system load decreases; of
course, these considerations are dependent upon the existing
generation unit ratings.

Fuel.effects from the total energy system are heavily
affected by the demand curve, storage block efficiency,
generation fuel conversion efficiency, and cost'qf fuel
parameters. The number of present computer studies are ine-
gufficient to project generalizations about fuel effects.
The current studies indicate relatively uniform fuel costs
dovnn to the mid-ranges of the gstorage and generation balance
of capacities. The indications a;e that total fuel costs
are not a major.factor in the economic decision even though
fuel costs tend to increase as genergtion capacity is re~
duced. Tontatively, on the basis of annual demand, fuel
effects do not contribute significantly to cost advantages

in energy conversion and storage systems. The implications,
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however, are that savings in fuel costs exist for the daily
dispatching of generation within the'conversion and storage
system that is based on annual démanda More stﬁdies are
needed over wide ranges of parameter values of hypothetical
or actual conditions to examine the effects on fuel con-

sumption and annual fuel costs.

Daily and Cyclical Storage Procedures

The capacity requirements of storage output components
are not affected by storage procedures. Cavern storage re-—
quirements are greater for the cyclical storage procedure
than for the daily storage procedure. Input component ca—~
pacity requirements are less for the cyclicél storage pro-
vcedure‘than for the daily storage procedure. These capacity
requirements, in physical terms, have little meaning to the
economic feasibility of an energy system. Total system cost
analysis compariséns of the relative compoﬁent costs are the
basis for the most economic storage procedure determinétion

with regard to any given storage technology.
General Considerations of: Storage Procedures

This section is concerned with the broader implications
about design and economic feasibility of the seleétion of a
storage procedure for an energy system. Quantified verifi-
cation is needed for evaluation of some of the relevant
factors in a specific installatiocn.

The surface interpretations from actual studies indicate
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some likely advantage for the daily storage procedure. In
an energy system operation, however, there are some less
tangible considerations which cause cyclical storage pro-
cedure to have favorable advantages. "Cavern storage" is a
"non-moving" component and is less likely to be subject to
wear, replacement,’and varying efficiency levels. The oper-
ating reliability of cavern storage is probably higher than.
other storage components.

Use of a cyclical storage procedure requires the mini-
mum capacitieé for the input components. With cyclical
storage the input capacities increase with the decrease in
generation capacity, and the input components are also less
erratic in capacity range movements over time. Mére impor~-
tant, a cyclical storage proéedure enables better operating-
practices of generation equipment assignments and fuel
economy. The capacity level;of base load is increased and
the ?roportion of the year at base load is'increasedu A
greater percentage of the total kiloﬁattuhours is geherated
at a lower system load percentage than the percentage for'é
daily storage procedure. Improvémenf in ﬁasemloading is
especially relevant to nuclear generation plant éspecﬁse

The handicap, of course, is the need for low cost
cavern storage. That is, low cost in proportional terms of
the totalxstdrage bPlock cost. Additionally,van "yniversal®
cavern storage techndlogy is desirable to overcome kilowatt-
hour capacity limitations like the acre~feet restrictions of

pumped storage. The qualified conclusion 1s that "cavern



storage" often acts as a barrier to new concept storage
technologies; The constraint of "how to hold econoﬁically
the potential energy" can limit the Visualizatioﬁ of new
approaches to input and output component research. Researph
is recommended in Ycavern storage" concepis. More research
is needed about the efficiency of storége where hydrogen is

the contained energy.
Recommendations for Future Research

The directions of future research concern two general
areas of effort. The first area includes modifications and‘
developments of the simulation system and its supporting
models. The second area indicates a number of potential
study applicationg of the simulation system in energy‘conm,

version and storage problems.
Simulation System Research

The‘eimulation models specify the worst case capacity
values of the input and cutput components by levelgs of re~
duced generation capacity. The specification of the capacity
values by hour across the year would provide useful'infor—°
mation fo the eqﬁipment design engineer. This level of
defail would reguire at least an extra hour of computer—
printout time. The programming appréaéh would be the re%
cording of thesétvalﬁes on a chronologically~oriented
auxiliary tape during each hoﬁrly computation within the

main programe.
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There is an alternative approach which requires less
computer time; this approach offers léss information to the
design engineer. The approach still'offers useful ééonomic
information for the practical operation of the power plant.
This modification would list the ten dr»twenty highesf
values of input components and output components. Diréct
examination of these capacities would indicate whefher or
not the component requireménts ére significantly increased
relative to the higher reguirement range for only a few
hours of the year. If so, a practical adjustment in power
plant operations in the storage of energy would reduce
storage component requirements With negligible change in
other aspects of the energy system.

