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FOREWORD

This Final Report is the result of a year-long effort on
Monitoring and Control Requirement Definition Study for Dispersed
Storage and Generation (DSG) conducted by the General Electric
Company, Corporate Research and Development, for the Jet Propul-
sion Laboratory, California Institute of Technology, and the New
York State Energy Research and Development Authority.

Dispersed storaje and generation (DSG) is the term that char-
acterizes the present and future dispersed, relatively small
(<30 MW) energy systems such as those represented by solar thermal

! electric, photovoltaic, wind, fuel cell, battery, hydro, and cogen-

This final
which cover the

VOLUME I

VOLUME II

VOLUME III

VOLUME IV

VOLUME V

eration. To maximize the effectiveness of alternative energy
sources such as these in replacing petroleum fuels for generating
electricity and to maintain continuous reliable electrical service
to consumers, DSGs must be integrated and cooperatively operated
within the existing utility systems. To effect this integration
may require the installation of extensive new communications and
control capabilities by the utilities. This study's objective is
to define the monitoring and control requirements for the inte-
gration of DSGs into the utility systems.

report has been prepared as five separate volumes
following topics:

FINAL REPORT
Monitoring and Control Requirement

Definition Study for Dispersed Storage
and Generation

FINAL REPORT - Appendix A

Selected DSG Technologies and Their
General Control Requirements

FINAL REPORT - Appendix B

State of the Art, Trends, and Potential
Growth of Selected DSG Technologies

FINAL REPORT - Appendix C

Identification from Utility Visits of
Present and Future Approaches to Inte-
gration of DSG into Distribution Networks

- FINAL REPORT - Appendix D

Cost-Benefit Considerations for Providing
Dispersed Storage and Generation of Elec-
tric Utilities
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ABSTRACT |

{ A major aim of the U.S. National Energy Policy, as well

F as that of the New York State Energy Research and Development
Authority, is to conserve energy and to shift from oil to more
abundint domestic fuels and renewable energy sources. Dispersed
Storage and Generation (DSG) is the term that characterizes the
present and future dispersed, relatively small (<30 MW) energy

. systems, such as solar thermal electric, photovoltaic, wind,
fuel cell, storage battery, hydro, and cogeneration, which can
help achieve these national energy goals and can be dispersed
throughout the distribution portion of an electric utility system.

) The purpose of this survey and identification of DSG tech-
nologies is to present an understanding of the special character-
istics of each of these technologies in sufficient detail so - ‘
that the physical principles of their operation and the internal i
control of each technology are evident. 1In this way, a better :
appreciation can be obtained of the monitoring and control requirements

for these DSGs from a remote distribution dispatch center. A
consistent approach is being sought for both hardware and software
which will handle the monitoring and control necessary to integrate
a number of different DSG technologies into a common distribution
dispatch network. From this study it appears that the control

of each of the DSC-technolongies is compatible with a supervisory
control method of operation that lends itself to remote control
from a distribution dispatch center. I

1
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Section A1
INTRODUCTION

A1.1 IDENTIFICATION OF DSG TECHNOLOGIES

A major aim of the U.S. National Energy Policy is to conserve
energy and to shift from oil tc more abundant domestic fuels and
renewable energy sources. Dispersed Storage and Generation (DSG)
is the term that characterizes the present ana future dispersed,
relatively small (<30 MW) energy systems, such as solar thermal
electric, photovoltaic, wird, fuel cell!, storage batterv, hydro,
and cogeneration, which can help to achieve these national energy
goals. A great deal of the national energy research and develop-
ment effort is being devoted to energy systems of these kinds
which, because of their small size, <an be dispersed throughout
the distribution portion of an electric utility system.

The purrose of this survey and identification of DSG tech-
nologies is i present an understanding of the special character-
istics of eact of these t:chnologies in sufiicient detail so that
the physical principles of their operation and the internal con-
trol of each technology are evident. 1In this way, a better ap-
preciation can be obtained of the monitoring and control require-
wments for these DSGs from a remote distribution center. An
objective is that a consistent approach for both hardw:re and
software can be identified which will handle the monitoring and
control necessary to integrate a number of different DSG technol-
ogies into a common distribution dispatch network.

In performing the survey, the L3G technologies have been con-
sidered in terms of their potential coatribution to the effective-
ness of the electric utility power distribution network. These
technciocgies have been viewed as pussible means for enabling the
persons responsible for supervision of the electric power distri=-
bution system to operate th:t distribution system, as well as the
associated generation and tre=nsmission eguipment, more effectively.
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;,-’A1.2 IDENTIFICATION OF POSSIBLE DSG TECHNOLOGIES

There are numerous technolegies which may be considered as
candidates for DSG application. Often there are basic system .
variations within technologies and thus the number of candidate
DSG systems compounds. Both conventional technologies and al-
ternative energy technologies are considered candidates and rep-
resent a range of readiness from conceptual or experimenta. status
to being "available for commercial application.” Since the renewed
concept of dispersed storage and generation is expected to grow
for the remainder of this century and into the next, DSG technol-
ogies presently in various stages of readiness or availability
are compatible with this concept. Some candidate DSG technologies
will fail to meet general screening criteria and for the present
will be set aside. Later in this report, and in other portions
of the program report, the matters of selection and feasibility
of DSG technologies will be considered.

From a wide range of technologies, a list was compiled for
consideration. The candidate technologies considered in the sur-
vey consisted of the following:

Fusion

Magnetohydrodynamics
Biomass/Biofuels

Geothermal

Hydroelectric Pumped Storage
Compressed Air Sto:!-age
Superconducting Macnetic Storage
Solar Thermal Electric
Photovoltaics

wind

Fuel Cell

Storage Battery

Hydroelectric (small, low head)
Cogeneration

A brief description of each technology is given as a basis
for later explanaticns of the selection of DSGs for this Moni-
toring and Control Reqguirements Definition Study.

Fusion Energy Conversion

A fusion reaction results in the formation of a heavier nu-
cleus from two lighter ones with the attendant release of energy.
There is less energy release per fusion reaction than there is
per fission reaction, but the reactants are more plentiful and
easier to handle. From this simplified definition, a perspec-
tive on this technology can be gained from a direct quotation.

The search for economical controlled fusion power is a

scientific hunt for the Lost Dutchman Mine. Only a few true
believers are absolutely certain that the goal exists, but
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the search takes place over interesting terrain, and the re-
wards for success are overwhelming. In the case of fusion
power, the potential long term societal rewards are so en-
ticing, and the possibility cf success is so high that a
major, truly international research effort has developed

over the last two decades. The United States has allocated
over $400 million for research in controlled thermonuclear
reactors (C.T.R.) to date, and the U.S.S.R. more than twice
that amount. There seems little question that eventually
either fusion energy or solar energy will be called upon to
deliver the enormous quantities of "environmentally gentle"
power that people will need. We should be able within five
years to say whether significant amounts of energy can be
obtained frci.u controlled fusion within the next 20 to 30 years
(before an irreversible commitment to an economy based on
fission breeder reactors) or whether fusion power development
will have to wait much longer until the technological and
economic considerations are even more favorable than they

are at this moment. (3
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Another opinion which puts fusion power in perspective 1is
provided in the EPRI Research and Development Program Plan for
1979-1983.

Fusion: Although considerable technical progress has
been made in fusion research, the possibility of generating
electricity still remains to be proven. Fusion was shown
to be theoretically feasible more than 25 years ago, but by
common estimate it will be another 2i} years before the first
token electricity will flow from a fusion reactor. At least
another 10 years will be required before the first utility
prototype fusion power plant will be on line. This technol-
ogy, which will use abundantly available isotopes of hydrogen
for its fuel, will not likely contribute to the generation
mix before 2010.(51)

With these perspectives, the application of fusion energy
conversion appears to be an energy source for the 2lst century and
not this century. Further present indications are that economy-
of-scale principles will apply when commercial viability is reached,
tending to make this technology more suitable for station type
applications.

Magnetohydrodynamic (MHD) Energy Conversion

Magnetohydrodynamic (MHD) electric power generation is a
promising technique for improving the efficiency of converting
heat into electricity. The concept has been explored extensively,
and experiments on major components and systems are being con-
ducted world-wide. The basic principle of generating electric
p-wer from MHD systems is to extract direct current electrical
power from the interaction of a moving, electrically conduct-
ing fluid passing through a magnetic field. The type o. cycle
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receiving the most development effort is a fossil fueled/open
cycle system because it is the most readily achieved of the three
fundamental cycle alternatives (open cycle, closed cycle plasma,
and closed cycle, liquid metal). In the United States efforts
are being concentrated on direct coal-fired open-cycle (regener-
ative Brayton type) MHD topping units combined with a relatively
conventional steam turbine-generator plant used as a bottoming
unit. Efficiencies in the order of 47 to 50% are the goals for
large central station tyre plants (1000 MW) using this cycle.
Future improvements in technology could increase efficiency to
60%.

In this configuration the direct current output from the MHD
generator is inverted to alternating current power to supply the
electric utility network, and the output of the steam turbine
generator is connected in the conventional way to the utility
system. Major program milestones(51) and schedules are represented
by: (a) DOE's MHD Component Development and Integratiorn Facility
(CDIF) with testing scheduled in 1980, (b) DOE's pilot-scale MHD
Engineering Test Facility (ETF) scheduled for 1984, and (c) com-
plete prototype commercial-scale (500 MW) MHD plant scheduled for
1989. Availability for commercial orders is anticipated as early
as 1995. As an alternative some utilities are proposing that
existing steam electric generating plants bhe retrofitted with MHD
topping units in an effort to shorten the development time to com-
mercialization. These plants would be in the 100 MW or larger
class. Thus, MHD applications in the United States are planned
for large 1000 MW or medium sized (100-500 MW) central station
installations and are expected to reach commercial viability in
the 1995 to 2000 period.

3diomnass/Biofuels

All plant matter is called biomass. Biofuels &re renewable
enerqgy sources from living things. rossil fuels are of biolog-
ical origin but are nonrenewable.) All biofuels are ultimately
derived from plants which capture the sun's energy, convert it
to chemical energy of protoplasm by photosynthesis, and thereby
provide storage of solar energy. The biofuel may be directly
derived from the plant matter or derived from wastes of animals.
Compared to direct solar energy conversion methods such as solar
thermal electric, photovoltaic, and wind, plants are very inef-
ficient at converting solar energy into useful forms of energy.
However, only plants can convert solar energy into chemical (bio-
mass) energy. With regard to electric utility electrical energy
production from biomass sources, the concept of "Energy Plantations"
and burning the biomass in conventional power plants to produce
electricity has been proposed. To obtain the efficiency and
economy of scale, these would be relatively large plants with
large land area requirements devoted to single "biomass fuel crops."
The overall efficiency from solar input to electrical output of
a wood burning steam-turbine-generatov plant would be in the range
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of 0.4 to 0.8%. In comparison other "direct" solar energy con-
version systems have much higher efficiencies: photovoltaics,
10%; solar thermal electric, 3 to 15%; and wind, 25 to 35%. An-
other biomass’/biofuel production method proposed is the growing
of aquatic plant life (e.g., sea kelp) in off-shore waters, spe-
cifically Cali<crnia waters. 1t is proposed that the dried bio-
mass would be digested and converted to methane gas. This would
presumably involve large scale operations also.

In contrast with the "Energy Plantation" concept, the incin-
eration or anaerobic digestion of organic wastes provides a means
of using biofuels to generate electric power in relatively con-
ventional steam-electric power plants. Where sufficient quantities
of these biofuels are available, they provide an alternative means
of electric power generation. Organic wastes could be forest or
agricultural wastes for direct combustion, and animal wastes for

methane gas fuel production.

Municipal incineration plants which produce electric power
and heat from urban refuse are similar to a forest or agricultural
waste combustion-electric power generation process. The separa-
tion and reclamation of noncombustible material make the materials
handling much more complicated, however. In addition to the pri-
mary biomass organic wastes contained in urban refuse, there are
also complex manufactured materials (e.g., plastics) which re-
quire special combustion arrangements.

5
Geothermal Energy Convorsion(s“)

The generation of electric power from heat supplied from the
interior of the earth is produced from geothermal reservoirs where
it 1s accumulated and stored through geological proces<es. Where
the ecarth's crust, composed of several rigid plates, separates or
converges along plate boundaries, abnormal terrestrial heat flow
occurs. At these boundaries, mass transfer of heat from the
earth's inner mantle, by magma filling the gaps, takes place.

This brings heat to the shallower levels of the earth's crust.
From these heat sources, geothermal systems are developed. All
the prospective high-enthalpy geothermal ereas of the world are
found within the belts of gecographically young volcanism and
crustal deformation produced by the moving plates. The useful
geothermal tfluid (water, containing dissolved minerals and salts)
1s heated. Where tavorable conditions of fractured rocks and »:
porosity eoxist aiong with the geothermal fluid, geothermal res-
ervoirs are formed.
reservoirs. The vapor-dominated reservoirs are preferred and are
most amenable to producing electric power by using the steam to
drive steam turbine-generators. Ligquid-dominated systems with
high enthalpy can produce a mixture of water and steam, with the
steam used for operating steam turbine generators. Low-enthaipy
liquid-dominated systems are most usctul for other purposes as
an alternative to other forms of energy. However, in the upper
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temperature range for low-enthalpy fluids, it may be possible to
produce electric power by exchanging heat from the geothermal
fluid to a higher vapor pressure working fluid, such as isobutane,
which is used to drive a turbine generator unit.

Because the geologic conditions described above are uncommon,
yeothermal energy is not commonly available. Furthermora, it
must be utilized near its source, even if it is a remote location,
or it must be of sufficient magnitude to warrant construction of
transmission lines to supply electric energy to the utility grid.
In the latter case the plants tend to be of the large central
station type. The Geysers plant in California had 500 MW installed
capacity in 1976 and has steam capacity for further expansion.
It is at present the only commercial geothermal power plant in
the United States. Various estimates have been made of possible
geothermal energy electric power plant capacity by the year 2000,
using both vapor-dominated and liquid-dominated geothermal sources.
The latter have greater po?ential but more technical problems.
Including botl. types, EPRI 51) has estimated that between 14 and
25 GW of capacity may be possible by the end of this centuvry.
This capacity would be located in the Western s :ates.

Hydroelectric Pumped Storage(53)

Pumped storage hydroelectric power plants are peak-load plants
which pump all or a portion of their own water supply. Essentially
they consist of a tailwater pond, which may take the form of a
river or a natural lake, and a higher "headwater pond" for storage.
There is also serious consideration being given to surface head-
water storage and underground tailwater reservoirs. During times
of peak load, water is drawn from the headwater storage pond
through the pentstocks to operate hydroelectric generating units
during the peak of the electric utility system load curve. During
the off-peak hours pumps (most often reversible pump-turbine,
motor-generator units) are operated to transfer water from the
tailwater pond to the headwater storage pond. Power for operating
the pumping cycle is furnished by off-peak energy from other gen-
erating units suct as fossil-fired or nuclear steam turbine gen-
erator units. The reservoir of a pumped hydro plant is usually
sized to giouviue for the plant's operation during the peak load
period of the system it is designed to serve. Sometimes margin
is included to permit using the plant for system reserve short-
time service. Reservoir capacity that will permit full capacity
operation of the plant for 4 to 10 hours is usual.

There are three basic types of pumped storage hydroelectric
plants: (a) pumped storage combined with conventional hydroelec-
tric generaticn, (b) pumped hvdrc cnly, and (c) pumped storage
with diversion for irrigation. The type most compatible with
DSG applications would be the "pure" pumped hydro only. The ad-
vantages of this type of plant are its flexibility of location,
in that the upper reservoir need have no source of water other
than what is pumped into it, and the possibility of developing
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large plants with a small reservoir and high head. Historically,
however, the size of these pumped storage plants has tended to
become relatively large, rated several hundred MW or more. This
is to obtain economy of scale and low operating costs for the
function of system peak-load shaving.

Compressed Air Storage

This method of energy storage utilizes off-peak power to
compress air in underground reservoirs. The compressed air pro-
vides pressurized air for a combustion turbine-generatur tu pro-
duce electric power during system peak load periods. The major
features of this energy storage system have been described as
follows:

Compressed air storage, as currently conceived, uses

7 a modified combustion turbine, uncoupling the compressor and

turbine so that they can operate at different times and in-
corporating the intermediate storage of compressed air.
During off-peak load periods, the turbine is disengaged and
the compressor is driven by the generator, used as a motor,
taking its power from other units through the interconnection.
The compressed air may be stored in (1) naturally occurring
caverns, porous ground reservoirs and depleted gas or oil
fields or (2) manmade caverns such as dissolved out salt
caverns, abandoned mines or wined hard-rock caverns.

s L;‘:,’_,U

The stored compressed air is subsequently used during
peak load periods when it is mixed with fuels in the com-
bustion chamber, burned and expanded through the turbine.
During the peak load periods, the compressor clutch is dis-
engaged and the entire output of the turbine is used to drive
the generator, feeding power to the electrical system. Since
in normal operation the compressor consumes about 2/3 of the
power output of the turbine, the rating of the gas turbine
operating from the stored compressed air 1is increased by
roughly a factor of 3. Air storage may be accomplished
either at variable pressure or, through the use of a hydro-
static leg, at constant pressure.

This can be considered a "near term" (i.e., 1985) technology.
The economic plant size for this technology has been assessed in
the range of 200 to 1000 Mw. (55) It is of primary importance to
note that this technology requires ligquid petroleum and gaseous
fuels, both of which are expensive and currently being discouraged
for power generation use.

Superconducting Magnetic Energy Storage

This technology is considered as a possibility for the "long-
term" future (beyond year 2000). Much development and engineering
work is needed to make this technology practical and economically
viable. This energy storage technology is described in a recent
ERDA/EPRI study as follows:
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Superconducting magnetic energy storage (SMES) systems
store electrical energy in a magnetic field ~roduced by a
circulating current in the winding of a magnet. Essential
for SMES success are superconductive magnet windings and the
operation in a persistent mode, otherwise there is quick
self~discharge.

The proposed use of a superconducting inductor for energy
storage makes use of the principle that energy can be stored
in an inductor ot zero resistance, theoretically, forever.

A superconducting inductor stabilized with a normal conductor
is houscd in a Dewar. The inverter used during discharging
is used as a rectifier during charging.

For a utility size superconducting magnetic energy stor-
age system, the magnet would be located several hundred feet
below ground in solid bedrock. The bedrock is used as low
cost reinforcing to absorb the forces developed by the magnet.
The magnet requires leads to the power conversion egquipment,
a superconducting switch to limit energy loss during hold
periods, a large refrigeration system located in a low mag-
net field area and large storage tanks for the helium refrig-
erant. While the magnet itself may not be very large, the
total area required for refrigeration equipment, cryogen (He)
storage and shield magnet rings could be quite large.

The physical relationships and economics of scale would probably
favor relatively large installations.