An extension of the gimulation models is desirable
for treatment of the sub-optimization prdblemé of daily
dispatching of generation units and possible use of storage
energy. This extension would be a major résearch modifi-
catidh probably requiring large changes in the computational
algorithms of the system simulation models. A compiete new
research design would iﬂclﬁde the annuel economic balance of
generation and storage equipment combined with the sub-
balanoenassignment of energy production by generation or
storage block for daily energy needs. Such a research
extension would need to include the determination of ca-
pacities of storage block compdnents, where necessary, on a
daily basis for any incremental increases to the annual re-

guirements.
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The last area of simulation system research is improve-
ments of the demand curve's parameter~cufve program. After
a number of research studies in different regions, changes
in this program might be indicated. The changes might in-
clude new definitions of the demamnd curve parameters- for a
larger acceptance by the power ihdustrye The chaﬁges might
include the addition of new parameters for»definition of
the demand curve where research studies indicate pertinent

effects on the design of storage facilities.
Simulation System Applications

This section outlines a number of areas for future
regearch of an appliedvnaturee The capabilities of the
simulation system enable‘this exploration of varied storage
technology conéepts for economic feasibility. Some of theée.
areas are of:current concern asg potential energy systems.
These potential sys%ems reqﬁire economic aﬁalysis support
for examination of fruitful directions of research.

The problem area of "universal" cavern storage 1is
important esgpeclally in the design of uncontrolled input
generatioﬁ systenms. Ideally effiéient locations for uncon-
venticnal energy source-generation ars not always located
where storage sites are economically availableg‘or where
the need exists in isolated locations. One such technclogy
might be the désign of a flexible plastic container for hy-
drogen which is held at a fixed level below a water surfaceQ;

Investigations are being made in Europe for a storage system -



which pumps air-holds air-releases air through an air turbine
for peaking generation [14]. Extensions of this design can

include the use of water-filling the cavern for maintenance

of pressure. | |

Wind generation is a well~developed technology. TFeasi-
bility studies might be made for wind generétion and pumped
hydro system combinationso‘ Secondary level examinsations of
such systems could eiémine the feasibility of transmitting
only the hydroelectric power to overcome the variation
effects of wind.

Economic studies of wind generation and storage com-
bined with conventional generation might be made. In this
case, the demand curve would be divided into fwo gegments
for simulation studies. The upper éapacity requirements of
the peaking power supply of energy demand could be met by
wind generation and storage. The bulk of the demand éﬁf%gw
would be met by conventional generation.

Many of the problems of underdeveloped nations concern
a high-value energy need which does not require a pattern
similar to a typical demand curve in this country. Food
preservation, irrigétion, and pumping water from saturated
areas are some examples. Studies of uncontrolled generaﬁion
for uniquely shaped demand curves néed to be made to
evaluate system costs.

In the area of nuclear generation there is now an
active ﬁeed for a broad range of studies. The currént and

future growth in nuclear generation could be made more



economically feasible with a suitable storage technology;
for a discussion of this problem refer to "Current Research
Studies in Nuclear Generation" in Chapter I; Thié range of
studies couid include a number of storage technologies and
demand curve characteristics for economic feasibility at
different locations.

On a broéder conceptual basisg, boundary stud_iec of a
national scale of energy storage could project the advan-
tages and requirements for the future in electrical trans—
mission research. In these studies the first input and last
output components would be designated as long~range trans—
mission lines with a suitable efficiency. By this method
the simulation system could theh evaluate the costs and
equipment specifications for conceptﬂal transmission and
storage plans where large dam sites rémote from the popu-
lation centers would be used for peaking generation.