Solar Thermal Electric

Solar thermal electric energy conversion systems collect
solar radiation and convert it into high temperature heat. The
heat is transferred to a working fluid, often water or steam,
for use in a mechanical-electrical generation system. Solar
thermal electric energy may be used in an energy system providing
both electricity and thermal energy. Energy storage may also be
included as part of the thermal energy system.

Photovoltaics

Photovoltaic power generation systems convert light energy
to electrical energy. This conversion takes place by the "photo-
voltaic effect," whereby a voltage is produced between dissimilar
materials when their junction is illuminated (irradiated) by the
light-band portion of the electromagnetic spectrum. There are
a limited number of materials which exhibit photovoltaic proper-
ties. The relatively low power intensity of sunlight (0.100 watt
per square centimeter), and the relatively low efficiency of
photovoltaic conversion (5 to 20%), inherently require consider-
able land area to obtain kilowatt or megawatt power levels. Since
photovoltaic power is in the form of direct current, de-to-ac
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inverters are required to interconnect plotovoltaic generation to
an electric utility ac distribution system. The basic daily in-
solation cycle and variable weather conditions limit the avail-
ability and amount of potential photovoltaic power generation.
Thus, photovoltaic generation systems must be used in conjunction
with other firm power sources on an electric utility system.

wind

Wind generation systems, by means of a bladed propeller, con-
vert wind energy to shaft mechanical energy to electrical energy
via a conventional electric alternator. Wind generation systems
for electric utilities are likely to consist of one or more mod-
est size units (0.2-3.0 MW) making up an integrated installation.
Wind generation is available only when the wind is blowing at
speeds above a certain threshold velocity and at speeds below a
certain maximum velocity at which damage to the installation might
occur. Therefore, with wind generation, additional generation
by other means is generally required by the utility.

Fuel Cell

Fuel cell energy systems ccnsist of an electric power gen-
eration device in which hot fuel gas is passed over a fuel elec-
trode and heated air is passed over an adjacent air electrode,
separated from the fuel electrode by an electrolyte, so as to
produce a dc power output and an exhaust of carbon dioxide and
water. The direct current electric power produced by the fuel
cell is connected to a dc/ac inverter which in turn supplies the
distribution network with alternating current at the proper volt-
age and frequency.

Storage Battery

Storage battery energy systems have as their inputs dc elec-
trical energy which is converted electrochemically to chemical
energy during charging of the battery and is electrochemically
converted to dc electrical energy during the discharging of the
battery. Operation of a storage battery with the conventional
ac electric distribution system requires the use of power con-
ditioning equipment which can accept the alternating current from
the distribu*ion network and convert it to the dc required to
charge the battery and invert the dc electrical energy provided
from the battery to ac suitable for the distribution network.
Care must be taken so that the timing of battery charging and
discharging is economically beneficial to the overall electric
power system operation.

Hydroelectric (Small, Low Head)

Hydroelectric generation converts the energy of falling water
into electrical energy by means of mechanical-electric machinery.
Flowing water, pressurized by gravity, drives a hydraulic turbine
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which is coupled to an electric generator. The electric genera-
tor driven by the turbine produces alternating current electric
power which is supplied into the electric utility power system.

Cogeneration

Cogeneration is the combined production of process heat and
electricity. Industries and/or utilities which need both of these
forms of eriergy potentially have net operational cost savings
available through an efficient coordinated facility which fully
utilizes the total heat of combustion. Various manufacturing,
commercial, and district heating applications utilize medium and/
or low pressure steam. These comprise the largest percentage of
potential cogeneration applications. For these applications, the
most common configuration for generating electricity and "process
steam" has been to use fossil-fuel-fired steam boilers producing
high temperature, high pressure steam to drive steam turbine-
generator set(s). Electricity is produced directly by the turbine-
generator, and the steam from the turbine, with its remaining en-
ergy, is delivered to the "process." This is called a topping
cycle. Electricity is produced at the highest temperature part
of the thermal cycle. Bottoming cycles, obtaining electric power
from the low temperature process "waste heat" or exhaust, are also
possible configurations for cogeneration. Thus, cogeneration
covers a very wide variety of energy conversion and utilization
cycles and applies various equipment combinations to provide the
desired match of electric power and prccess heat requirements at
one site from one combination plant.
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A1.3 ISSUES FOR SELECTING DSG TECHNOLOGIES

From the perspective of electric utility companies, there are
principal issues which would be considered and evaluated in the
process of selecting DSG technologies to be integrated into utility
distribution systems. In addition to the principal issues, each
utility tends to have unique characteristics which directly influ-
ence and have a major impact on the seclection process. Examples
of utility characteristics are: geographical location, size,
energy resources, bulk energy system composition and configuration
(generation and transmission), interconnections with other util-
ities, system load characteristics, economic conditions and type
of utility (public or private).

Thus, the selection process and influence factors must be ex-
amined on an individual utility basis since each utility tends to
be unique.

From an initial screening standpoint, the principal issues to
be considered in selecting one or more DSG technology are: commer-
cial availability of DSG, economics, DSG size and total capacity,
energy resources, operational features, technical factors, and in-
stitutional and regulatory requirements. These issues will be con-
sidered in detail in subsequent parts of this study, principally in
the section on "Feasibility of DSG Alternatives." These issues will
be briefly described here for the purpose of clarifying the selec-
tion process described in Section Al.4, which summarizes the selec-
tion of DSG technologies to be used in this monitoring and Control
Requirement Definition Study.

Al.3.1 COMMERCIAL AVAILABILITY

In the context of electric utility system planning for genera-
tion and transmission expansion, it is fundamental that any tech-
nology included in expansion plans must be commercially available,
or that planners have reasonable assurance that it will e available
when needed. From the standpoint of this study, it 1s not necessary
to have this assurance but rather indications that a DSG technology
has promise of becoming viable in the future time frame under con-
sideration. Therefore DSG technologies may be irncluded even though
thelir commerciai availability is not foreseen until the 1990s. How-
ever, if the technology is in an extremely early stage of develop-
ment and technical or economic viability cannot be predicted, it is
better to set this technology aside for purposes of this study.

A.l1.3.2 ECONOMICS

To an electric utility company, the economics of any proposed
system generation, transmission, or distribution expansion is of
vital concern, since it directly affects revenue reguirements and ,
the cost of producing electrical energy. In analyzing the overall |
economic viability of a DSG technology, the cost of producing elec- ’
tric energy is fundamental in comparing it to other means of supply-
ing the need. When the DSG technology uses a consumable fuel which
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must be obtained at direct cost, the DSG can be compared rather
directly with other technologies by conventional cost comparison
methods. When the primary energy input to a DSG is "free" as in
the case of sun, wind, and to some extent water, a more complex
analysis which compares "benefits" to "costs" over the lifetime of
the plant must be made. The principal benefit will often be the
displacement of "conventional" (i.e., fossil) energy by the renew-
able energy source. The nature of the renewable energy source,

, its availability and dependability, will determine if any system

capacity credit can be assigned to it in the benefit/cost evalua-

f tion. There are additional factors which also must be considered.

In evaluating DSG technologies, all benefits such as reduced
bulk transmission and distribution system losses should be credited
to the DSG and added costs such as those required for Monitoring
and Control should be charged to the DSGs. :

Al.3.3 SIZE

Dispersed storage and generation has been defined as being
located in and connected to the distr:oution portion of the elec-
tric utility system. Thus, it will be connected to the distribu-
tion system at some point between the secondary side of bulk power
substations and the customer's premises. Generally the point of
electrical connection will relate to the size (MW rating) of the
DSG unit. In the broadest sense, DSGs may therefore range in size
from a few kW, located cn single residences or farms, to large
units of many MW, which may have their own substation connected j
to the subtransmission circuit in the utility distribution system. |
A wide range of electrical ratings are possible for DSG applica-
tions and to some degree relate to the nature and characteristics
of the type of DSG plant. As foreseen for the purposes of this
study, the size range will be from 10 kW to 30 MW. In general the
DSGs will be plants capable of automatic or semiautomatic unattended :
operation. This will be necessary to keep the cperating costs low !
to achieve economic viability. However, certain DSGs such as a co-
generation plant will have operating personnel present for other
portions of the plant and process, and the generation equipment
will incur only incremental personnel operating costs. In con-
trast, central station plants connected to the bulk power trans-
mission system are large complex plants which require continuous-
duty operating personnel and staff and tend to be from 50 MW to
several thousand MW in size.

Al.3.4 ENERGY

DSGs may be characterized by the typz of energy they utilize
in producing electricity. The type of energy in turn will have a
major effect on DSG operational characteristics, as well as all
the other selection issues. DSG technologies are divided into two
basic categories: those that use nonrenewable fossil fuels and
those that use renewable energy sources such as sun, wind, or water.
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A third DSG category is that of energy storage in which electrical
energy is withdrawn from the system at a time of low incremental
cost and returned at a time of high incremental cost.

Fossil fuels inherently have the property of energy storage
and thus can provide variation in electrical energy production on
demand. In contrast, renewable sources tend to be periodic and/or
variable in supply and are less convenient and less reliable ¢s a
source for a utility system which has a continuous need for elec-
trical energy. Sunshine as used in solar thermal electric and
photovoltaic plants is partially available on a 24 hour cycle;
water is generally available on a varisble seasonal basis with
surges due to storms; and wind is randomly available with seasonal
variations. Other renewable energy sources can provide continuous
energv supply and are represented by sources such as geothermal and
biomass/biofuel. The latter, however, is a form of stored chemical
energy quite similar to fossil fuels. The constancy and predict-
ability of an energy supply source for electric energy production
have a significant e¢ffect on its value to a utility with regard
to the overall system generating capacity which must be maintained
to meet system load demands. Energy storage has the basic role of
reducing energy production costs by more effectively utilizing large
central station units which have low-incremental-cost of energy pro-
duction and returning (supplying) the electrical energy to the pow::
system during times of peak load to reéplace energy which would be
produced by higher-incremental-cost (less efficient) peaking gener-
ation units. Storage can also be used as generation reserve to re-
place units which are out of service due to an unscheduled outage.
Thus, the inherent nature and characteristics and supply quantity
of the en=rgy supply source are major issues in selecting DSGs for
application on a specific utility.

Al.3.5 OPERATIONAL

Operational characteristics can have a significant influence
on the suitability of specific DSGs for application on an electric
utility system. As was described in the previous subsection, the
most important operational characteristic regarding overall system
operation is the reliability/availability of the DSG source. The
ability to schedule the source, eizher continuously or paricdically,
with a high degree of dependabiiity has definite generation capacity
displacement value to a util:ty. 9n the other hand, if the elec-
trical power output of a DSG is completely random, tnen it has no
capacity displacement value and may actually require a greater
amount of spinning reservc, depending on the total amount of con-
nected random DSG generation. Othes operational issues involve
system operation and scheduling regarding the DSG's startup and
shutdown time requirements. These will vary widely for different
types of DSGs and have an influence on their flexibility for svs-
tem~-wide energy management functions.
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A.1.3.6 TECHNICAL

Technical issues concern the complexity, reliability, and ap-
plication of DSGs.

Complexity will primarily affect operation and maintenance re-
quirements and costs. If a plant is extremely complex, it may re-
quire full time operators and considerably larger plant size than
other DSGs in order to be economically viable.

;
!

Complexity will also affect the reliability of a plant since
these technical issues are related. This in turn affects the avail-
ability of a plant and its value to the utility.

Application issues concern the matters of power quality and
control, physical and electrical location within the distribution
system, and integration of the DSGs into the distribution system.
These application issues concern technical matters such as power
flow, voltage level, and wave form control. The application of
DSGs requires consideration of the conditions and characteristics
of the particular part of the distribution system to which the DSG
will be connected, and with which it must be compatibly integrated.
Voltage, power flow, and system protection are of primary importance
and require coordination for a successful DSG application.

A.1.3.7 INSTITUTIONAL REGULATION

Institutional and regulatory issues can have a major impact
on DSG selection. For relatively small generating sources like
DSGs, complex operating rules and procedures, lengthy and costly
licensing procedures, and environmental constraints place dispro-
portionate costs on these plants. By contrast, large plants with
much larger capital investment can bear essentially the same costs
more easily because they represent a lower percentage of total
plant cost.

Other matters, such as favorable tax policies regarding write-
off/depreciation and investment tax credits, can have a major impact
on economic incentives and decisions regarding the viability of DSG
technologies.

The recent (February 25, 1980) ruling of the Federal Energy
Regulation Commission regarding PURPA Section 201 and 210 has made
a significant step in the direction of helping to bring about the
acceptance of small, customer-owned DSGs by the electric utility
companies. Under the new regulations, electric utilities must ﬁ
purchase the electric energy and capacity made available by qual- |
ifying facilities at rates equal to the utility's generation cost |
or the cost of buying electric energy from other utilities. It
would appear that ins*itutional regulations are being brought in
as an ally to assist in the acceptance of DSGs.
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A1.4 SUMMARY OF REASONS FOR DSG SELECTION IN THIS REPORT

The emphasis of this repcrt is on the moritoring and control
requirements definition for DSG. Thus, it is worthwhile to be
aware of the characteristics of the many possible DSG technologies
which may be used within an electric utility distribution network.
However, since wh.t is needed is an understanding of the monitor-
ing and control raquiremerts for many DSG technologies, it is not
essential that all possible DSG technologies be considered in de-

: tail. It is important that the key monitoring and control require-
| ments include those characteristics which are common to all of the

DSG technologies. Thus, in selecting the seven DSG technologi=es »
covered in this report, other DSG technologies from the total .ist ’ N
in Section Al.2 were either eliminated by major screening issues, or :

else they were considered to be similar enough in monitorin¢ and

control requirements to be accommodated by the reqairements of the N

seven selected DSG technologies. o

i
, DSG technologies which were set aside are:

Fusion ' |
- Magnetohydrodynamics : ‘ _

Biomass/Biofuels .

Geothermal

Hydroelectric Pumped Stoi.age

Compressed Air Storage

Superconducting Magnetic Storage

DSG technoloyies which were retained four description are:

Solar Thermzl Electric
Photovclitaics

wind

Fuel Cell

Storage Battery

Hydroelectric (small, low head)
Cogeneration

A brief explanation of the reasons the first set of DSG technolo- .
gies were deleted will be given. This will basically include the
screening issues described in Section Al.3 and/cr similarities to

The selected DSGs which will be described in detail in Sections A2.0
thrcugh 8.0 and therefore will not be discussed in this sectiou.

Table Al.4-1 provides a2 summary ot the issues involved in determin-

ing elimination of the following candidate DSG technologies and

where applicable their similarity to the selected DSG technologies.

Fusion

This technology was eliminated baszd on the selection issues
of technclogy availability, which appears to be in the 2lst century,
and the anticipated MW size and complexity of commercial units,
which will »nrobably place them in the central station category.. !
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Magnetohydrodynamics

All efforts and indications of the present U.S. programs are
aimed at MHD plants which will be in the 100 to 1000 MW size range.
This classifies this technology as central station size rather
than DSG.

Biomass/Biofuels

This technology, which includes the combustion (or conversion
to gas) of organic plant material, is quite similar to fossil fuel
conventional power piants in that the primary energy source is in
the form of stored chemical energy. For this reason and because
of the similarity of this technology to the DSG technology of co-
generation, it was decided that all biomass/biofuels monitor and
control requirements would not be included in the seven selected
DSG technologies.

.Gepthermal

This technology with its relatively constant energy supply
" was .considered similar to conventional steam electric plants, and
its monitor and control requirements were considered similar to
those of the cogeneration DSG technology. Further, indications
are that geothermal plants will tend-to be large in order to jus-
tify the exploration and source development costs.

Hydroelectric Pumped Storage

The combined characteristics of small low head hydro and en-
ergy storage DSG technologies were considered sufficient to cover
the monitor and control reguirements of this technology. Further,
the hydroelectric pumped storage plants tend to be large capacity

- plants which are connected directly to the bulk transmission system.

Compressed Air

o The economics of this technology favor units rated 200 MW or
- larger. As such they would be connected directly to the bulk trans-
mission system and not be considered a DSG technology.

Superconducting Magnetic Steorage

This technology was considered to be too far from commercial
availability to be included in this study. Further indications
are that the economy-of-scale principles will apply to this tech- :
nology, and che size will be in the several hundred MW range. TF
Thus, it will be beyond DSG technology size.
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A1.5 DESCRIPTIONS OF SEVEN SELECTED DSG TECHNOLOGIES

The common functions of the monitoring and remote control of
DSGs are similar in several of the selected DSGs. They include
such functions as being on or off, power output level, and the
conditions of the suksystems. An effort has been made to empha-
size the external monitoring and control similarities for the
selected DSG technologies rather than to stress the individual
differences between them at the subsystem and sub-subsystem level
of detail.

In identifying each selected DSG technology, an effort has
been made to define the technology in a generic sense and to ex~-
plain its function, operation, feasibility, availability, and
cost. This report also describes the physical and chemical prin-
ciples of each technology, including those that limit when and
where each is limited in the energy output it can provide. 1In
each case the more important characteristics of the internal con-
trols necessary to make the particular technology operate are
described.

The first technology discussed (Section A2.0) is solar thermal
electric conversion (STE). The description is presented in greater
detail than for the other technologies in order to illustrate the
extent to which the designers of each technology must go to make
that particular DSG operate effectively. It was not considered
appropriate to expound on each technology in such great detail.
Nevertheless, from the descriptions given it is possible to iden-
tify a similar monitoring and control hierarchy as perceived by
the human operator at the distribution dispatch center.

Some of the technologies described are new and experimental,
and there may be a period of a decade or more before commerciali-
zation can be realized. Other technologies, such as hydro, are
mature and may be put into service in a much shorter time. This
report has placed emphasis on the bacsic characteristics of each
of the DSGs. The future trends and growth potential of each of
the DSGs during the near term, 1980-1985, and the longer term,
1985-2000, are discussed in Appendix B entitled, "State of the
Art, Trends and Potential Growth of Selected DSG Technologies."
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Section A2
SOLAR THERMAL ELECTRIC CONVERSION TECHNOLOGY

ML £ Dl il

A2.1 DEFINITION AND DESCRIPTION OF PHYSICAL PRINCIPLES

Solar Thermal Electric energy conversior. systems collect so-
lar radiation and convert it into high temperature heat. The heat
is transferred to a working fluid, often water or steam, for use
in a mechanical-electrical generation system. Solar thermal elec- ]
tric energy may be used in an energy system providing both elec-
tricity and thermal energy. Energy storage may also be included
as part of the thermal energy system.

TR denhadit s o te ot

A2.1.1 DESCRIPTION OF PHYSICAL PRINCIPLES

Solar Thermal Electric systems are in the early design stage
in the United States, and developmental systems and equipment are
being planned for the mid 1980s. For small (1 MWe) solar power sys-
tems three systems concepts are being analyzed:

® Central receiver

PPy

® Point focusing, distributed collector, central power
conversion

® Point focusing, distributed collector, and distributed
power conversion

Reference 2 presents a summary of EEI Contractor Reports covering
the work being done by McDonnell Douglas Astronautics, General
Electric, and Ford Aerospace and Communications respectively for
each of these three systems concepts. Although the three concepts
are different in detail, from a control point of view they have
common principles because they depend primarily on automatic
operation.

Preliminary work has emphasized systems which convert solar
energy to steam (850 OF-1050 OF) for use with conventional steam
turbine generators providing an ac output to a utility network.
The Ford Autonutronics approach, which involves point focusing,
distributed collectors, and power conversion, uses a Stirling En-
gine instead of a steam turbine generator, with sodium at 1382 OF
as the heat transfer medium and helium as the working gas.

To achieve high temperatures concentrator-type collectors
are required, and both distributed-collector and central-receiver
options are being considered. The distributed collector systems
may use many individual elements (e.g., 150), each element con-
sisting of a central boiler and a concentrating collector. The
central receiver system may use a number of heliostats which re-
flect sunlight to a central receiver located at the top of a tower.
For either type of system, tracing of the sun by the collector is
required to improve performance.

A2-1




Common to all of the solar thermal electric systems are con-
trol subsystems for collectors, power conversion, energy transport,
and energy storage. Also common to all of the solar thermal elec-
tric systems is the fact that sunlight is available for only a lim-
ited amount of time. Utility systems should be able to supply the
customer's electrical needs whenever they exist and not only when
the sun is shining. One alternative is to generate electrical en-
ergy from the sun and store it to meet customer needs when the sun
is not shining. Another alternative is to use the electrical en-
ergy generated from the solar thermal electric system and to use
other energy sources such as coal, nuclear, or oil when the sun is
not available.

Detailed engineering studies of these alternatives have been
made. The choice between the two depends on the values of the
various design parameters and on the choice of decision criteria
used in making' the judgment. It is evident that the monitoring
and control requirements for the solar thermal electric system may
differ in detail depending on the concept chosen. However, a num-
ber of the monitoring and control requirements are quite similar
in function and equipment despite the differences in the specific
hardware implementation of the solar thermal electric system,
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A2.2 DESCRIPTION OF AN ILLUSTRATIVE SOLAR THERMAL
ELECTRIC SYSTEM AND CONTROLS

The solar thermal electric system described as an illustra-
tive example is a 1 MWe unit proposed by the General Electric Com-
pany in Reference 1. The system has no storage and delivers approx-

" imately 2,800,000 kWh annually at approximately 1 MWe. The design

concept proposed utilizes collectors of two types:

e A saturated steam field (approximately 80% of the col-

\ lectors - about 200 in number)

! ® A superheated steam field (approximately 20% of the

collectors - about 50 in number)

The two fields are connected by a steam accumulator as shown sche-
matically in Figure A2.2-1. Basically, the system operates by gen-

erating saturated steam, collecting this saturated steam (quality

varying with insolation) in a steam accumulator, and then super- )
heating the steam from the accumulator in the superheated field §

prior to entiy into the steam turbine. This concept

T - ¥ -

requires only i
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Figure A2.2~1. Basic System Schematic
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The master control subsystem directs and monitors all control
functions within the solar plant using a fully automatic control
technique. A compuvter system performs process calculations, inter-
faces with other plant subsystems, coordinates contrel action, and
monitors and records data, thus allowing automatic unattended oper-
ation of the plant while prcviding reliable system protection.

This control concept is especially suited for a solar taermal elec-
tric power plant where variations in the heat source intensity dur-
ing the course of the day require continuous adjustments to the
process flow rates. The use of a master computer control minimizes
the length of time that the plant operates in less than an optimum
condition.

A.2.2.1 CONTROL PHILOSOPHY

The primary objective of the small solar power plant is to
maximize the plant's energy output. Therefore, electrical power
generation commences as soon as and continues as long as insolation
levels permit. If insolation levels become too low to support power
generation, the plant is placed in a standby mode and electrical
power generation recommences when insolation levels increase suf-
ficiently. The generator is disconnected from the grid as soon as
it stops producing power. No-load operation to maintain grid syn-
chronization is not utilized, and the generator is not allowed to
"motor" off-grid on battery power. The plant is shut down only if
an end-of-day or emergency condition exists, or if so directed by
the utility or local operator.

A2.2.2 OPERATION WITH ENERGY STORAGE

The manner in which the plant is operated depends, to a large
degree, on whether energy storage is utilized. If dedicated energy
storage is used, all of the power output is directed to the utility
grid until the output to the grid reaches 1 MWe. As soon as this
occurs, power in excess of 1 MWe is used to charge the energy stor-
age subsystem. Conversely, when the output falls below 700 kWe,
power from storage, if available, is directed to the grid in an
attempt to maintain a combined generator and storage output of
700 kWe. Electricity is always discharged from storage to the
grid as soon as the generator output falls below 700 kWe and con-
tinues until the generator output increases above 700 kWe or until
the storage subsystem is discharged. This means that the electrical
storage subsystem is always discharged at the end of the day rather
than storing energy overnight for service power or for startup the
next day. If there is no energy storage in the power plant, how-
ever, there is no power-leveling capability and the power supplied
to the utility grid is just the output of the turbine-generator
less auxiliaries.

There are times when a defocus of a portion or all of the col-
lecter field is necessary. Collectors are defocused to prevent
oveirlieating if the turbine capacity is exceeded or to shut the plant
down in response to an emergency condition. Defocus of collectors:
is also necessary when the turbine-generator output to the grid

A2-4
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exceeds 1 MWe while the energy storage subsystem is fully charged
or when there is no energy storage. The limit of 1 MWe to the
grid is an artificial boundary. In a commercial solar power plant,
there probably would be no limit on the amount of power that could
be supplied to the grid.

Finally, the type of control used to accomplish the above ob-
jectives is automatic with unattended operation and system protec-
tion at the local plant site and with remote monitoring and control
at the utility dispatch level. Most of the master control functions
at the plant, including all of the more complex control tasks, are
performed by a microcomputer system. Other sequencing and simpler
control functions are provided by programmable logic controllers.
The data acquisition and alarm system is centered in a standard,
self-contained, key~programmable microprocessor and various periph-
eral devices. All of this equipment, although designed for remote
automatic operation, is capable of local, on-site operation to fa-
cilitate checkout and maintenance procedures and to allow local
control of the plant during severe environmental conditions.

The remote control provided at the utility is minimal, con-~
sisting essentially of ON PERMISSIVE/SHUTDOWN/AUTOMATIC functions.
Key parameters are monitored at the utility location. However, an
alarm condition requires the dispatching of a troubleshooter to
the plant site. This remote monitoring and control is accomplished
using a Supervisory Control and Data Acquisition (SCADA) system.

A2.2.3 MASTER CONTROL SUBSYSTEM

Within the master control subsystem, as shown in Figure A2.2.3-1,
the operating mode control establishes the necessary valve posi-
tions and switches pumps, fans, and breakers on and off for the
various operating modes of the plant. This control function also
determines, by sensing key plant parameters, when to switch from
one mode to another.

Data acquisition and alarm, local operator controls and utility
control and monitoring are three other interfaces within the master
control subsystem. The data acquisition and alarm function is pro-
vided by a standard, self-contained, key-programmable, miniprocessor-
based data acquisition/alarm system complete with on-board printer.
The system monitors and records identified key operating parameters
periodically and records certain signals when they exceed a pre-
determined value. The location and identification of the instrumen-
tation for _he data acquisition system is shown in Figure A2.2.3-2.
The local operator control panel is an on-site console where manual
operation of the plant may be established, plant parameters moni-
tored, and system checkout and troubleshooting performed. Normally,
however, the local operator control is unmanned, with supervisory
control being provided by the utility. The utility control consists
of a relatively few overall plant control functions and monitoring
of certain key parameters. Alarm signals require dispatching of
troubleshooting personnel to the power plant site for the necessary
checkout and repairs. The instrumentation shown in Figure A2.2.3-2 is

A2-5
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applicable only to the experimental system (EE-1). A commercial
plant would probably not be as heavily instrumented.

The power plant control interfaces for the subsystems de-
scribed above are shown in Figure A2.2.3-3, Also shown in the fig-
ure are the local control functions (provided by logic controllers)
from an individual parameter sensor to a control component. Exam-
ples of this type of local control are various component water
levels and the desuperheating water flow control to the turbine
bypass line.

The master control subsystem interfaces with the power conver-
sion, electrical, electrical storage, and collector subsystems in I
implementing automatic control of the power plant. Each of these '
interfaces is discussed in more detail below.

A2.2.3.1 Power Conversion Subsystem Control Unit

Within the power conversion subsystem control unit, the tur-
bine-generator control has the following functions:

® To operate the turbine control valves to maintain de-
sired pressures in the collector fields during both
transient and steady-state operation and to open the
turbine control valves to provide increased steam flow
to the superheated receiver field during periods of in-
creasing insolation

® To generate a partial collector defocus signal when
thermal energy input exceceds the turbine capacity

@ To initiate emergency control actions for fault con- '
diticns of the turb ‘ne-generator unit

The first function is necessary for transient control during periods
of varying insolation. If the plant is operating at a reduced
stecady-state insolation level and insolation suddenly increises,
the transient combinaticn of low steam flow rates through the re-
ceivers with increcased energy input may result in unacceptably
high temperatures at the receiver outlets before new steady-state
conditions can be established. This is primarily a problem in the
superheated collectors where saturated steam enters the receivers.
A small amount of sup: rheating is allowable in the saturated field
receivers, but outlet temperatures will be low compared to those
in the superheated 1ticld receivers since the inlet water to the sat-
urated receivers is subcooled. To minimize the wroblem, the tur-
bine control valves arc operated to maintain an essentially con-
stant pressure in the steam accumulator. As the insolation level
increases, the temperature and pressure of the stecam leaving the
superheated receivers starts to increase because of the relatively
low flow rate. The turbine control valves open to maintain pres-
sure at i%s original value, which increases the steam flow throuqgh
the receivers and thus decrecases temperatures. To insure that an
individual receciver does not exceed a metal temperature limit, a
temperature indicator is located in the outlet of each superheated

At

229 PRECEDING PAGE BLANK NOT FILMED




[ 1oamW] | @2 { 3 | - i 8 | e |
g‘g‘.ﬁg;%‘msan.

. | fem) [N Eml——
|

J :&LiCég"gviY(l L__

Q-—‘
!

S -+ e
T
] v —T i ;%“ CONTROL.
' l FAGM MASTER CONTAGL
iy 2] i
STEA ACCUMMA A TOR -
8 | D |
SATURATED RECEIVER F( ‘ Immm RECEIVER #1E0L0)

" ¥

B @ - g,n‘nnon

w oo
CONDENBATY
_ "eA0ER

ﬂ FEEOUATER CONTAOL. b—’—" : OUA TER

i i

\Al
)
o oRam
-c
e

T 4] w

L——— FROM FLASH TANK
Mg
4 P cxmacmion
OEAERATOR TaAMK " g
RO PEEOWAT
T,
WEATER %“T'q
198
— o= actusns ATON
—
Y0 va.vE§y,
FANS &
C":Ulsllto. mtn
$'6s-' ‘
) ;

4 0 b ! R0
~agati s AT NAL I 2ER
fye Mg > ‘ : !

o ; L L ) - - ::? “gn
i ) SN SOncAg . sc'o;gs
! - e :
—
ﬁ T IRL)
TEED e
<
¢

- A0
Lok 2 L
ACRTTT- TR BN A ] 32 Y
" - - ) - T TTeler o matuenr
[ty SRR v
——a e
N GARGS 4.3 B« WRen o’ s 4. 4 .
S eseme e e s et
e T e vete s i
-t . e’ -
— s
s - - -
- - -
— L =2 .
3 | 4 ! -] !

Figure A2.2.3-3. Control Interfaces fo




10 | 193 W

T

1, |
Ml oS WY

*‘"’G

e l@ ”GV(' CONTRQA

— Ty 77 p—"

4

AL IvEn ¢ IILD‘

e vl

B

1O COMDENSIR

I L '
OEwiNERA 1 2ER . -
* wom - ] .'.
- Palagt "L . - . .
SLWRINS “— N —.——tﬁ—-_—. U CODENSLR
4 e
L] \.
—- 3
wes . .
A\ d
"o- LN 4
- - ay:
34 .;"n\.l . “
S
- w K - - B . . - - e o " e v T Tt - — o e o e e N e —————
= ' e o e 0T CONTAOL DIAGRAM srasaaL @ urecraic
sy e e save oW Wt e - - [STTRT A P -_— = o N e A
L e T P .o - - ) PROICIS INOY NG OPIR4IION
“ . -
. e e v . L———-“ - - - - L ane e T Ttm —————-—-—————'—————‘ e o «:«_?-—
0 I + we0'3t (M201 ‘_lo
s - - - - - - - —— e ———— LA
h ] - ] ]
7 ] ‘ 9 10 | "

fo

Interfaces for power Pl

.3-3. Control ant Subsystems y
y ¥CLbour FRAM) j
- ~




~ receiver. Thus, when a high temperature condition is sensed at
“one or more superheated receiver outlets, the turbine contrecl
valves are opened further, which causes steam pressure to drop in
the steam accumulator and water to flash o additional steam. The
increased steam flow carries away mcre heat and causes the receiver
outlet temperatures tc decrease to acceptable levels.

It is anticipated that this scheme will adeguately control
the receiver metal temperatures during transient conditions. 1If,
however, subsequent dynamic simulation indicates a problem will
be encountered during this condition, an alternative design, such
as injecting desuperheating water into each superheating field re- .
ceiver, may be required. The control of such a design would be
relatively straightforward, using the receiver outlet metal tem-
perature to determine the amount of water to be sprayed into the
receiver inlet piping. Note that a sudden decrease in insolation
results in a suppression of steam generation (since there will
transiently be more feedwater flow than steam flow) but that this
condition, although undesirable, is safe in that metal temperatures
are not elevated.

) The second function of the turbine-generator control becomes
- necessary when the total thermal energy gathered by the collector
field exceeds the turbine-generator capacity. This occurs on days
of maximum solar insolation since the turbine capacity is somewhat
less than that required for the annual peak insolation value. For
this situation, a portinon of the collector field is defocused so
“that the thermal energy gathered by the collector field does not
exceed the rated turbine capacity. Defocusing is accomplished by
transmitting steering signals to selected collector drive motors
which cause the collectors to defocus to a position 2 to 5° be-
hind the coarse tracking azimuthal position of the remaining fo-
cused collectors. The defocusing steering signal automatically
deactivates the individual sun sensor fine focus control, which
would tend to return the collector to its focused position. Dur-
ing this period of defocus, care is taken to insure that the fo-
cused image of the sun does not fall on a structural member of the
concentrator or a receiver component, such as a valve or piping.

During a partial defocus of collectors an unbalanced flow con-
dition may result. For this reason, the energy transpcrt piping of
the defocused collectors is isolated from the remainder of the
field. In order to maintain the proper balance between saturated
and superheated collectors, collectors are defocused and isolated
in the ratio of approximately 4:1 in the saturated and superheated
fields, respectively. In the saturated field, defocusing and iso-
lating occurs in blocks of six collectors, which represent a sin-
gle branch, to minimize the number of automatic isolation valves.
In the superheated field, control is based on blocks of six col-
lectors (i.e., one branch) except that the collectors in approx-
imately two branches have individual isolation control in order to
achieve an acceptable saturated-to-superheated collector ratio.
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The second control within the power conversion subsystem unit,

B the feedwater control, regulates the position of the feedwater reg-

: - ulator valve {and hence the feedwater flowrate) based on the water
level in the steam accumulator. The feedwater flowrate is adjusted

as necessary to maintain the water level in the steam accumulator
"within a prescribed band. Thus, an increase in the flowrate of

steam from the accumulator results in a lowered water level in the

; accumulator, which in turn causes the feedwater reg'lator valve to
- open and admit more feedwater. The net effect is to match the feed-

water flow with the steam flow from the steam accumulator.

[ o A.2.2.3.2 Electrical Subsystem Control

The electrical subsystem control functions are:

e To synchronize the generator electrical output with the
utility grid when coming on-1line

e To open the breaker between the generator and the utility
grid when the turbine-generator power output becomes so
low that synchronization with the grid is jeopardized

e To opern the appropriate breakers when fault conditions
occur within the electrical subsystem

L : e To start the emergency fossil generator upon loss of
electrical power to the plant from the utility grid in
order to establish or maintain a controlled and safe
shutdown procedure

e To provide a defocus signal to the collector subsystem
control when the plant output tc the utility grid ex-
ceeds 1 Mwe

L

, Most of these functions have been discussed previously as part
‘'of the plant control philosophy. One additional function is that
of providing a backup emergency power source to thic plant. While
the plant is producing power during the 4ay, «lectrical power for
‘the various auxiliary loads (such as pumps, enclosure fans, col-
lector drive motors, and control equivment) is supplied by the gen-
erator output. During pcriods of no power generation (such as at
night or during loss of insolation in the day) these electrical
loads are supplied by a service connection to the utility grid.

If this service connection to the grid itself is lost, an emergency
power generator provides backup power for essential plant functions.
This is especially critical to insure that the plant is not left

in an unsafe condit.ion when power is lost. In addition, a complete
loss of power would result in a loss of memory function in the mas-
ter control subsystem, such that the master control would be inoper-
ative even if service power returned at a later time. The size of
the emergency generator is minimized to reduce fuel costs and stor-
age capacity. he emergency generator starts automatically when

it senses an underfrequency condition in the bus and sheds all but
the most essential loads by operating the proper breakers.

-

A2-14




A2.2.3.3 Storage Battery Subsystem Control

The storage battery subsystem control has five functions:

e To terminate battery charging when voltage/temperature
sensors indicate a fully charged condition

e To terminate ba*tery discharge (i.e., open breaker)
when voltage/temperature sensors indicate a fully dis-
charged condition as established for maximum battery
life

e To sense hydrogen level in the battery enclosures and
to ventilate as necessary

® To provide a "fully charged" signal to the collector
and power conversion subsystems to effect a partial de-
focus if necessary ‘

® To commence storage battery charge/discharge operatiors
as conditions permit

One important function of the storage battery subsystem con-
trol is tc prevent a dangerous accumulation of hydrogen in the bat-
tery enclosures. The hydrogen level is monitored and maintained
below an established limit by ventilating as necessary. Hydrogen
production is a problem only during charging, and then occurs only
during the last 10-20% of the charge. However, the potential for
an explosion requires special precautions. Arsine (arsenic hy-
dride) and stibine (antimony hvdride) are also produced during
battery charging. Although the amount of arsine and stibine pro-
duced relative to the amount of hydrogen is auite small, their
high toxicity levels may require even more vew.tilation than is
required to reduce the hydrogen concentration to a safe level.
Since arsine, stibine, and hydrogen are produced in fixed relative
amounts, monitoring for hydrogen and ventilating sufficiently in-
sures that arsine and stibine levels remain below their environ-
mental limits.