.In the above baragraphs, a number of applied studies
are suggested which utilize the 51mulatlon system of this
dlssertatlona Some of the suggestpd studles ‘have current

need and some are problems of a longermrange view. This
section chiefly serves to describe the usefulness of this
simulation system for economic studies of energy storage
systems. QObviously, there are a large number of other
problem areas where the simulation systeﬁ can prove useful

to feagibility studies.



Recommendations of a Professional Natbture

An underlying tenet of this digsertation ie its role
in the regearch function. By demonsgtration, an implied
dissertation resultant is‘an expository enlargement of the
potential role of industrial engineering for contribution
to the initial stages of "hardware" research—and-development
engineering projects. Tnie demonstration of a research
contribution in the nature of a production system is con-
gidered to be a desirable and significant goal for the
industrial engineering profession in expansien of its inter-
disciplinary contributions tovengineering accomplishments

for the benefit of mankind.
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APPENDIX A
INFORMATION ABOUT COMPUTER PROGRAMS

Program listings and other information about the four

computer programs may be obtained from:

or,

Dr. Kenneth A, McCollom

Administrator, Energy Storage Research Project
School of Electrical Engineering

Oklahoma State University

Stillwater, Oklahoma, 74074

A. Bruckner, IT

c/0 School of Industrial Engineering and Management
. Oklahoma 3tate University
Stillwater, Oklahoma, 74074.

202



APPENDIX B
CONTROL AND DATA CARDS FOR COMPUTER PROGRAMS

This appendix lists and defines the control and data
cards for each of the four computer programs. The sysfem
monitor cards and the computer program cards (source or
object) precede the control and data cards. Warning: Punch
nothing on any "ENDCRD" except "b9999.E+34"; see page 209.

Parameter-Curve Model ("PCURVE" Computer Program)

These cards immediately follow the "$ENTRY" system card

in the numerical order as stated.

Seguence Name and Definition Format Sample Value

Note: "b" equals blank; the first symbol or number
is column one of the 80-column card.

1. YNMPASS" — The number of I10 bbbbbbbbb2
modifications of the demand
curve; a zero value is for
analysis only of the original
demand curve.

2. YADTY — The time interval ?10.6 bbb1bbbbbb
in hours ovetween demand
curve values.

3. "NDLPTS" — The number of I10 bbbbbbbb24
demand values per day.
4, "Demand Date Cards" — 6F10.2

bbbb588822bbbbb99911bbbbb77733bbbbb66644bbbbb88822bbb1878744
(888.22 megawatts)

The chronologically~ordered
cards of demand curve values

203
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in megawatts; the first

card is the earliest

time;

the maximum number of cards
is 8760; these values compose
"DMDTBL" (Demand Table).

5e "ENDCRD" -—— End-of-data E10.0(or 4PE10.0)
card. ("F10.2") 9999.E+34
6A. "OPTDLY" -- The operator F10.5 bbbbb50bbb
parameter value for the (50 per cent;
day option;=—5.5 for mean decreases
cage;—-11.1 for option veriation)
bypass.

TA. "OPTWEK" -~ The operator F10.5 bbbb100bbb
parameter value for the (100 per cent;
week option;~5.5 for mean variation
rase;——11.1 for option same)
bypass.

8A. "KOPTPK" -~ The operator I5 bbb11
parameter value for the (11 weeks)
peakedness option; less
than or equal to 50; greater
than or equal to 1;—11 for
option bypass.

9A. "OPTBLK" -~ The operator F10.5 bbbb150bbb
parameter value for the - (150 per cent;
bulkedness option;—5.5 for increases
mean case;-—11.71 for option variation)

bypass.

Note: The number of sets. of 6,
the "NMPASS" number. In
eguals two, one more set
required. When "NMPASS"
cards for 6, 7, 8 and 9.

6B.
7B,
8B.
9B.

10.
system card;
card.

7, 8 and 9 cards must equal
this case where "NMPASS"

of 6 through 9 cards is
egquals zero, there are no

"$IBSYS"~~ A computer center
it is the last



card in the numerical order as stated.

Seguence
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Controlled Input Generation Under A Cyclical Storage

Procedure System Simulation lodel

("CYCOGE" Computer Program)

Name and Definition

a

11,

12

These cards immediately follow the "$ENTRY" system

Pormat Pample Value

"pb" equals blank; the first symbol or number
~ is columm one of the 80-column card.

"B1PCT" —~ Percentage
efficiency for "B1"
storage component.
WB2PCT" - Percentage
efficiency for "B2%.

"B3PCT" ~-— Percentage
efficiency for "B3".
"STRPCT" - Percentage

efficiency for %cavern
storage’.

"ATPCT" ~— Percentage
efficiency for "A1".
"APPCTY — Percentage
efficiency for “WA2",
YA3IPCTY —- Percentage
efficiency for "A3".

WADT" —— The time interval

in hours between demand
curve values.

"DLRKWH" -— Cost of pur-
chased fuel per kilowatdt
hours ]
"B1DLR" — Bguivalent
Anmual Cost per kilowatt
of capacity for "B1Y
storage component.

"B2DLRY — "B2" cost
(see number 10).
YB3DLR" — "B3" cost

(see number 10).

F8.4 bbbb4 875
(48.75 per

cent)

F8.4 bbb1bbbb
(100.0 per
cent)

F8.4 bbbh9800

F8.4 bbbb980Db

P8.4  bbbbI9bb
F8.4  bbbbogbb
F8.4 = DbbbbI9bb

F10.6 bbb 1bbbbbb
(1.0 hours)

1510 $888%ecegegaee

F12.6  §$85582eedes

F12.6 558886y

F12.6  $33588¢eeedee
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19.

20,
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"STRDLR" - Eqguivalent F12.6 368882
Annual Cost per kilowati-

hour of capacity for

"cavern storage" component

in storage block.

"ATDLR" —=— "A1" cost F12.6 658882z
(see number 10).
WADLR" - "A2" cost F12.6  $$3388eeeepe
(see number 10).
"A3DLR" - "A3" cost 712.6 $6558%cagneg
(see number 10).
"GENDLRY —- Equivalent F12.6 535888 eae

Annual Cost per kilowattd
of capacity for the con-
ventional power plant
generation system.

"GASTBL" -~ Table for F10.6 bbbb3300bb
generation fuel conversion (33 per cent)
efficiency; the first card

ig efficiency percentage

at zero per cent system

load, etc.; there must be

101 cards.

"ENDCRDY = High number E10.0 @r 4PE10.0)
value b9999.E+34
"Demand Data Cards! — 6F10.2

bbbbb88822bbbbb99911bbbbb77733bbbbb66644bbbbb88822bbb 1878744

The chronologically-~ordered (888.22 megawatts)

cards of demand curve values
in megawatts; the first

card 1s the earliest time;
the maximum number o¢f cards
is 8760; these values compose
"DMDTBL" (Demand Table).

YENDCRD" - End-of-data E10.0 b9S899.E+34
card. ("F10.2")

"$IBIYS" ~— A computer
center system card; 1t 1is
the last card.
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Controlled Input Generation Under A Daily Storage
Procedure System Simulation Model

("DLYOGE" Computer Program)

The instructions for control and data cards are
identical to the instruction for the Controlled Input Model

under a cyclical storage procedure.

Uncontrolled Input Generation System Zimulation

Model ("UNCTRL" Computer Program)

These cards immediately follow the "$ENTRY" system
card in the numerical order as stated.

Seguence Name and Definition Pormat Sample Value

Note: "b" equals blank; the first symbol or number
is column one of the 80-column card.

1e "B1PCT" — Percentage F8.4 bbbb4875
efficiency for "B (48,75 per
storage component. cent)

2. "B2PCT" - Percentage F8.4 bbb 1bbbb
efficiency for "B2". (100.0 per

cent)

3 "B3PCT" — Percentage 8.4 bbbb9900
efficiency for "B3%.

4, BSTRPCT" -— Percentage 8.4 bbbb990b
efficiency for "cavern
storage®. v :

5 "ATPCTY -~ Percentage 8.4 bbbb9Sbb
efficiency for "Al",

6. "A2PCT" — Percentage 8.4 bobbb99bb
efficiency for "A2".,

T WA3IPCTY - Percentage 8.4 bbbb99bb
efficiency for mA3".

8. "B1DLR" — Eguivalent F12.6 $3388%eaegee

Annual Cost per kilowatt
of capacity for "Bi®
storage component.
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1.