A2,2.3.4 Collector Subsystem Control

The collector subsystem control has the following functions:

e To provide steering signals to the collector drive
motors as a function of time-of-day and day-of-year
(coarse focus control)

e To provide local individual collector fine focus control
using sun Sensors

® To provide receiver outlet temperature signals for tur-

bine-generator control and for out-of-limit indications

® To defocus and isolate collectors based on out-of-limit
temperature pressure indications

A2-15
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E ® To defocus and isolate collectors when excess energy

; is supplied to the turbine or when more than 1 MWe is 13
: being supplied to the utility grid 1
i
\
4

The defocus of collectors for an alarm condition (e.g., high
temperature or low pressure) differs from the defocus scheme pre-
viously described in that the collectors are directed to the stow
position rather than being defocused about 2 to 5° from thg rest
of the field. Their isolation valves are shut off in the g$ame
manner, however, in order to maintain the desired ratio cf satu-
rated to superheated collectors. Defocus and shutdown of one or
more collectors in one field due to an aknormal condition may re-~
quire the defocus and shutdown of an appropriate number of col-

lectors in the other field to maintain the balance between the b
two fields. 3; -
g
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A2.2.4 OPERATING MODES

A description of the major operating modes, from a process
flow standpoint, for a small solar power plant is presented in the
following sections. A brief summary of the various operating modes
is presented in Table A2.2.4-1.

In the :ighttime/recirculation mode, Figure A2.Z.4-1, the plant
is shut down, the collectors are moved to the stow position, and
electrical power for various auxiliary loads is supplied by the
grid. 1f freeze protection of the saturated and superheated re-
ceiver fields is required, a small recirculation pump is operated.
If freeze protection is not required, the pump is shut off and the
system remains idle. A positive pressure of nitrogen is maintained
in both the steam accun.ulator and the deaerator tank to prevent
oxygen entry into these tanks and into the collector fields. With
the exception of the collector and energy transport subsystems,
the small solar plant is totally contained within submodule en-
closures which provide environmental protection (from freeze, wind,
khail, sand, etc.) for the components therein.

Based on clock time and sun declination/rise time data, the
master control initiates the first phase of startup as shown in
Figure A2.2.4-1. The larger recirculation pump is started (after
the smaller recirculating pump is secured, if necessary) and cool-
ing to the condenser is begun. The condenser vacuum pump is also
switched on to start drawing a vacuum in the conderser. The col-
lectors are .Jirected to the coarse tracking position by steering
pulses from the master controller. Fine focusing of the collectors
is provided by the individual collector sun sensors. The water
in both the saturated and superheated receiver fields 1s heated
and steam is produced during this phase until a predetermined pres-
sure is attained in the steam accumulator. 1If this pressure is
not reached within a fixed time period, as might be the case with
very low insolation levels, the plant is switched to the standby
mode.

If the prescribed pressure is reached in the steam accumulator
within the time limit, the master control switches to phase II of
startup as shown in Figure A2.2.4-1. Recirculation through the
larger pump is secured; the smaller saturated receiver field recir-
culation pump is started; and steam is bled from the superheated
receiver field to the condenser via the turbine bypass line. The
condensate, boiler feed, and chemical injection pumps are all started,
thus establishing a normal flow of steam or water through most orx
the plant components. (ondensate is chased from the steam lines
as the steam lines are heated up. Steam is al o bled to the de-
aerator tank to commence deaeration of the boiler feed water. At
the same time, the steam is desuperheated as required in the tur-
bine bypass line vrior to admission to the condenser. This phase
of startup continues until steam conditions at the superheated
receiver outlet are correct for turbine operation.

i

P
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Table A2.2.4-1

SUMMARY OF OPERATING MODES
OPERATING MODE CONTROL FUNCTIONS

Nighttime/Recirculation e Plant shutdown; collectors in stow position

® Electrical power for auxiliary loads provided by
grid with diesel-generator backup

e Positive nitrogen pressure in steam accumulator and
deaerator

® Small recirculation pump operating for freeze protec-
tion of field, if required

Startup (Phase 1) ® Collectors coarse tracking per steering signals from
master control

® Collectors fine focused using individual sun sensors
@ Water circulated in both saturated and superheated

receiver fields using large recirculation pumg to
charge accumulator

Startup (Phase 11) ® Large recircuiation pump secured; recirculation through
saturated receiver field only using small recirculation
pump

® Steam from accumulator superheated and routed to
condenser via turbine by-pass line

e Condensate, feedwater and chemical injection pumps
started (normal condensate/feedwater flow established)

® Steam bled to deaerator
Normal ® Steam admitted to turbine
® Generator synchronized to grid
& Excess power used for battery charging

® Steam accumulator periodically blown down to flash
tank

e Partial defocus and isolation of collectors if:

- Erergy to turbine exceeds turbine capacity

- Power to grid exceeds 1 MWe with vatteries
fully charged.

® Generator disconnected from grid if power output drops
to zero; resynchronized when power output increases
due to insolation fluctuations

® Battery commences discharging to grid when generator
power output to grid drops Lelow 700 kwe

Shutdown ® Occurs when insolation level decreases to point of no
electrical power generation and master control indicates
end of day

@& Batteries continue to discharge to grid

® Sequence of shutdown is reverse of startup, witi plant
ending in nighttime mode

e e 2
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Table A2.2.4-1 (Cont'd)

SUMMARY OF OPERATING MODES

OPERATING MODE CONTROL FUNCTIONS

Emergency Shutdown ® Actuates for major malfunction or alarm indication

® Initiates emergency shutdown sequence similar to normal
shutdown

@& Plant control must be reset prior to plant startup

Standby ® Occurs with loss of i1nsolation during day
® Auxiliary power regulrements minimized
® Collectors continue to coarse track

e Plant returns to normal operating mode when 1insolaticn
returns

When steam conditions permit, normal operation per Figure
A2.2.4-4 is commenced. Steam is admitted to the turbine and the
turbine started. As steam passes through the turbine, steam is ex-
tracted for feedwater deaeration and for feedwater heating. When
steam flow is sufficient, the generator is synchronized to the
utility grid and electricity supplied to the grid. Excess power
is used to charge the storage battery subs;stem as soon as the gen-
erator output exceeds 1 MWe. Since the ste~m accumulator tends to
concentrate impurities in the feedwater (due to the recirculation
flow and steam generation), a portion of the water in the accumu-
lator is blown down to a flash tank. Steam drawn off from the
flash tank is directed to the deaerator tank, while the liquid
water is discharged to the waste drain system.

Operation continues in this manner as long as sufficient solar
insolation exists, with the various subsystem controls and logic
controllers maintaining normal conditions in the individual com-
ponents. If insolation decreases temporarily, the steam accumula-
tor water level indication causes the feedwater regulation valve
to close down so that new steady-state conditions are established
at a lower power level and flow rate. If the generator output
falls below 700 kWe, additional energy will be drawn from the stor-
age battery subsystem to maintain a plant output of 700 kWe. 1If
the insolation level decreases below that required to maintain
synchronization with the grid, the master control will initiate a
controlled plant shutdown to the standby mode. When sufficient
insolation returns, the plant is started up from the standby mode
to the normal operating mode.

Although ths normal operating philosophy is to charge the
storage battery subsystem as soon as plant output exceeds 1 Mwe
and to start discharging the storage battery to the grid as soon
as the solar plant power output drops below 700 kWe, this is not
the only mode that may occur. If the storage battery subsystem
is out of commission, operation from only the turbine-generator
occurs. If a loss of insolation occurs before a sufficient charge

?W
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has been accumulated in the storage battery subsystem, the same
situation exists, and power to the grid is only that value put out
by the generator. Similarly, there are times when power to the
grid is supplied only by the storage battery, such as at the end
of the day when insolation has ceased and the storage battery is
charged. Finally, if lead-acid batteries are used in the storage
battery subsystem, an equalization charge is required every one

to two weeks to insure that all cells are at the same charge con-
dition. Depending on plant and grid conditions, this charge could
be supplied by either the turbine-generator or tie grid. The im-
portant point is that there are a number of different electrical
line-ups possible with the generator, electrical storage and util-
ity grid, and the particular combination in use at a given time

is determined by the conditions that exist at that time. Table
2.2.4-2 is a summary of the various possible electrical alignments
and the conditions that would cause each to occur.

Table A2.2.4-2

SUMMARY OF ELECTRICAL ALIGNMENTS

ALIGNMENTS OCCURS FOR FOLLOWING CONDITIONS:

Generator output to grid only ® Before sufficient power is generated to charge
storage (power to grid <1 Mwe)

® If storage battery is out of commission

® If not storage battery 18 utilized

Generator output to grid and storage e When generator output 21 MWe and storage battery
is not fully charged

Generator output to storage oniy e When batteries require equalization charge and
connection to grid is not possible

Generator and storage output to grid e Wwhen generator power output <700 kWe and storage
battery is partially charged

Storage output to grid only ® When generator is disconnected from grid and
storage is at least partially charged (i.e.,
end of day, during temporary loss of insolation)

Grid to storage only e When batteries require equalization charge and
insolation is too low to generate power

Grid to plant e To supply auxiliary power loads to plant during
periods of no insolation

storage to plant e To supply auxiliary power loads to plant during
periods of no insolation if grid connection is
not possible and storage 1s at least partially
charged

Emergency generator to plant e Wwhen neither grid nor storage nor turbine gen-
erator energizes vital services bus bar
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When the sun goes down or when the utility or the local op- I
erator directs, the plant is placed in the shutdown mode. The se- |
guence of shutdown is essentially the reverse of the startup se-
guence. As insolation decreases, the power output from the gener-
ator decreases and the generator is disconnected from the grid.
wWhen this occurs, the plant is placed in phase II of the startup
mode, with steam bypassing the turbine and being condensed in the
condenser. This mode continues until there is essentially no more
steam being generated in the steam accumulator, as indicated by steam
accumulator pressure. The plant is then placed in the nighttime/
recirculation mode, with recirculation being used if freeze protec-
tion is required. Coincident with the above actions, the collectors
are returned to the stow position and the electrical storage, if
available, is discharged to the utility grid.

If there is a loss of insolation during the day, or if there
is insufficient insolation to commence plant startup in the morning,
the plant enters the standby mode. In this mode, the collectors

¢ continue to coarse track, so that plant startup can commence as
soon as insolation returns. All other auxiliary power requirements
are minimized, however. Thus, except for the fact that the collec-
tors are coarse tracking, the plant configuration is essentially
1aentical to the nighttime/recirculation mode. Upon loss of in-
solation during the day, the transition from normal operations to
the standby mode is the same as described for shutdown, except that
the collectors continue to track.

The final mode to be considered is the emergency shutdown mode.

The emergency shutdown sequence is initiated for major malfunctions
or alarm indications such as the following:

Generator breaker trip at power

Turbine overspeed trip

Steam header overtemperature

Steam header overgressure/loss of pressure

Steam header loss of flow

Loss of feedwater flow

steam accumulaior recirculation flow

® ® & & o o o o o o o o
t
O
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Loss of condenser vacuum

Condenser high/low level limits exceeded

Loss of condensate flow

High pH or O, in feedwater

Environmental peril to unenclosed collectors (i.e., wind,

hail, sand, etc.)
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Each of these situations will result in a rapid but controlled
shutdown of the plant. The collectors will be defocused and re-
turned to the stow position thereby interruptin¢g the heat source

to the plant. The plant will shutdown in a manner similar to that
used in the shutdown sequence. A local reset will be required prior

to recommencing plant startup to insure that the cause of the emer-

gency shutdown has been corrected and to insure that no plant damage
has been incurred.




A2.2.5 MASTER CONTROL SUBSYSTEM DESIGN DELCRIPTION

A detailed design description of the master control subsystem
is not possible at this time since only a conceptual design has
been established. However, since all of the components are ex-
pected to be off-the-shelf items, a brief description of candidate
components is possible. It should be emphasized that these items
are not necessarily the ones that would be utilized in a final de-
sign.

The heart of the master control subsystem is a microcomputer
system. This system performs process calculations based on mea-
sured plant parameters and determines transitions between operating
modes; performs calculations and provides steering signals to the
distributed solar collector drives; matches steam flow from the
accumulator with feedwater flow; and sequences and coordinates
other control functions. The system currently being considered 1s
a Hewlett—-Packard 9800 series microprocessor-based system. Features
include a 64 K random access memory (RAM), analog and digital input
output, peripheral interface, hard copy output, and interrupt ca-
pability. In addition to these standard features, a number of cus-
tom options are also available, such as autoinitialization and un-
interrupted power supply. These, plus the standard and custom
software packages engineered for this application, make this system
a powerful, reliable, and cost-etfective control unit for the small
solar power plant.

The data acquisition and alarm system monitors and records
key plant operating parameters periodically and records certain
signals whenever they exceed a predeterminec value. These functions
can be accomplished by a programmable data sysiem such as the
Esterline Angus Model PD2064. This model is a standard, self-
contained, key-programmable, 64-channel, microprocessor-based unit
with expansion to 248 channels included. It features an onboard
printer, analog and digital input circuitry, and alarm options,
such as set point dump and initialization. It is also capable of
interfacing with a data link system so that signals can be trans-
mitted to a remote location by standard telephone circuits or spe-
cific signals can be reguested by the remote operator.

The programmable logic controllers perform specific control
functions primarily associated with individual plant components,
such as water level control. Two programmable controllers, such
as General Electric's Logitrol 550 model, can be used. Eacl n-
troller has 128 inputs and 128 outputs, with functions for relays,
latches, timing, counting, and arithmetic operations. Options 1n-
clude switchable dual RAM/PROM CPU (for program development capa-
bility), programmable read-only memory (ROM) for on-line control,

T

and a separate CRT programmer module with a five-inch CRT display
and capability for data exchange with the serial interface data
part of the controllers.
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The main components of the master control subsystem are con-
tained in a control module as shown in Figure A2.2.5-1. The master
control subsystem occupies only about one-third of the module space,
the remainder being used for office and storage areas. All of the
control components discussed above require control of the room am-
bient conditions (both temperature and humidity), which is provided
by the air conditioner shown in the figure. lHeating, cooling, hu-
midification, and dehumidification functions may all be i1cgnired,
depending on the environmental conditions existing at the plant
site. All of the control system components operate on standard
120 VAC, 60 Hz power.

The remote control and monitoring of the swmall solar power
plant 1s accomplished using a Supervisor Control and Data ?cquisi-
tion (SCADA) system. There are several methods which could be used
for this system, the primary ones being radio telemetry, telephone
(both dedicated and commercial), and distribution carrier (multi-
plexing control signals over the electric distribution system).

At present, more information is needed to determine which .nethod
1s most reliable and cost effective.

A2.2.5.1 Maintenance Reguirements

The solar power plant is always shut down at night. This
provides a period of time in which maintenance operations may be
performed without interfering with normal plant operations. The
master control subsystem consists, to a maximum extent, of modular
components and elements that can be replaced guickly and without
the need for extensive troubleshooting at the component location.
The defective modules can then be repaired at a central location,
as time permits. Even if a component fails during the day, it may
be possible to operate the plant in a manual mode for the rest of
the day and then repair or replace the defective item that night.
A schedule of periodic preventive maintenance checks cover the
individual components of the subsystem.

A2.2.5.2 Development/Verification Reguirements

All of the components of the master control subsystem, with
the exception of some software pieces, are off-the-shelf items
and require essentially no development effort. 1In addition, this
subsystem changes very little whether it is used for a 3.5-, 4.5-,
or 6.5-year experimental plant or for a commercial plant. Pt IS
anticipated that a commercial plant will be somewhat less instru-
mented than an experimental plant, but the control scheme should
remain unchanged.

For any plant considered it is necessary that dyramic computer
modeling of the control system be performed prior to establishing
the plant's final design. 1In addition, it is also recommended that
a breadboard verification of the control concept be performed, per-
haps as part of a test of a few full-size collectors. This could
be done Ly testing, say, four full-size saturated collectors and
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one superheated collector connected by a prototypical steam accu-
mulator. This would demonstrate the proof-of-concept of both the
master control subsystem and th: collector subsystem with a rela-

tively small capital expenditure.




A2.3 SOLAR THERMAL ELECTRIC PLANT SIZE, EFFICIENCY,
AND OPERATIONAL AVAILABILITY

This subsection discusses an appropriate size range, the an-
ticipated efficiency, and the likely operational availability, of
a solar thermal electric plant.

A.2.3.1 SIZE

The size of solar thermal electric generation plants can eas-
ily be in the range from 1 to 10 MWe because, even though the in-
dividual collector units are considerably smaller in rating, the
total plant is made up of a large number (50-200) of these smaller
units. A certain amount of land area is necessary for the solar
collectors for a specified electric power rating, MWe, and the
unit designed has emphasized a 1 MWe rating. To obtain a larger
plant it is necessary to increase the land area proportional to
the desired amount of power.

Depending on whether a central receiver or a distributed col-
lector with central energy conversion or energy conversion at the
collector is used, the land area and topographic requirements may
differ for different sized electric generating units. Present
thinking is directed at 1-10 MWe size units, which are suitable
for dispersed generation, with or without storage, at the distri-
bution network level.

The amount of insolation, i.e., the amount of sunlight which .
reaches the ground, varies, and due attention must be given to |
this factor. For the EE-1 Study, the location selected was Barstow,
California, which might reasonably be expected to have a high amount
of sunlight per year. Figure A2.3.1-1 shows the dlstrlbutlon of
available solar energy expressed in terms of kw/m2 for the year
1976 at Barstow, and indicates that a direct normal insolation of
950 W/m2 represents a good design point.

An associated size factor is the land area required per 1 MWe
of electrical generation. For the General Electric 1 MWe design
for the EE-1 study, the land area required for the 4.5 year plant
with storage is approximately 9 acres for a "tight" perimeter
around the collector field. With 100 foot spacing around the pe-
rimeter of the collector field, approximately 16 acres are required.
Figure A2.3.1-2 shows an artist's sketch of a commercial solar power
plant and provides an indication of the land space required for a
nominal 1 MWe solar thermal electric plant.

A2.3.2 EFFICIENCY

In considering the efficiency of the solar thermal electric
system, one must consider the following factors:

e total incident solar energy

® collector efficiency
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steam transport efficiency
power conversicn efficiency

gross electric power generated

auxiliary power efficiency

The result of such a study indicates that about 12 to 15 percent
of the solar energy available can be converted into useful elec-
tric power at the generator busbar.

The to%al incident normal radiation is the amount available
at the collector location based on the aperture area of the col-
lector. The collector field collects energy only when the insola-
tion levels are above certain values. During some particularly
high insolation level hours, the thermal energy collected in the
field may exceed the capability of the power conversion subsystem.
In such circumstances part of the collector field is defocused to
reduce the thermal energy input to the accumulator and the turbine.
About 95 percent of the total solar energy can be considered avail-
able on an annual basis which covers about 3500 hours per year.