12

135

14,

15,

16. -

17

18,

19,

"B2DLR" ~ "B2" cost
(see number 8).
WB3DLR" —— "“"B3" cost

(see number 8).

"STRDLR" —— Equivalent
Annual Cost per kilowatt-
hour of capacity for

"cavern storage" component

in storage block.

WAIDLRY — "A1" cost
(see number 8).
HAZ2DLRY — "A2" cost

(see number 8).

"A3DLR" - "A3" cost
(see number 8).

"GENDLR" -~ Equivalent
Annual Cost per kilowatt
of capacity for the con-
ventional power plant
generation system.

"PCTTBL" -—— Table for
generation conversion

efficiency of unconventional

energy source; the Tirst

card is efficiency at gzero
per cent system load, etc.;

there must be 101 cards.

WADTY —— The time interval

in hours between demand

curve values; greater than

or equal to two hours.

"ENDCRD" =—— High number
value.

"Demand Data Cards® -——

F12.6

F12.6

F12.6

F12.6

F12.6

F12.6

F12.6

F10.6

F10.6

208

bE888Begens

$88888eezee

5588822

$E588Beegeae
56648 8eeeees
$56888eezeee

2858882 eee

bbbb3300bb

(33 per cent)

bbb2000000
(2.0 hours)

E10.0(or 4PE10.0)

6F10.2

b3999.E+34

bbbbb88822bbbbb99911bbbbb77733bbbbb66644bbbbb88822bbb1878744
888.22 megawatts)

20,

The chronologically-ocrdered
cards of demand curve values
in megawatts; the first card

is the earliest time; the

maximum number of cards is 4380;

~these values compose "DMDTBL"

(Demand Table).

"ENDCRDY «— End-of-data
card.

E10.0

b9999.E+34

("F10.2")
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21. "Power Density Data Cards® —6F.10.4

bbb8882222bbb9391111bbb7773333bbb6664444bbb9991111bbb88B2222

. : 888.2222 kilowatts
The chronologically-ordered
cards of power dengity values PeT square foot)
in kilowatts per square foot of
the potential energy of the
unconventional energy source
received at generation system;
the first card is the earliest
time; the maximum number of cards
is 4380; these values compose ‘
YPRDTBL"; the number of cards
should equal "DMDTBL"; the
chronological order must be
identical to "“DMDTBL".

22. "ENDCRD" -— End-of-data E10.0 b9999.E+34
card. ' ("F10.4")
23. "$IBSYS" — A computer

center system card; it is
the last card.

General Information About Deck Arrangement

This section is applicable to all,four computer pro-
. grams. All six fields of Demand Data and Power Density
Data cards must be utilized regardless of the "ADTY interval.
This does @ot apply to the respective, last data card when
the numEer‘ofivalues are not an even multiple of six.
Whené&gr'the last data;card,of the Demand Data (or the
Power Density Daté)‘does not\use all six, tqp¥column fields,
the YENDCRD" value must be entered in the first-available
blank field of the data card. The value entered within the
field is "b9999.E+34" ("b" equals blank). In this situation
the subsequent end-of-data "ENDCRD" card must not be used;

this does not affect the high—-number value "ENDCRDY" cards.



APPENDIX C
RUNNING TIMES FOR COMPUTER PROGRAMS

The running times tend to vary somewhat because of
handling time. The "PCURVE" running time is additionally
affected by the number of modified demand curve decks, the
number of selected options, and the choice of options.

The compilation time is necessary for program source
decks; preparation of object decks save this machine time.
The following listing indicates sample running times for
maximum size decks of demand curve data.

Program Demand Curve Compilation Time Load and Execution

(number of - (hours) Time (hours)
values)
1. CYCOGE 8760 0.16 0.44
2. CYCOGE 8760 0.12 0.46
3. DLYOGE 8760 0.08 0.10
4. DLYOGE 8760 0.08 0.10
5+ UNCTRL 4380 0.09 0.08
6. UNCTRL 4380 0.10 0.08
7. PCURVE 8760 0.06 0.22
(1 modification deck, 3 affecting parameter options)
8. PCURVE 8760 0.06 0.21
(1 modification deck, 1 affecting parameter option)
9. PCURVE 8760 0.06 0.35

(2 modification decks, each with 1 affecting
parameter option)
10, PCURVE 8760 0.06 0.28
(1 modification deck, 4 affecting parameter options)

oy
O
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APPENDIX D
ERROR MESSAGES AND OPERATTIONAL WARNINGS

This appendix discusses the computer program error
messages and general warnings about operational preparation.
Most errors are prevented by following carefully the
preparation instructions for the computer control and data

cards in Appendix B.
General Warnings

This information applies to all four computer programs.
Each progran 1ists a series of internal test messages
before the computer output pages as described in Chapters
IV and VI. On the last output page of each program is the
phrase, "THATSALLSHEWROTE"; the computer center's time
analysis follows this page as the last printed page.

The demand curve data must be in megawaitts and in time-
increasing chronological order. Original source demand data
may require conversion to a suitable scale and format. The
order of these cards can be numbered in the riéhtmhand
card columns. These preparation steps are necessary prior
to input use for any of the four computer programs.

‘Unless otherwise specified, input data follows the

conventional right-adjusted fields.
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If difficulties arise or changes are desired, reference
should be made to the listings of computer program.instruc—
tions. These listings include many comment cards at various
points in the program in order to clarify the logical steps.

Whenever any program is used for demand curve du-
rations less or more than a year, the research user must
adjust his interpretations of the computer output and
heading definitions. All input card values must be appro-
priate to the demand curve deck and duration. No special
efforts are necessary except that (1) extra consideration
is needed for Equivalent Annual Costs of equipment, if
most accurate costing is desired, and (2) the fuel con=-
version efficiency table is suitably adjusted for the scale;

0 f“"pl ant @
PCURVE Computer Program

The demand curve data cards generated by this program
are numbered for chronological seguence in the right-hand
six columns of the punched card.

Whenever an opefator parameter modifies any demand
curve value so that the demand value is less than ten
kilowatts, an error message occurs. Thig situation can
arise when the variation of a demand curve is being in-
creased. The purpose is to prevent negative demand curve
values since they are logically invalid and unacceptable
to the simulation models. After printing this error

message, the program aborts the current modification of the
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demand curve; and proceeds to the next modification set of
demand curve operator parameters, if any. For example, if
the original value for NMPASS were two under this situation,
then the resulting number of modified demand curves would
be one.

The algorithms of this program require complete sets
of daily demand velues, i.e. the ADT ("hourly") values
making up each day. However,edémand values for a day, week,
or more can be missing and the program will still operate
as 1f the end of the "year" were missing data for days or
weeks., The research user should prepare with care a com-
plete demand curve deck for the duration of demand suitable

to his investigation,
CYCOGE Computer Program

A listing of the generated BLLVL (below-level) table
is printed before the computer output pages in Chapter VI.
The last two values of this print-out are not relevant,

The generation fuel conversion efficiency table must
have 101 values. Cost of fuel is in dollars per kilowatt-
hour relative to‘the understood decimal point of the input
card. Eguipment costs are based on Eguivalent Annual Cogts
per unit of capacity at some rate of return on investment.
For approximate purposes, the rate of return can be zero
per cent. Storage componeﬁt efficiencies are decimal per-

centages relative to the understood decimal point.
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DLYOGE Computer Program

The warnings here are gimilar to those for the CYCOGE

program except that there is no BLLVL table.
UNCTRL Computer Program

The research user needs to take care in,preparation
of the demand curve deck and the power density deck. They
should be equal in length; they must be in the same chrono-
logical order. An error message occurs when the number of
points are not equal. The progfam then selects the smaller
number and continues operation. If the difference is only
a few points,. it is not likely that the error is gig-
nificant.

The demand curve values are in megawatts. The power
density curve values are in kilowatts per squere foot.

An error megsage can occur when the first-row value
of XTRKWH is not negative. Thie is a hypothetical situation.

An error message occurs when the generated kilowstt—
hour output times five cannot satisfy thé'demand curve.
because of too low sterage block component efficiencies.
This error message overrides the caption for the inter-
polated line of the just—~feasible energy system; it super-

sedes any computed results.
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