The collector subsystem efficiency is defined as the energy
collected divided by the incident solar energy during collection.
The collector efficiency is the weighted average between the ef-
ficiencies of the saturated steam collectors and the superheated
steam collectors. The losses of the collector subsystem include
shadowing by neighboring collectors, transmissivity loss through
enclosure, blocking by the receiver and its supporting structure,
concentrator reflectivity loss, receiver intercept losses, and
receiver thermal losses. A figure of about 72 percent can be used
to represent the collector subsystem efficiency.

The collected energy is transported through the pipe-field
network and fed into the turbine. The losses incurred include the
heat losses during steady-state operation and the heat lost in
warming up the thermal mass in the pipe field. An efficiency fig-
ure of 91 percent for the energy transport subsystem r presents a
realistic objective.

The efficiency of the power conversion subsystem is givenr by
the ratio of the gross electric energy generated by the steam tur-
bine generator unit divided by the thermal energy fed into it.
Power conversion subsystem efficiency varies with load, as well
as with ambient conditions which affect the condenser back pres-
sure. A figure of 23 percent on an annual basis 1s used for this
power conversion subsystem efficiency.

Part of the gross electric power generated is used to supply
the plant auxiliary power. The auxiliary power includes power for
the feedwater pump, the condensate pump, the recirculation pumgs,
the condenser fan, and for the drive motor and control of the col-
lectors. For an enclosed collector, pcwer for the blower which
maintains the pressure inside the enclosure is also included.
Eighty-seven percent efficiency for the auxiliary power has been
used.
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In systems with energy storage, losses are incurred in the
batteries and the ac/dc conversion equipment. The energy storage
subsystem efficiency is defined as the electric energy extracted
during discharging periods divided by the energy fed to the bat-
teries during charging periods, and a figure of 72 percent is rep-
resentative.

Since the several subsystems and other losses operate in se-
ries, the net result of these cascading efficiencies can be rep-
resented on an annual basis by the system annual power flow as
shown in Figure A2.3.2-1. The anrnual efficiency for each of the
major elements 1s indicated in the box located in the upper right.
Since th2 electric generator 1s rated at 1 MWe nominal, the net
electric energy of 3519 MW hr/yr represents 3500 hours of operation
in an 8760 hour year. Using the 27,941 MW hr/yr as input and 3519
Mw hr/yr as output gives an overall efficiency of 12.b6 percent.

A2.3.3 OPERATIONAL AVAILABILITY

For solar thermal electric power to achieve 1its role 1in pro-
viding power for utility use and distribution, it must have an
inherent high availability. Since the solar power plant can only
operate during sunlight hours over an average of 3500 hours per
year, it is of prime importance that the plant be operational dur-
ing these hours. The 3500 hours availability per year amounts to
a figure of 3500/87¢0 0.400 gross availability factor that de-
fines the nominal annual performance of the system.

One way of looking at the solar power plant's importance in
the utility system is that it is comparable to gas turbines which
have an availability of 90% using fuel oil and an availability
approaching 93% using natural gas. Although an availability goal
for the mature commercial solar power plant is 95%, a more conser-
vative figure of 90% probably should be used for utility planning
purposes.

Another measure of availability 1s the average direct insola-
tion value of energy which is aveilable at different times of day

for the different seasons of the year. Figure A2.3.3-1 shows typ-
ical quarterly average direct insolation values for Barstow, Cali-
fornia, and indicates the variations in the magnitude of the solar

energy that may be expected.
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A2.4 ECONOMIC CONSIDERATIONS OF EQUIPMENT COST
AND SYSTEM VALUE

In view of the developmental status of solar thermal electric
equipment it is worthwhile to describe the learning curve process
whereby the cost of solar thermal electric equivment is reduced with
time as experience is gained. This experience process has been re-
ferred to as the "road-map to commercialization." Another important
e .onomic consideration is the value to an electric utility system of
a solar thermal power generation plant that is available only on a
part-time basis.

A.2.4.1 ROAD MAP TO COMMERCIALIZATION

he process of evolution from an experimental plant to a com-
mercial prototype or demonstration-unit to a full commercial pro-
duction plant is referred to as a road-map to commercialization.

There are a number of possibilities for the time and risks associ-
ated with each of the three types of plant. The longer the experi-
mental design take

g s, the more it costs initially. However, the
firal commercial cost should ultimatcly be iower. Thus, as sum-
marized in Table A2.4.1-1, there is a ran of cost alternatives
from almost $9000/kWe for a cuickly dev od 1 MWe experimental
unit tc $1300/kWe for a commercial plan mass production by 1990.
More detailed information on the featur the alternative designs
1s available in Reference 1.

Table A2.4.1-1

COMPARISON OF PLANT COSTS IN 1978 DOLLARS

Initial Cost Commercial Production
(S/kWe) Plant Cost ($/kW=)**
EXPERIMENTAL PLANTS (1979 start) (1990 start)
3.5 year system* 8780 2600
4.5 year system 7265 2000
6.5 year system 6235 1800
1985 CIAI
____ DEMONST! {_ PLANT Initial Cost »990 Cost
Like 4.5 or 6.5 year system 6000 1500
u
1990 COMMERCIAL PLANT - 1300 for 1000 for
e T e | - v nAT.Y
: 1 MWe plant 1l MWe plant
i

A .5 year system" is permitted 3.5 years for development.
*1990 Cost ($/kWe) assumes production of 1000 plants at 1 MWe




It will be noted from Table A2.4.1-2 that installed cost with
storage outweighs the increase in the capacity factor and the mills/
kWh are considerably greater for the storage case than for the no-
storage case.

Table A2.4.1-2
STIMATED COST OF SOLAR THERMAL ELECTRIC POWER

No Storage Storage
Solar Multiple 1O 1.3
Installed Cost M (1-1-78) 2.2 3.51
Rating (MW) 1e 3 1.3
$/kW (1-1-78) 1692 2700
Sexrvice Hours 2385 2650
Capacity Factor (%) 27 30
Mills/kWh 78.0 1121

where the Mills/kWh = $/kw x 0.11 {Fixed Q&i;?e Rate)

L1 107 mills
hr/yr ° $

Consider the costs for a nuclear power plant and for a combus-
tion turbine. The nuclear power plant which might cost 1020 $/kW
(1/1/79), with production cost (fuel and O&M) of 11 mills/kWh, has
a busbar cost at 1l percent fixed charge rate, 80 percent capacity

1020 S/KW x 0.11 &— % —u e
VI 8760 hr/vr
” 1 - ‘OB 3 11 mills 27 mills
~ 0.80 kWh kWh
A combustion turbine, used for peak loads, which might cost
1¢ S/KW 1 9), with oduction cost (fuel and 0O&M) of 40 mills
Wh, a yusbar cost at 11 percent fixed charge rate, 5 percent
ca 1C1 ¢t /eLtor, )1
1 € S/kW x 0.11 &—— —
' - - ! 8760 h: r
1 3 40 mills 80 mills
X — - x 10 + ——— = — =
D.05 kWh kWt




Although the preceding material provides a useful overview of
scome cost elements involved in the use of solar thermal eloctric
generation, a system annual performance model program has been used
for annual performance calculations on an hour-by-hour basis using
given design parameters and a weather data tape for a representative
location. Three modes of system operation are considered, namely,
normal, pipe field warmup, and pipe field cooldown. For specific
conditions and designs, specific cost results have been obtained.
THE CUSTOMER

A2.4.2 SYSTEM COST TO

One of the important bases for judging the cost of electric
power generation is the mills/kWh which the customer must be charged.
There are many factors which enter into such an evaluation. Section?9
of the Final Technical Report on "The First Small Power System Ex-
periment, EE-1, Phase 1I," presents a more comprehensive treatment of
"1lose factors. A simple comparison of a solar thermal electric power

')

plant with and without storage is presented in Figure A2.4.2-1.
NO STORAGE STORAGE
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9 HOURS x 265 DAYS/YEAR

1.3 x2385 = 3100 MW HR'YR
~ 3100 - 3445
CAPACITY FACTOR = CAPACITY FACTOR
1.3 x 8760 1.3 x 8760
027 0.30
Figure A2.4.2-1. Comparison of Solar Thermal Electric Power
Plants With and Without Storage
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A2.5 ACTIVE PARTICIPANTS

The following organizations and companies are representative
of those active in the development of solar thermal energy systems:

e Jet Propulsion Laboratory, California Institute of
Technology

® General Electric Company, Energy Systems Programs
Department

McDonnell Douglas Astronautics
Ford Aerospace and Communications Corporation

Pacific Northwest Laboratory

Westinghouse Electric




Section A3
PHOTOVOLTAIC POWER GENERATION TECHNOLOGY

A3.1 DEFINITION AND DESCRIPTION OF PHYSICAL PRINCIPLES

Photovoltaic power generation systems convert light energy to
electrical energy. This conversion takes place by the "photovoltaic
effect" whereby a voltage is produced between dissimilar materials
when their junction is illuminated (irradiated) by the light-band
portion of the electromagnetic spectrum. There are a limited number
of materials which exhibit photovoltaic properties. The relatively
low power intensity of sunlight (0.100 watt per square centimeter),
and the relatively low efficiency of photovoltaic conversion (5 to
20 percent), inherently require considerable land area to obtain
kilowatt or megawatt power levels. Since photovoltaic power is in
the form of direct current, dc-to-ac inverters are required to in-
terconnect photovoltaic generation to an electric utility ac dis-
tribution system. The basic daily insolation cycle and variable
weather conditions limit the availability and amount of potential
photovoltaic pcwer generation. Thus, photovoltaic generation sys-
tems must be used in conjunction with otl'er firm power sources on
an electric utility system.

A3.1.1 DESCRIPTION OF PHYSICAL PRINCIPLES

As in the case of solar thermal energy, the inherent attrac-
tivenass of photovoltaic energy is that the energy source is "in-
exhaustible," free, nonpolluting, and widely available. Impeding
its widespread utilization is the high cost of the photovoltaic
system, relatively large area (land) requirements, and the variable-

"o~

ness of the available energy. State-of-the-art" technology for
producing photovoltaic cells is relatively high in cost.

The dc current produced by a photovoltaic cell is proportional
to the intensity of the incident light. Therefore, light-concen-
trating methods are being employed in photovoltaic conversion sys-
tems to replace "high cost" material with lower cost material which
concentrates the light energy. There is no reduction in land area
required by concentrating methods, however, since the intensity of
the available sunlight still remains at the same value. Concentrat-
ing devices inherently require direct rays to effectively concentrate
the sunlight whereas "flat plate" nonconcentrating arrays intercept
both direct and diffused (random direction) light rays. Whereas
concentrating arrays inherently require trac' ng, nonconcentrating
arrays can be stationary. Tracking mechanisms, structures, and con-
trols add considerably to the cost and complexity of photovoltaic
systems. Generally concentrator systems require somewhat more area
per watt output since tracking the sun inherently regquires more
spacing between collector devices as compared to ronconcentrating

arrays.




.

The generic degrees of concentration for which designs have
been developed are: (a) Nonconcentrating, (b) Low, (c) Medium,
(d) High and (e) Very High Concentrating. Approximate concentra-
tion ratios (CR) for these are (a) 1 (b) 2 to 5 (¢) 5 to 100 (d)
100 to 1000 (e) 1000 to 10000. Examples of (a), (b), (c), and (e)
designs are shown in Figure A3.1.1-1 from Reference 9.

Photovoltaic arrays using nonconcentrating and low to medium
concentrating collectors can be passively cooled by air ccnvection
in conjunction with heat sinks.

Additional cost and complexity are incurred for photovoltaic
concentrators with higher concentration ratios, (i.e., CR above
50:1). The concentrated sunlight on a relatively small area re-
quires that the heat be removed to avoid degradation (or destruc-
tion) of cell material, and to maintain reasonable cell efficiency.
Cell efficiency decreases with increasing temperature. Since con-
centrator designs usually employ tracking and movement of the con-
centrator (or assemblies of concentrators), an added degree of
complexity is incurred if liquid cooling is employed. Some appli-
cations are being investigated which make use of the low grade heat
collected by the coolant.

There is a practical limit to the cell area for which a photo-
voltaic cell can effectively function. Currently photovoltaic cells
of 100 square centimeters are common for nonconcentrating applica-
tions. These cells have rated voltages of less than one volt and
low current values. For a concentration ratio of 1, a single crys-
tal silicon cell would produce approximately .030 ampere cm“ at
rated conditions. Thus to produce kilowatts or megawatts of power
requires that many photovoltaic cells be connected in series to
obtain practical levels of input voltage for dc-ac inverters, and
many cell banks or arrays in parallel are needed to provide the
current magnitudes for the required power levels. These fundamen-
tal facts (many cells in series - parallel combinations) combined
with the large area from which this low density power must be col-
lected results in considerable interconnection cost.

To maintain a relatively high degree of plant availability,
many parallel power circuits are used, each capable of being pro-
tected and isolated during fault conditions. An example for a
5 MW photovoltaic power plant showing multi cells in series -
parallel connections, parallel dc power circuits, inverter equip-
ment, and ac switching equipment - is shown in Figure A3.1.1-2.
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SOLAR ARRAY FIELD (ROOF MOUNTED)

10 STRINGS IN PARALLEL
SMW PEAK OQUTPUT
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SEE NOTE
NOTES
I, ONE STRING * 5 ARRAYS IN PARALLEL, 40 ARRAYS IN SERIES (200 APRAYS/STRING)
ONE ARRAY =+ 3 PANELS 'N PARALLEL, 'O PANELS IN SERIES ( 30 PANELS/ARRAY)
ONE PANEL =+ 12 CELLS IN PARALLEL, 12 CELLS IN SERIES (144 CELLS/PANEL)

Figure A3.1.1-2. A 5 MW Photovo.
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A3.2 DESCRIPTION OF SYSTEM CONTRCL

In general, utility size photovoltaic power plants should be
designed for unattended automatic operation. However, on occasion
(startup, testing of maintenance operations) the plant will be
controlled by a local operator. During unattended operations, the
plant automatically performs normal startup and shutdown and emer-
gency shutdown and is self-protecting from all types of electrical,
and mechanical failures. Protective subsystems detect faults,
protect and isolate equipment which has incurred a fault, and,
if required, initiate plant shutdown. Control commands from the
Distribution Dispatch Center are executed through and by the plant
control equipment which also monitors plant conditions. The type,
amount, and degree of monitoring are related to the rating of the
plant. Larger plants have more components and require some means
of identifying normal and abnormal conditions in circuits and
equipment to assist in operation and maintenance activities.

Because of their lesser impact on an electric utility system,
small plants require less monitoring and basically only have to
identify major generic malfunctions and basic measurements.

Larger plants, especially as the number installed on a utility
system becomes appreciable, require that normal and abnormal con-
ditions be reported to the distribution dispatch office.

Protection, control, and monitoring requirements for photo-
voltaic plants require a hierarchy of plant protection control and
monitoring equipment. Figure A3.2-1 is a simplified block diagram
of protection, control, and monitoring for a photovoltaic plant
of megawatt size.

The plant control, monitoring, and display equipment is a
small computer-based system. It provides plant sequencing oper-
ations, control instructions to the major subsystem control equip-
ment, coordination between various control and protection sub-
systems, monitoring of important status and operating parameters,
display of plant status and conditions, and a means of communicat-
ing with local and remote operators.

The other control and protection subsystems perform control
and protective functions with only basic inputs from the plant
control equipment. Examples of such subsystems are:

Auxiliary power

AC switchgear and filters

DC switchgear

®

°

® Inverter
®

@ DC power circuits
[

Photovoltaic array
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| The major control subsystems are the photovoltaic array con-
trol and the inverter control.

If the photovoltaic array is a tracking system, its control
’ system acts to optimize the available insolation unless it receives

[ override commands from the plant control equipment.

A The inverter control system normally adjusts ac current flow

| to achieve maximum power output. If other than maximum power out-
put is desired by the local or remote operator or utility dispatch

' system, a modified setpoint is imposed on the inverter control via
the plant control equipment. Sequencing of ianverter equipment for
normal startup and normal and emergency shutdown is performed by
the inverter control equipment.

t Other subsystem controls provide the usual functions for the
type of equirnent involved by means of relatively conventional
electromechanical controls.
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A3.3 PHOTOVOLTAIC GENERATION PLANT SIZE, EFFICIENCY,
AND AVAILABILITY

This subsection discusses fa~tors influencing the kW rating
of photovoltaic generation plants, probable efficiencies, and some
considerations with respect to availability.

A3.3.1 SIZE

Photovoltaic (PV) conversion systems of a wide range in size
(kW rating) are possible for DSG applications. These applications
might include such things as residential units of 10 kW, individual
locad centers of several hundred kW for small industrial applica-
tions, or stations ranging from a few to many MW for larger load
centers or centralized power generation.

Area requirements, rather than equipment or photovoltaic sys-
tem design factors, are likely to be a limiting factor in the size
or (eleetrical output) rating of a PV system. The larger photo-
voltaic systems can be designed and built in modular form which
provides operating flexibility and inherently higher system avail-
ability.

The following example gives an indication of the area required
for multi-array plants. Assume a median overall sunlight-to-high
voltage busbar conversion efficiency of 10 percent, an array pack-
ing factor of 50 percent and a peak solar insolation value of 1 kW
per square meter. Then twenty square meters (218 square feet) of
area are required for each kilowatt of peak power outputi9) If
rooftops can be utilized, land area can serve dual purposes, but
using rooftops places a finite limit on the kW rating possible.
This example is for a fixed flat plate array. Arrays (collectors)
which use two-axis tracking require approximately double this amount
of area because of increased spacing for non-interference (shadow-
ing effect). For a single array residential roof installation,
packing factors of 75 to 90 percent are possible.

A3, 3.2 EFFICIENCY(g)

The predominating factor in photovoltaic system efficiency is
the photovoltaic cell conversion efficiency. For the materials
prasently under investigation theoretical cell conversion efficien-
cies from a few percent to 30 percent have been identified. At
present, practical producible limits for each of the various mate-
rials is somewhat less than the theoretically obtainable efficiency
(in some cases only a few percent and in others more than half the
theoretical efficiency can be demonstrated). Cxamples of efficiency
for present technology are given in Table A3.3.2-1.

While the spectral content ¢f the irradiant energy affects
the efficiency of the cell, cell temperature nas a larger effect.
Efficiency decreases with an increase in temperature. Photovoltaic
materials have different temperature-efficiency characte:iistics
(some more tolerant to high temperatures).
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Table
PHOTOVOLTAIC

A3.3.2-1
CELL EFFICIENCY

PERCENT CONVLE:SION EFFICIENCY

Photovoltaic
Cell Material

Highest Reported
(1978)

Commerciai Or
Repetitive

12 15 19

Single Crystal Silicon

Polycrystalline Silicon 10

(Thin Film)

Cadmium Sulfide/Copper S
Sulfide

Gallium Arser-ide

Other loUses
incurred in dc
and array auxiliar

busbar chain
station,
harmonic filter,

in the sunlight-to- 2igh voltage ac
interconnections a1d cable, inverter,
y power, ac cable, Lransformer,
and switcagear elements of the system. Gene rally, however, these
losses will amount to only or 10 percent the plant's rated
output. Thus, by comparison, the 10tovoltaic cell conversion
efficiency is the predominant factor in the performance
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A3.3.3

AVAILABILITY

m} - - . - X . - ¢ 1 ' g <

The largest factor in the overall availability of a photo-
voltaic system's power output is sunlight. In addition to the
] - r ~y wr 3 7 - - v g —~ \ 1 .
daily cycle (w! h varies seasonally), weather conditions
the output as they modify the available intensity and
solation, direct and diffuse Table A3.3.3-1 lists anr 1 sunlight

- -~ . = ’ 19 - N =

energy available at 26 sites. (12) aricds tyvpes of array, from
low concentration to very higan concentratinn, are affected dif-
ferently by diffuse solar irradiation. Geaerall igh concentra-
tion collector designs ar2 much less able to utilize diffuse ir-
radiation (they regquire dir ct irradiation) and are, thereiore,
more adversely affected by clouds. Thus available weather reco:
are an important consideration in choosing a geograr & ] catio
and type of photovoltaic collector design. (9,12

In addition to the basi sunlight availability, ten t 1
type, equipment/system availabilit 1f fect rerall plant avail-
ability. However, the high availabilit H tat hotovolt
ic to ac inverter, nd other relati 1 standa ’ eliable « 1 —
ment makes this factor less ] icant thar inl t a 1 al t
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Table A3.3.3-1(12)

TYPICAL METEROLOGICAL YEAR ANNUAL ENERGY
AVAILABILITY FOR THREE SURFACE TYPES

TOTAL
TOTAL LATITUDE DIRECT
SOLMET SITE HORIAONTAL TILT NORMAL
kWh per m2
Albuguerque 2116 2401 2566
Apalachicola 1735 1866 1639
Bismark 1452 1707 1641
Boston 1265 1421 1169
Brownsville 1803 1868 1587
Cape Hatteras 1583 1747 1504
Caribou 1227 1418 1183
Charleston 1542 1690 1354
Columbia 1524 2058 1552
Dodge City 1789 2057 2103
El Paso 2193 2434 2631
Ely 1919 2230 2377
Fort Worth 1711 1877 1764
Fresno 1987 2169 2243
Great Falls 1452 1 iy 5 1641
Lake Charles 1557 1652 1285
Madison 1367 1554 1304
Medford 1562 1699 1582
Miami 1706 1802 14138
Nashville 1460 1589 1279
New York 1255 1402 1087
Or=uia 15~ 1767 1652
Phoenix 2154 2334 2496
Santa Maria 1&17_Uf’ 2036 1947
Seattle 1{9‘%’ 1299 999
&
Washington, DC l 1397 1559 1287
l- ..{&}}.h‘}! L rPacy
’ g ] e &

MNT -
4 .‘f f(l.’r;t -
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A3.4 ECONOMIC CONSIDERATIONS OF EQUIPMENT COST AND SYSTEM VALUE

Electric power production by photovoltaic conversion in kW
or larger sizes is in its very early stages. However, a number

of systems from a few kW to several hundred kW are either operat-
ing or in the design and construction stages. These are experi-
mental or demonstration type systems.

Following general patterns for Federal Power Commission (FPC)
and Atomic Energy Commission (AEC) Code of Accounts, a Code of
Accounts has been suggested for Photovoltaic Power Plants

Major direct cost categories are:

Land and Land Rights
Structures and Site Facilities
Solar Array Equipment

Power Conditioning Equipment
Electrical Plant Equipment

Miscellaneous Plant Equipment

Storage Equipment

Indirect costs and other costs generally have the same titles
as those of fossil fuel plants.

Taking into account expected improvements in cell cfficiency
and reductions in cell costs, a range of "Installed Costs" for
photovoltaic power plants projected for 1995 installation is for-
seen as 2000 to 4000 dollars per kW, in 1995 aollars. (1) These
figures include favorable (and hopefully realistic) assumptions
regarding progress in cost reductions (i.e., cell costs of $40/m?
in 1976 dollars). Table A3.4-1 shows a breakdown of the direct
costs, on a relative basis, for 1995 conditions based on 1976
dollars.




Table A3.4-1
PHOTOVOLTAIC POWER PLANT DIRECT COST ESTIMATES
(Costs Expressed as a Percent of 1otal Direct Cost)
Range of Costs

Account for Various
No. Account Type Arrays

0o
3%

10 Land and Land Right

w

0.1

11 Buildings and Site Facilities 0.8 -

|
N O

W

12 Solar Array Equipment 79. - 89.
13 Power Conditioning Equipment a2 =2l
14 Electric Plant Equipment 4.7 - 7.

15 Miscellaneous Plant Cauipment (Note 5)

L0 Storage JUL e 1t (3\0{'0 6)

Notes:

1) B \d on nlant size of 200 MW insta3l110d 1008 (rasidentia)
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(2) or residential roof installation these accounts were zero.

e

(3) Based on assumeda solar nhotovoltaic cell costs of $40/m”

-~ Lo 2 | 11 v el - ' o 1 { M i T i'
( . ft<), excluding encarsulation and mounting.

(4) tigure wa Ol esidential units which had higheyr rela-
t » §/kW power conditioning costs. For large plants the range
was 5-6 percent.
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) ) Miscellaneous plant equipment i1ncluded 1n Account NOsS. 1<
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A3.5 ACTIVE PARTICIPANTS!'"

The following companies are reprecentative of those active
in development of photovoltaic technology:

ARCO - Solar

Bell Labs (ATS&T)

General Electric Company, Corporate Research and Development
Honeywell

Hughes Reseazrch

IBM

Motorola

Rockwell International

Solarex

Texas

Instruments




Section A4

WIND GENERATION TECHNOLOGY
A4.1 DEFINITION AND DESCRIPTION OF PHYSICAL PRINCIPLES

Wind generation systems, by means of a bladed propeller, con-
vert wind energy to shaft mechanical energy to electrical energy
via a conventional electric alternator (see Figure A4.1-1). Wind
generation systems for electric utilities are likely to consist
of one or more modest size units (0.2-3.0 MW) making up an inte-
grated installation. Wind generation is available only when the
wind is blowing at speeds above a certain threshold velocity and
at speeds below a certain maximum velocity at which damage to the
installation might occur. Therefore, with wind generation, addi-
tional generation by other means is generally required by the
ntilite,

A4.1.1 DESCRIPTION OF PHYSICAL PRINCIPLES

Power generated by the wind is a function of a number of
parameters including the following:

Wind speed. The power developed, by a propeller with a fixed
angle of attack, is proportional to the cube of the wind speed along
the axis of rotation.

Direction of wind. For a wind turbine with a horizontal
axis, the power decreases as the wind direction departs from coin-
cidence with the axis of rotation of the propeller.

Pitch angle of the propeller. The power developed by a pro-
peller in a wind of a constant velocity and a given wind direct:ion
is a function of the pitch angle of the propeller.

Height of the propeller axis of rotation. Wind velocity in-
creases as the height above the ground increases. The power from
a wind generator can be increased to a certain extent as the height
of the hub 1s increased.

Diameter and number of blades of the propeller. The power
developed by a propelier, is a runction of the diameter and num-
ber of blades of the propeller. To obtain a greater amount of
power from a horizontal axis wind turbine by the use of a larger
diameter propeller, it may be necessary to increase the height of
the propeller axis above the ground.

Some of these guantities are fixed by the characteristics of
the 1nitial design and are not changeable under ivad or other con-

ditions of operation. The heigh’. of the propeller axis above
ground level and the diameter and number of blades of the propel-
ler are representative of such fixed parameters.

Other quantities are controlleble under load to maintain
synchronous frequency with the electric utility system or to orient

A4-1
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Figure A4.1-1. Elements of a Wind-Driven Generator System

in yaw the horizontal axis of the propeller to get the full energy
from the wind. In particular, control of the pitch angle of the
propeller is necessary to accommodate changing wind speed and the
electric utility load as well as the frequency and power angle of
the electric utility system.

Still other quantities, such as the magnitude of the wind
speed and the direction of the wind, are not controllable at all,
and their values must be sensed and accommodated by the variables
walch are controllable.

Although there are a number of different wind turbine designs
that have been proposed and considered, (17,18) some with a hori-
zontal axis for the propeller rotation and others with a vertical
or darrieus-type axis,( 7) the following discussion concerns the
horizontal-axis propeller-type wind turbine.

'

The power which can be derived from the wind varies according
to the cube of the wind speed along the axis of rotation. Thus,
the basic equation for power, P, 1is:

P = 1/2 ) 3 & Y
h4-2




s

where »p air density

V = wind speed
Cp = coefficient of power

A = area swept out by rotor

The theoretical limit for extraction of energy from the wind by a
- propeller-type rotor is 59.3 percent. 1In practice, well-designed
' rotors are able to extract between 40 and 45 percent of the wind

energy. An expression for the power density extraction capability

of a propeller-type windmill is given by the following equation:

= 2
P =2.08 x 10°°% v xw/ft?

where V = wind velocity in
miles per hour

Area in square feet is that area swept out by the rotor diameter.

Thus, for a rated speed of 20 miles per hour the extractable
power density is 0.017 kW per ft2 of swept area. For a 1 MWe wind-
mill, the rotor diameter would be appro:i:imately 274 feet, and the
blade tip should clear the ground by about 50 feet.

Further, wind exhibits a vertical escalation in speed with
height (caused by vertical wind shear) that is a function of such
factors as the gross terrain features, atmospheric stability, and
- ground friction. For wind over water or a flat terrain, a rea-

sonanle conservative model of wind shear is given by the equation:

. h\ 1/17
i : V =V ol
2R X ' Vo (ha)

where Vo 1s the velocity at a reference height, ho. Figure 4.1.1-1

shows the shape of this wind velocity profile as a function of hub

height above ground and indicates the desirability of having the °
hub well above ground level. Representative values for ho and Vo

are 35 feet and 15.4 mph respectively.

Since the wind speed is generally uncertain in both magnitude
and direction, it is lwtcrostan to note the relationship between
generated power and wind speed expressed in terms of rated wind
speed. The wind energy system design may be such that the genera-
tor must run svnchronohsli with the electric utility equency Sso
that a constant rotation speed of the mechanical shaft is required.
Figure A4.1.1-2 is based on a simplified model of power output ver-
i in which the power output (up to rated speed) is
a fixed loss
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Figure Figure A4.1.1-1. Height Above Ground
versus Wind Speed
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Figure A4.1.1-2. Power versus Wind Speed
for Wind Energy System

control in yaw be availlable to direct the orientation of the plane
of the propeller to be perpendicular to the direction of the wind.
Another version of wind turbine generator using electrical
power conversion equipm2nt can modify variable frequency alternat-
ing current to fixed frequency alternating current which is com-
patible with the requirements of the electric power distribution
system.

As a measure 2f the uncertainty of the speed of the wind, one
can measure the actual wind speed as a function of time throughout
a year and determine the frequency of occurrence of

1

different wind




speeds.

the number of hours per year
the cut-in velocity
erate power), and the number

of wind speed is Figure A4.1.
(below which the generator is not able to gen-

the maximum speed at which it is no longer safe to operate because
of possible damage to the equipment.
duration curve for a particular wind generation site.
for an average year (after conversion losses have been accounted

Representative of such a curve of frequency of occurrence

1-3. From such data, one can estimate
when the wind is lower in speed than

of hours when the wind may exceed

Figure A4.1.1-4 shows a power
It indicates

for), the number of hours per year that various amounts of elec-
tric power can be generated. The shaded area indicates the total
energy that on the average should be available from the wind gen-
erator.
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A4.2 DESCRIPTION OF SYSTEM CONTROL

-~

A Wind Turbine Generator (WTG) control system should be de-
signed for operation at a remote, unattended site. The system nust
be fail-safe and self-monitoring. It must be capable of detecting
any failure within the WTG which may cause secondary damage to
associated equipment. It must also be able to take the appropri-
ate protective action. The control equipment must be capable of
maintaining proper operation of the WTG under extreme environmen-
tal conditions, such as wind gusting and wide temperature ranges.
Safety and protective functions must be capable of being executed
without external power. The WTG control system must be conserva-
tively designed to maintain high reliability and be properly pro-
tected against induced transients from the power line or from light-
ning strikes.

(14)

The following criteria have been recommended
conceptual design processes:

to guide the

1. The concepts must be acceptable to the utilitye.

2. Preference should be given to equipment with which
utilities have had previous experience in remote-site
applications.

3. Concepts must be compatible with climatic conditions
ranging from arctic to tropical, as well as lightning
and power line transients.

4. To assure low cost and high reliability, the selected
concepts must be as simple as possible to do the required

)
task.

5. Control fu:ctions performed under emergency conaitions
must be able to be executed with minimum power demands
on the emergency battery supply.

6. Critical functions must have recadily predictable failure
modes and must be easily amenable to automatic failure
mode detection.

ference should be given to concepts which have in-

herently long life with minimum maintenan -e.

o Pre

'he control system which has evolved from the avove design
criteria utilizes a microprocessor for data telemetry and for
startup and shutdown sequencing of the wind-driven generator with
hydraulic servos and analog equipment for the primary rotor con-

trols. A mechanical backup is provided for safe emergency shut-
down of the rotor.
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A4.2.1 PRIMARY ROTOR CONTROLS

There are two primary control requirements for a horizontal
axis WTG. The first requirement is to control the yaw orientation
of the rotor to maintain the plane of the rotor disc perpendicular
to the average wind vectox. The rotor disc is normally positioned
downwind of tbhe rotor to allow the rotor to be operated as close
as possible to the tower, and hence to reduce yawing movements on
the tower.

The second requirement is to control and limit rotor revolu-
tions per minute and power output under varying wind cenditions.
This control is most readily provided by varying the pitch angle
of the rotor blades around their longitudiral axis. The WTG can
be operated at relatively constant rpm under varying wind condi-
tions by control of the rotor blade pitch. This same control
can be used to synchronize the generator with the utility network.
Once the generator has been synchronized with the network, the
blade pitch control is used to limit power output of the WTG
under high wind conditions and to limit the odverse effects of
wind gusts on the system.

Figure A4.2.1-1 shows a control block diagram for the yaw po-
sition control and the rotational speed control, each of which is
provided with signal information from wind sensors. In addition,
the rotational speed control is provided with utility load data
{rom the electrical load on the alternator.

- . .
— 7
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Figure A4.2.1-1. Rotor Coptrol Bl@;k Diagram
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A4.2.2 PITCE CONTROL SYSTEM

The pitch control system must operate in a satisfactory man-
ner during the following operationadl modes of the WIG =~ystem:

1. Startup: programmed pitch change for rotor acceleration
2. Standby/Synchronize: pitch controlled to regulate o
shaft rpm .
3. Operate: pitch controlled to regulate power output
- .
v
A4-8




4. Normal Shutdown: programmed pitch change for rotor
deceleration

Continvous fault monitoring of the pitch servo during the
startup, standby/synchronize, and operate modes is required to
prevent possible overspeed/underspeed and/or reverse thrust on
the rotor due to pitch servo failures. The monitoring device must
be capable of differentiating between pitch control failures and
sudden or unusual motion of the controls due to wind gusts. This
is accomplished by a monitoring device which checks for proper
blade pitch pos.tion via an independent feedback sensor.  The
average position of blade pitch should bear a direct relationship
to wind speed in the stand!w/synchronize and operate modes, and
should be a predictable function of rotor rpm and wind speed in
the startup mode. Comparison with the actual blade pitch position
from an independent feedback sensor allows monitoring for proper
operation of the servo. Backup fault sensing is provided by
additional sensors such as redundant rotor overspeed sensors,
redundant wind sensors, monitoring cf generated power, and moni-
toring of pitch control forces.

Ad4.2.3 YAW ORIENTATION CONTROL

Turntable yaw orientation is accomplished by means of a hy-
draulic motor driving through a gear train. The worm gearbox is
irreversible so that the turntable will be rigidly held against
wind load, unless the wind load is assisting the hydraulic motor.
This arrangement provides yaw restraint for the rotor even if the
hydraulic supply should fault. The speed of the motor is restrained
by hydraulic flow control valves, so that turntable rotatior will
be held to 1/3 rpm even with assisting wind. This is required to
limit rotor gyroscopic forces. The yaw servo is intended only to
trim the system to the average wind direction, not to follow sudden

wind direction changes.

Continuous fault monitoring of the yvaw servo during WTG coper-

ation 1is provided by independently monitoring the average wind
direction error and checking for proper servo response to changes
in the average direction of the wind. Backup fault sensing is

also provided for the yaw servo, as in the pitch system deccribed
above.

A4.2.4 OPERATING MODE CONTROL FOR SCQUENCING AND SUPERVISORY
CONTROL

The sequencing control of the WTG during startup and shut-
dewn and the signals for the synchronizing and normal operating
modes are contained in tne Operating Mode Control. “sitical se-

quencing functioans may be provided by redundant signal sources

so that a suitable reliability capability is available.




A4.2.5 FMERGENCY CONTROL FOR OVERSPEED LIMITING AND OTHER
ABNORMAL CONDITIONS

Overspeed of the WTG in high winds due to control failure ov
a sudden loss of load is of concern Lecause of the potential equij
ment damay: which could occur. Alternative speed controls to the
normal ones should be available, and a completely redundant mech-
anically actuated rotor blade feathering system to dump ercecss
rotor energy, backed up by a parking brake of moderate capacity,
may be employed for emerc ‘ncy conditions.

Ad4.2.6 MASTER CONTROL

In addition to the individual controls for the WTG noted
above, there is need for a master control which will integrate
the separate controls and make them responsive to the local ccn-
trol, the utility dispavch, and the data and alarms as shown in
Figure A4.2.6-1. The local control station is required because
the WTG must be capable of being operated locally as well as re-

motely.
UTILITY™ 7
DISPATCH N
| N\
contioL 1o
DATA AND
ALARMS i
nrTe ' A | [ Fid et Tt e ‘
t PITCH . YAH | E:f""Y
CCNTROL ] CONT=OL ' CANTROLS
L I L.
Figure A4.2.6--1. Wind Driven Generator Control Systen
Data and alarms are needed locally and at the remote utility
lispatch control. A limited amount of routine informaticn should
be available on a periodic cr an as-required basis remotely when
all is operating well “"Then operation is abnormal, more detailed
formation should be available to the remote operator to -elp 1n
the decision process to restore the WTG co normal operation.
A4-10




Another function of the master control may be to serve as a
common control point for several wind-driven generators to operate %
in parallel when such & grouping of generators exist in close prox-
imity. :

A4-11
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A4.3 WIND GENERATION POWER PLANT SIZE, EFFICIENCY,
AND AVAILABILITY

In this subsection the size, efficiency, and availability of
wind generation power plants are discussed.

A4.3.1 SIZE

The earlier description of the power capable of being gener-
ated by the wind indicated that a 1 MWe windmill would require
a structure with a rotor axis located about 275 feet above the
ground and a wind velocity of 20 miles per hour. Considering the
unlikelihood of regularly having winds greatly in excess of this
speed, and considering the undesirability of having support struc-
tures much higher than 300 feet from the ground, one arrives at
the conclusion that the rating of a wind generation power source
will probably not exceed 5 to 10 MWe. The NASA Lewis Research
Center Wind Energy Project for 1975 (14) included industry-designed
and user-operated wind generators up to 3.0 MWe in size.

To get a larger amount of energy from the wind at any parti-
cular locality requires two or more wind generators acting in
parallel on the same electrical network. This arrangement neces-
sitates supplemental control capability through which it may be
possible to share control functions such as startup or synchroniz-
ing between two or more wind generator units. Thus large wind
generator systems lead naturally to complex control systems.

Ad4.3.2 EFFICIENCY

Considerable effort over the years has been devoted to im-
proving the efficiency of propellers, and the rotors of wind-driven
generators are described as approaching an efficiency of 70 per-
cent of their theoretical value of 59.3 percent. The associated
gearing efficiency is in the 90 percent range. Likewise the
efficiency of the electrical generator is about 90 percent. The
combined efficiency should amount to 30-35 percent at rated power
which represents a reasonably attractive figure that is not likely
to be greatly improved in the near future. Analyses have shown
the annual efficiency to be about 20-25 percent.

: A4.3.3 AVAILABILITY

Figures A4.1.1-3 and A4.1.1-4 have indicated that there are
periods of the day and year when there is either too little or
too much wind for safe, efficient operation. Compared to the

‘ reliability and availability of the hardware and the software

' of the wind generator system, the wind is probably the largest
single reason for the unavailability of a wind generator system
at any particular time.

A basic factor in the availability of wind power is the
density of the available wind energy for the particular location.

Ad4-12




Figure A4.3.3-1 is a U.S. wind chart in which the available wind
energy at 50 meters is shown in units of MwWh/m2 /Yr. With the use
of maps such as these, one is better able to identify those local-
ities which are likely to have the desired wind energy.

For the 274 ft. diameter rotor considered earller, and for
a location having an energy density of 10 MWh/m2/yr, the number
of MWwh/yr =

10 x n (274

2
ry X 3.—3-) = 54,150 MWh/yr.

Assuming that the wind is available 5415 hours per year, i.e.,
62 percent of the 8760 hours total, this means that 10 MW of
power are theoretically available. The earlier calculations had
indicated that with this 274 ft. diameter rotor and a speed of
20 miles ver hour, the power generated would be 1 MWe. Taking
into account the various efficiencies involved as well as the
nominal wind energy available, one may relate in a reasonable
fashion the wind energy data with the rating of the wind turbine
generators noted above.

A4-13
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A4.4 ECONOMIC CONSIDERATIONS

At present, some wind-driven generators are under test in
electric utility operation(19) and other installations are ap-
proaching operational status. As such, the WTG can be considered
to be in the initial portion of a cost learning curve. From this
point of view, the costs for wind-driven generator installations
should decrease as the number of units installed increases.

The major elements of a WTG system include the following:

Land

Tower and Building
Generator
Propeller rotor
Switchgear

Control

Those elements with the yreatest amount of uncertainty in-
clude the tower, propeller rotor, and control. As such, those
are the items for which the costs are least well known and most
subject to change.

Informal estimates have been obtained(21) which indicate that
wind plant costs were and will be:

1,500 kw = $590/kW in '76 for wind generators to be put
into production in 1990. (Note: 1Inflation
of costs '76 to '90 must be included.)

200 kw = $970/kW in '76 and '90 production
(horizontal

axis and con-

stant speed)

Another factor to be considered is a "transmission interconnec-
tion" cost which is to be added to the basic costs listed above.
That may amount to $100/kW to $300/kW.

Two elements which influence cost and time factors are:

e The time required to select, design, and construct a
wind-driven generator installation.

® The way the costs per wind-driven generator installation
will change over the next two decades. These costs are
related to the learning curve.

The value of a wind-driven generator can be measured by the

value of displaced conventional power plants,. (21) Cost consists
of the capital investment and the operating and maintenance costs

A4-15




of the wind plant. For wind generation the saving in fuel cost
is a predominant factor.
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A4.5 ACTIVE PARTICIPANTS

tems:

The following organizations and companies are representative
of those active in the development of wind-driven generation sys-

General Electric Company

Kaman Aerospace Corporation

NASA Lewis Research Center

Northeast Utilities Service Corporation
Oklahoma State University

Public Service Electric & Gas
vennsylvania Power Company

Westinghouse Electric

Pennsylvania Power and Light

Southern California Edison

Boeing
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FUEL CELL TECHNOLOGY
A5.1 DEFINITION AND DESCRIPTION OF PHYSICAL PRINCIPLES

Fuel cell energy systems consist of an electric power genera-
tion device in which hot fuel gas is passed over a fuel electrode
and heated air is passed over an adjacent air electrode, separated
from the fuel electrode by an electrolyte, so as to produce a dc
power output and an exhaust of carbon dioxide and water. The
direct current electric power produced by the fuel cell is connec-
ted to a dc/ac inverter which in turn supplies the distribution
network with alternating current at the proper voltage and fre-
quency.

A5.1.1 DESCRIPTION OF PHYSICAL PRINCIPLES

Fuel cell plants for use at dispersed sites on a distribu-
tion network are just entering the experimental testing stace.
Fuel cells operate at different temperature ranges depending
on the type of fuel cell. These include low temperature cells
(up to 200 °C) using phosphoric acid and medium temperature cells
(up to 650 °C) using molten carbonate. Fuel cells operating at
still higher temperatures (1000 °C) are in the conceptual stage.
As shown in Figure A5.1.1-1, the fuel gas may be generated from
o0il, steam, and air, which are processed in an oil fired gas
source. The fuel gas and air used in the fuel cell develop
direct current electrical energy which must be converted into
the alternating current of the distribution network. An electri-
cal inverter is required to perform the necessary electrical
conversion.

FUEL FUEL CELL POWER
CONDITIONER POWER SECTION CONVERTER
0lL FUEL
—1 0IL FIRED GAS FUEL DC POMER AC POWER
STEAM I ea— | INVERTER |

DISTRIBUTION

METWORK
AIR AIR

Figure A5.1.1-1. Distribution Fuel Cell Power System

Cited as being favorable characteristics for the fuel cell
are the following:

® High efficiency (40-45%) which is relatively independent
of load

® Flexibility of modular design

e Easily dispersed, low temperature exhaust

AS5-1




® Doesn't depend on availability of sun, wind, or water to
supply distribution power

Low noise
Minimum environmental pollution

The fuel cell powerplant concept consists of three major sub-
systems: a fuel coqgitioner, a fuel cell power section, and a
power conditioner. ) Functionally, the fuel conditioner processes
a hydrocarbon fuel into a product gas rich in hydrogen. The power
section, comprising groups of single fuel cell elements, electro-
chemically combines this hydrogen with oxygen from the air to pro-
duce dc power. The power conditioner subsystem then converts the
dc power to ac power of the proper voltage and frequency.

Figure A5.1.1-2 is a simplified schematic of such a fuel cell
power plant. The fuel conditioner concept shown utilizes the
steam-reforming process for generating the hydrogen-rich process
gas. In this subsystem, either a liquid or a gaseous hydrocarbon
fuel is mixed with steam and passes over a catalytic bed in the
reformer. The product gas from thre reformer contains hydrogen
along with considerable amounts cf carbon dioxide, carbon monoxide,
and water vapor. This stream is cooled and then passed through a
catalytic sh.ft converter in which most of the carbon monoxide is
further converted to hydrogen and carbon dioxide. This gas is
then fed to the fuel cell power section. A portion of the fuel
stream is vented from the cells and recirculated back to the burner
of the reformer where it is burned to provide the endothermic heat
required for the reforming reaction. Process steam is cenerated
by utilizing waste heat from the fuel cell. A preprocessing step
which employs hydrogenation of the fuel and subsequent removal of
HpS is added for operation on heavier fuels with high sulfur con-
tent.

The overall process in the fuel cell power section consists
of the continuous electrochemical reaction of hydrogen and oxygen
from the air to produce power and by-product water and heat. The
fuel cells generate electricity on demand as long as fuel and air
are supplied. The by-product water is removed with the excess
air vented from the cells and this along with the water produced
in the reformer exhaust is recovered in air-cooled condensers.
Sufficient water is recovered to supply the complete process needs
of the fuel cell power plant. Waste heat is removed from the
cells by a recirculating coolant loop. Some of this heat is
utilized to generate steam for the fuel conditioner, and the
remainder is rejected in an air-cooled heat exchanger.

Unit cells are connected electrically in series to form
"stack" assemblies. The stacks are in turn connected in a
series-parallel arrangement to obtain the desired power and
voltage requirements.

The power conditioning subsystem converts the dc current from
the fuel cell stacks to alternating current and controls its flow
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Figure A5.1.1~2. Fuel Cell Generator

into the utility network. This function is accomplished through
the use of sclid-state inverters with components similar to those
being used for high-voltage dc transmission links. This provides
for high power-conversion efficiency and reliability with the
potential for low cost. The ac voltage output from the inverters
is stepped up through a transformer to the desired level for
utility distribution.

Purther information on fuel cells and their operation in small
utilities is contained in such references as the following:

46, Economic Assessment of the Utilization of Fuel Cells in
Electric Utility Systems, EPR! EM-336. Final Report of

, Public Service Electric ané Gas Co., Jan. 1977.

47. An Assessment of the Fuel Cell's Role in Small Utilitiesg,
EPRI EM-696. Final Report of RP 918, Burns and McDonnel
Engineering Co., Feb. 1978.

48. "A Giant Step Planned in Fuel-Cell Plant Test," E.P.
Barry, R.L.A. Fernandes, and W.A. Messner. JEEF Spectrum,
vol. 15, No. 11 (Nov. 1978).

49. "Fuel Cell Power Plants,” A.P. Fickett, Scientific
American, Vol. 239, No. 6 (Dec. 1978).
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A5.2 DESCRIPTION OF SYSTEM CONTROLS

As shown in the Master Control Functional Diac:.m (Figure
A5.2-1), the Master Control for the fuel cell serves as the inter-
face between the utility dispatch control center and a number of
other controls located at the fuel cell itself. Typical of there
other controls are the following:

® Operating Mode Control - to coordinate the startup, stand-
by, operate and other possible modes of operation. Since
the fuel cell operation requires that a suitable tempera- i
ture be maintained and that adequate fuel gas be available, s
a proper sequencing and set of interrelationships among
the various controls must be established. An important
part of this coordination function is performed by the
cperating mode control.

® Fuel Gas Supply Control - to provide the fuel cell with
the proper amount of fuel gas and air to handle the
required electrical output. For the case of an oil-fired
gas source shown in Figure A5.2-1, control of this gas
supply is requirad.

® Fuel Cell Control - to provide the necessary flows of fuel
gas and air to the fuel cell to develop the desired voltage
and current for the inverter to meet the distribution net-
work needs. Although the inverter and the gas source have
their own controls, control of the fuel cell inputs and
outputs can be beneficial.

UTILITY
DISPATCH
CENTER
LOCAL c"g%ﬁf& DATA
OPERATOR |e—— MRt e —»| ACQUISITION
CONTROL FUELCELL AND ALARM
FUEL GAS FUEL INVERTER OPERATING
SUPPLY CELL CORTRG, MODE
CONTROL CONTROL CONTROL

Figure AS5.2-~1. Master Control Functional Diagram
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® Inverter Controls - to control the necessary match between
the electrical energy output from the fuel cell and the
electrical energy required by the utility distribution
network.

As previously noted for other DSG technologies, the plant
master control must be capable of independent con:irol of this
electrical power source. The remote utility dispatch control
sends reference commands ‘or the desired power generation and
performs more of a supervisory than an operational control
function. Remote monitoring capability must also be available
at the utility dispatch control so that the remote power dis-
patcher has knowledge of when the fuel cell is generating power
or is able to generate power.




AS5.3 FUEL CELL SIZE, EFFICIENCY, AND AVAILABILITY

A fuel cell of approximately 5.0 MW using phosphoric acid is
scheduled to be on line in 1979 for experimental testing. This
should provide information on efficiency and reliability. The
cost of construction and operation of tnis first unit should be
useful in estimatino ¢the future cos:s, efficiency, and availability
of fuel cell units.

A5.3.1 SIZE

The second generation of fuel cells will use molten carbonate
electrolyte and should be in the 5-10 MW size range. Such fuel
cells are planned to be available in the mid 1980s.

Considerin? fuel cell size in a physical sense, one can find
a description(l] of a 26 MW fuel cell power plant that "could be
situated on less than half an acre of land ané would have a
maximum height of 18 feet." It would appear th:t fuel cells have
a relatively small space requirement compared with some other
power generation concepts such as sclar.

A5.3.2 EFFICIENCY

Another attractive feature creditec to fuei cells is their
low heat rate. Figures of 93(0-9000 Btu/kWh are listed(22), and
these values are indicated not only at rated power but at decreas-
ing oower down to 20 percent Of rated power. Whereas other
sources of electric generation may decrease in efficiency (i.e.,
increase in heat rate) significantly when the power generated
departs from the rated power range, this appeurs not to be the
case for fuel cells.

A5.3.3 AVAILABILITY

A fuel cell generator provides for a much greater inherent
power availability than solar or wind generators which require
the presence nf the sun or the wind to generate power. Fuel
cells are estimated to require a startup period of about 60
minutes after which they should be able to deliver any amount of
power from 10 percent to 100 percent of rated power as long as
fuel is available. 1In this sense of availability, fuel cell gen-
erators should provide a greater measure of preaictable avail-

ability than several of the other dispersed electric power gener-
ators.
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A5.4 ECONOMIC CONSIDERATIONS

Because of the early developmental status of fuel cells for
electric utility power distribution service, a satisfactory base
of economic data from normal operation does not presently exist.
It has been necessary, therefore, to approach the subject of
econonmic consideraticns from the viewpoint of determining those
capital and operating and maintenance costs which, if obtained by
fuel cell designs, would represent a financially attractive oppor-
tunity from an electric utility viewpoint. The General Electric
Optimum Generation Program (OGP) has been used to identify the
capita’ ~ost objectives at which fuel cell purchases by the
elect > utilities would be attractive.

A target figure of $300/kW for the capital costs expressed
in 1978 dollars has been established, and cost estimates have
been made for each of the subsystems and components involved to
determine whether this cost objective can be achieved. 1In
considering the capital cost elements for an oil-fired fuel cell
plant, the subsystems listed in Table A5.4-1 have been included
in the cost calculations. A fuel cell system designed to meet
this cost objective seems fecasible.

It is necessary to have cost-control-oriented studies from

the outset to determine the potential of new power plant systems,
subsystems, and components for achieving cost competitiveness in
the early 1990s which is the time frame for commercial units.
The molten carbonate fuel cell modules lend themselves to the
learning curve concept where the typical cost reduction curve
from early development to large scale production brings about
a significant decrease in unit price.
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Table AS5.4-1
OIL-FIRED FUEL CELL PLANT SUBSYSTEMS

Gasification Subsystem
Auto Thermal Reformer
Air Supply System
Preheat Heat Exchangers
Steam Flashing System
Gas Cleanup Subsystem
Zinc Oxide Catalytic Reactor
Fuel Cell Subsystem
Fuel Cell Module
Air Compressor
Catalytic Burner
Electrical Subsystem
Inverter

Electrical Collection and
Distribution System

Condensate Subsystem
Condenser
Feedwater Pump
Heat Exchangers
Balance of Plant
Service Buildings
Normal Support Services
Plant Ccntrol Subsystem
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A5.5 ACTIVE PARTICIPANTS

The following organizations and companies are representative
of those engaged in the development of fuel cells:

® Electric Power Research Institute (EPRI)
® Energy Research Ccrporation

® General Electric Company

® Institute for Gas Technology

® United Technologies, Incorporated

® Westinghouse Electric
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Section A6

STORAGE BATTERY TECHNOLOGY
A6.1 DEFINITION AND DESCRIPTION OF PHYSICAL PRINCIPLES

Storage battery energy systems have as their inputs dc
electrical energy which is converted electrochemically to chemical
energy during charging of the battery and is electrochemically
converted to dc electrical energy during the discharaing of the
battery. JOperation of a storage battery with the conventional
ac electric distribution system requires the use of power con-
ditioning equipment which can accept the alternating current
from the distribution network and convert it to the dc required
to charge the battery and invert the dc electrical energy pro-
vided from the battery to ac suitable for the distribution net-
work. Care must be taken so that the timinc of battery charging
and discharging is economically beneficial to the overall electric
power system operation.

A6.1.1 DESCRIPTION OF PHYSICAL PRINCIPLES

Storage batteries for use as dispersed storage and genera-
tion are presently receiving considerable attention. An economic
attraction is that they use electrical energy at off-peak-load
hours supplied by the lowest-cost generation units and supply
power to the system during the peak-load hours when the cost of
generation is higher. Another attractive feature is that elec-
trical energy generated from coal or nuclear fuel can be used to
charge the battery, thus avoiding the use of ocil or gas for peak-
ing generation.

Several different combinations of chemicals are under de-
velopment for use in advanced storage batteries, and it will
probably be 5 to 10 years before commercial storage battery ecuip-
ment will be available at prices competitive with other peak
generating means. Table A6.1.1-1 compares three advanced batteries
with lead-acid types(30) and indicates the projected test date for
a 5-MWh system.

In some cases, the batteries operate at elevated temperatures,
in the range of 300-350 ©C for the sodium-sulfur battery, so that
battery temperature controls are reguired. Elevated temperatures
are necessary to keep the reactants molten and to ensure high
battery efficiency.

A battery is comprised of a pair of electrodes that con?g%y
an active material, a separator, an electrolyte, and a case.
For a sodium-sulfur batterv, molten sodium (Na} and sulfur (8)
are the active negative and vpositive materials. These materials
are maintained in the molten state by control of the operating
temperature. The electrolyte and separator are typically beta

A6-1
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alumina, a solid ceramic material capable of conducting sodium
ions. Sodium polysulfide (NapS,) is created during the electri-
cal discharge of a sodium-sulfur battery cell.

Individual cells onerate at 1.8-2.0 V and typically 40 of
them may be confiaqured in parallel to make up a submodule or
bundle. Nine of these bundles in series make up a module (100 kWh),
the building block of a battery energy system. A number of these
modules are connected in series to build up the voltage to an
overating voltage in the 1000-2000 V range. A number of these
strings of modules are connected in parallel to build up the
energy level to the range of 40-100 MWh, depending on the
battery design requirements.
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AB8.2 DESCRIPTION OF SYSTEM CONTROL

In

A sodium-sulfur battery system for load-leveling, as shown
in Figure A6.2-1, can be represented as being made up of four parts:
the sodium-sulfur battery, the switchgear and protection, the
power conditioning equipment, and the electric utility network.
Each of these parts has its own individual control system, and
there is an integrated battery control svstem which combines all
the various individual controls.
of the battery system will doubtless be under local manual control,
it is anticipated that future battery
the electric utility network control,
patch control, will be automatic.
sulfur battery system is located at a
the relationship of the battery power
the substation bus and to the division load dispatch center may
be as shown on Figure A6.2-2.

Although early installations

systems and their tie with
say the distribution dis-
the case where a sodium-
distribution substation,
and control equipment to

Figure A6.2-1.

SODIUM- SWITCHGEAR POWER ELECTRIC
SULFUR AND “ CONDITIONING ” UTILITY
BATTERY PROTECTION EQUIPMENT NETWORK
'} i I
{ Y l
SODIUM.- SWITCHGEAR POWER ELECTRIC
SULFUR AND CONDITIONING UTIiLITY
BATTERY PROTECTION EQUIPMENT NETWORK
CONTROL CONTROL CONTROL CONTROL
t [ } t
Lidd
INTEGRATED
SODIUM-SULFUR
BATTERY
CONTROL

Sodium-Sulfur Battery System with Controls
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Referring to Figure A6.2-1, one notes that the integrated
sodium-sulfur battery control serves as a master control to co-
ordinate the other controls which serve as subcontrols in a

control
control

hierarchy. 1Included in these subcontrcls to the master
are the following functions:

Operation Mode Control - to organize the startup, standby,
normal operation, and other modes of operation. For the
battery operating modes, these include:

- Battery Off

- Battery Startup

- Battery Cool Standby

- Battery Warm Standby

- Battery Charging

- Battery Discharging

- Battery Module Replacement
- Battery Shutdown

Power Conditioning Equipment Control - to prepare and
control the power conversion equipment to match the battery
dc ~haracteristics and the ac network load needs as indi-
cated by the distribution dispatch center commands.

Switchgear and Protection Control - to permit the power
equipment to change satisfactorily from battery charge to
discharge and to reduce the danger of battery damage due
to faults in the power conditioning equipment.

Battery Control - to control the batterv temperature and

other auxiliaries to achieve suitable environmental condi-
tions for the battery under the appropriate operating mode.

A6-6
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A8.3 BATTERY SIZE, EFFICIENCY, AND AVAILABILITY

The electric storage battery system is a collection of a
large number of individual hattery cells which are connected in
a number of parallel and series groupings to reach the desired rat-
ings, which may fall in the 1 to 10 MW range for dispersed storage/
generation use. Of importance in the sizing of an electric storage
battery is the number of hours needed to charge the battery from
a discharged condition and to discharge the battery from its
charged condition. Thus megawatt-hour (MwWh) rating of the battery
is a sicnificant rating parameter. Charging periods of 5 to 10
hours with comparable times for discharge are reasonable.

A6.3.1 SIZE

The battery's size is governed by the substaticn's size and
location. The goal is a battery that fits unobtrusively into the
local surrocundings.

A6.3.2 EFFICIENCY

The two major factors influencing the overall plant efficiency
are the power convzarsion eauipment and the efficiency of the bat-
tery itself. The in-out efficiency for the conversiun equipment
and the battery combined (the turn-around efficiency) is approxi-
mately 75 percent.

A6.3.3 AVAILABILITY

Availability of the bhattery s influenced significantly by
the daily load cycle expresseé¢ in terms of the generation equip-
ment availability and incremental generation cost. Since a major
objective of using battery storage is to charge the battery when
generation costs are low und to discharge the battery when gen-
eration costs are hiagh, the time of battery overation is strongly
influenced by the dailv cycle characteristics.

Reliability data on the power conditioning equipment is
available and indicates a high reliability. 1In the case of the
storage battery, there is relatively little operational data.
However, the subject of reliability is receiving increasina
attention in cell testing activities. There are times when the
equipment is at standby so that preventive maintenance of the
electronic components can be attended to.
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A6.4 ECONOMIC CONSIDERATIONS

Advanced stcrage batteries are presently in the development
stage. Production costs of cormercial batteries have yet to be
established for the 1985 to 1990 time period when commercial
batteries are scheduled to be available. The projected market
in 1985 has been estimated to range from 10 to 2000 MW/year for
a battery system costin? B?tween $350 and $450 for production
of a kilowatt of power. 3 The results of a stu“  Aone by
Arthur D. Little, Inc., for the same range of capital costs are
shown in Figure A6.4-1. A number of assumptions regarding the
5-hour storaae capacitv of the batterv, the fuel cost escalatior
rate, and the reouirement that a demonstration plant be includecd
are noted. It is evident that the market for advanced battery
storage systems is large and in a very dynamic state as far as
the technical and economic ability to meet production and cost
targets.

An EPRI report(32) looks to the year 2000 and recocnizes
that coal and nuclear power will be required to replace much oil
and gas as a source of energy. It is estimated that with the us
of 90 GWe of installed storage batteries it should be possible t
meet the anticipated U.S. electrical energy needs. "The net
result of deploying 120 GW of new eneray storage equipment in-
stalled between 1985 and 2000 is that energy storage will direct
substitute for petr?%§ym.... Coal will supply the bulk of the
eneray for storage."
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A6.5 ACTIVE PARTICIPANTS

The following organizations and companies are representative
of those active in the development of Lattery technology:
Brown Boveri & Cie (Switzerland)

Chloride Ltd. (U.K.)

Dew Chemical

Ford Motor Company

General Electric Company
Public Service Electric and Gas
Yuasa (Japan)

Energy Development Associates
Gould, Inc

Eagle-Picher Industries, Inc.
Globe-~Union, Inc.

ESB, Inc.
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Section A7

HYDROELECTRIC GENERATION TECHNOLOGY
AT.1 DEFINITION AND DESCRIPTION OF PHYSICAL PRINCIPLES

Hydroelectric generation converts the kinetic eneroy of falling
water into eiectrical energy by means of mechanical-electrical
machinary. 2 water turbine is coupled to an electric generator.

The electric ¢»o:erator driven by the turbine produces alter-
nating current electric power which ie fed into an electric
utility power syatem.

A7.1.1 DESCRIPTION OF PHYSICAL PRINCIPLES

Water, as motive power, is ancie.t in oriain. The basic
design of "modern” hydraulic turbines dates baci to the mid
1800s. The basic design variations have been continually im-
proved ard retained. Flectric power produced from water power
dateg from the 1880s. Thus, hydroelectric generation is a
mature technology.

Water stored in a reservoir has potential enerqgy which is
a function of its weicht and height above a reference elevation.
This potential energy can be used to perform work when the water
is released to the lower level. Thus, water released through
hvdraulic turbines is used to produce work. Power is the rate
of doing work and the fundamental relationship which defines the
power which can be produced is expressed as:

p 1.5 kilowatts
where:
2 = Water flow, in cubic feet per second
H = Gross head (differential height) in feet
hf = Head loss, in feet
n = Efficiency of conversion of potential

enerqgy to elecirical energy
P = Power in kilowatts

The magnitude of rcwer which can be produced is directlv
proportional to the volumetric flow rate and the differential
effective height (head) of the water body. Great naturai
variations are found in the flow and head conditions (i.e.,
Jifferences in the size of rivers and in the heicht of falls.
Dams are built to provide increased head and to provide water
storage to whatever dearee is practical for the site. Different
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fundamental hydraulic turbine designs provide optimization of
overall electromechanical efficiency for various conditions
and combinations of flow and head.

While elementary, low power waterwheels may be of interest
to individual residential or farm applications, they inherently
operate at very low speed, have velatively noor efficiency,
and are not well suited to producing constant-frequency 60 Hz
power. They are more applicable to producing direct mechanical
drive power.

Commercial hydraulic turbines are generically of two basic
types: impulse and reaction. The impulse tvpe uses only the
kinetic energy of the water, whereas the reaction type uses both
the kinetic and pressure energv.

Impulse turbines are of two basic designs which are called
the "Michell [cross flow] turbine" and the "Pelton wheel." (There
are other designs in addition to these two.) Pelton impulse
turbines are generally used for medium-to-high head applications,
i.e., 230 to 4000 feet (although there have been designs made for
verv small power Pelton wheels for heads of 50 feet). Michell
turbines accommodate low-to-medium heads, i.e., 15 to 300 feet.

Reaction-type turbines are of two fundamental designs:
Francis and propeller type. There are variations within each
of these types to accommodate various flow and head combinations.
In addition, adaptations and variations have been invented to
improve performance.

The distinguishing difference between the Francis and the
propeller turbine is that the Francis turbine runner (rotating
part) has a shroud or circumferential band around the runner
discharge area which is attached to the buckets or blades. The
propeller type has no shroud attached. Francis turbines with
runner design variations can accommodate a wide range of low
(80 ft.),* medium (300 ft.), or high (2000 ft.) head hydro site
conditions. Propeller turbines with a variety of designs can
accommodate a wide range of low (6 ft.) to medium (200 ft.) head
applications.

A major refinement of the propeller type turbine was the
development of adjustable pitch blades. A further refinement
was the addition and coordination of adjustable wicket (flow
control) gates with the adjustable propeller blade. The Kaplan
turbine is named for the inventor of this design.

‘The "bulb" turbine is a unique design of the propeller-
type turbine in which the ac generator is submerged and con-
tained within an enlarged "bulb" and connected to the propeller
as a single assembly. This design can be used for heads of 12
to 50 feet.

*Installations as low as 20 ft. head have been reported by Niagara
Mohawk Power Corp.
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The "Rim" type turbine generator is a unique design of the
propeller type where the generator rotor rim is attached to the
outer diameter of the turbine propeller blades.

"Tube~-type" horizontal, axial-flow, propeller turbines are
an innovation wherein practically all of the turbine generator
unit, including pipe-type water casings, can be factorv-built
and prefabricated into major modules. This permits lower
equipment, plant, and installation costs. Tube-type turbines
are typically small, and used for low-head (6 to 50 ft.) appli-
cations.

The various hydraulic turbine designs discussed above accom-
modate a wide range of hydroelectric plant site flow and head
conditions. Figure A7.1l.1-1 shows common application ranges for

various turbine types vs. head.
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A7.2 DESCRIPTION OF SYSTEM CONTROL

In general, hydroelectric plants of the size associated with
Dispersed Storage and Generation (DSG) projects are normally
unattended. During periodic maintenance, testing, or repairs,
an operator controls the plant locally. Thus, provision for
automatic plant operation with either remote or local control
initiation may be required for DSG hydro plants. Operating
modes which may be involved are:

® Automatic operation - startup/shutdown initiated by
local sensor (water level) or device (timer)

® Automatic operation - startup, loading and shutdown
initiated hy remote dispatch center (or dispatcher)

® Automatic operation - startup, loading, and shutdown
initiated by local operation

® Manual operation - all functions initiated by local
operator

Existing DSG-size hydroelectric plants have a wide range of
control and data acquisition equipment, from local operator
controlled only to remote automatic controlled. Data acquisition
may include: (a) local indicators, recorders, and meters, (b)
same as (a) plus a few analog-telemetered guantities, or (c)
digital data and status acquisition and transmission.

As the number of DSG stations on a utility system increases,
it is anticipated that DSG data and control will become more
important to the dispatch center. Thus, existing hydro stations
may have to be converted from local manual control to automatic
remote-control. For discussion purposes, unattended ovperation
with its associated automatic operation and data acquisition
are assumed. This type of operation requires interfacing lccei
plant control and data acquisition with the remote dispatch
center. Functional relationships are shown in the block diagr.um
of Figure A7.2-1.

Basically, the plant must be provided with automatic control
eaquipment which can safely and reliably perform startup, run,
and shutdown functions. Equipment or control abnormalities must
be detected and safe action (i.e., shutdown if necessary)
initiated. Data acquisition will be performed, presented, and/or
recorded locally, and transmitted to the disvatch center.

The functional block diagram of Figure A7.2-1 provides for
the overatina modes described above, with overall control and
data acquisition concentrated at the Plant Master Control. The
specific tvpe of control and data acquisition equipment determines
the degree of modularity and/or commonalityv: thus Figure A7.,2-1
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identifies oily major functional control and data areas. Existing
plants may have some degree of automation such as automatic startup
and shutdown sequencing implemented with electromechanical relay
logic. This could involve coordination, modification, and retro-
fitting if the station is to be included in an overall system DSG
control and data acquisition system.

The Plant Master Control, which serves as the nerve center,
directs (or possibly performs) local automatic control and data
acquisition functions. As shown in Figure A7.2-1, the Plant
Master Control interfaces with the following major subsystems:

® Turbine Governor and Gate Control for controlling water
flow, speed, and/or power output. These controls are
furnished as part of the turbine and hydraulic system.

® Generator Control (excitation system) controls synchron-
ous generator voltage/reactive volt amperes/power factor.
This excitation system is usuallv furnished by the
generator manufacturer. Induction generators do not
require this control.

® Sequencing Controls basically provide step-by-step
action-initiation, and checking logic, for automatic
startup and shutdown operations. Sequencing Controls
direct and coordinate all of the major and minor systems
and equipment operation in the plant in response to start-
up/shut-down commands from either local or remote sources.
For normal conditions, a hydroelectric turbine-generator
unit is automatically seaquenced throuch its startup steps,
synchronized with the power system, and then the water
flow is adjusted to achieve the desired power output.
When normal shutdown is required, the load is reduced to
zero and then the shutdown sequence is performed.

® Abnormal and Emergency Control and Protection provides
sensing, action initiation, and sequencing to protect
against conditions which could damage equipment. For
abnormal or emergency conditions requiring immediate
disconnection and shutdown, the emergencv shutdown
sequence is initiated. This can be initiated by protec-
tive relav or sensor devices in the plant which detect
serious problems.

® Diata and status acquisition functions include the col-
lection, processing, oresentation and transmission of
measured data and status information, both normal and
abnormal. The amount of data retained locally is more
than that transmitted to the dispatch center. Local data
provides records and information to operating and main-
tenance personnel. Data and status transmitted to the
dispatch center are of a more basic and general nature.
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When alarm conditions exist, the category and nature of
the alarm are recorded locally and transmitted to the
dispatch center to permit the dispatchers to determine
the urgency of the problem and what type of maintenance
personnel are needed to correct it.

Normal data (and status) are scauiic?d at regular intervals
to detect trends. Selected normal data is transmitted
periodically to the dispatch center. abnormal conditions
are logged and transmitted to the dispatch center
immediately.




A7.3 HYDROELECTRIC GENERATOR SIZE, EFFICIENCY, AND AVAILABILITY

This subsection discusses the size, efficiency, and avail-
ability of hydroelectric generators which would be used at DSG
hydroelectric plants.

A7.3.1 SIZE

One may make some general observations concerning the size
range of DSG hydroelectric plants associated with electric utility
distribution systems. DSG hydroelectric plants range in size from
a few hundred kW up to 15, or perhaps 30 MW. The streams used
for DSG hydroelectric plants are small to medium in size and have
relatively low head, i.e., up to 50 ft. Research,(34) has identi-
fied existing dams which do not presently have hydroelectric rower
generation facilities. These existing dams present the mcst econ-
omical potential hydroelectric development siies. The cost of
civil works including dam construction usually is in the order of
half the total cost of a hydroelectric project. Since these dams
already exist, the environmental concerns associated with adding
hydroelectric generation facilities are minor in comparison to
projects which require new dams.

The main factors which affect the size (i.e., kW rating) of
a hydroelectric plant are:

Hydrological Conditions
Site Conditions

Economic Considerations
Regulatory Requirements
Environmental Concerns

Hydrological conditions govern the potential water flow at
the hydroelectric site. These conditions are rainfall and water-
shed area. Annual rainfall which occurs in the stream's watershed
area and the seasonal variations of the rainfall determine amount
and time distribution of va*er. Flood and drought conditions must
also be known. The area or the watershed (along with the rainfall)
determines the volume of water available. The nature of the water-
shed's soil, vegetation, and weather patterns affects water run-
off characteristics. Historical records of stream flow conditions
are vital to the planning of a hydroelectric plant site and se-
lecting its kW rating. ‘istorical records provide the data neces-
sary to determine seasonal variations, with maximum and minimum
flows, and from this a stream "Flow Duration Curve" can be devel-
oped. Figure A7.3.1-1 presents an exarple of the relationship be-
tween stream flow and month, and Figure A7.3.1-2 presents a typical
flow duration curve.

Site conditions which have a major effect on the plant kW rat-
iny are the water flow duration curve, the available head (and head
viiriation), and the water storage capacity. If the site has an
existing dam, these conditions are fairly well fixed. The main

A7-9




s - e = AR T m

PERCENT OF ANNUAL FLOW VOLUME

19

18

17

16

15

14

13

12

"

10

Figure A7.3.1-1. Percent of Annual Stream Flow vs.

|

| | | | | |
M J J A ]

MONTH

Month - Northeastern USA

A7-10




B AR AR5 Ak AN ety < o T

FLOW - THOUSAND CUBIC FEET PER SECOND

1

K

-
~
|

-t
o
¥

| I 1

Figure A7.3.1-2.

L o0 ®0 100
PERCENT OF TIME

Typical Flow Duration Curve

A7-11




analysis is required in determining the kW rating of the plant is
the economic trade-off of cost vs. value of the plant, for the
utility system involved. For the development of a new site, reg-
ulatory requirements and environmental concerns also become major
factors in determining kW rating.

Economic considerations in plant sizing are discussed more
fully in subsection A7.4. However, the major factor is the optimi-
zation of total installed plant generating capacity to achieve the
mosat beneficial relationship between hydroelectric plant costs and
the plant's value to the utility system,

Regulatory requirements can affect plant size. Federal, state,
and local laws, regulations, and licensing requirements can restrict
or even prevent hydrcelectric site development. Basic water rights
involving the sharing or prior rights of other parties is usually
involved to some degree regarding control/regulation of the stream.
While water is not "consumed" by a hydroelectric plant, mcdification
of stream flow is involved. There may be upstream and downstream
constraints imposed by the rights of others, and the basic use of
the stream or river. For streams in the DSG size category naviga-
tional constraints are not foreseen as a factor in the majority of
plants.

Currently attempts are being made to simplify hydroelectric
plant licensing by the Federal government. Initially this involves
attempts to simplify rules and regulations for "small" hydroelectric
plants up to 1.5 MW. The size range may be extended up to 15 Mw if
initial efforts are successful.

In addition to regulations pertaining to licensing and size,
there are state regulations regarding purchas2 and sale of elec-
tricity by private owners connected to electric utilities. These
may directly or indirectly affect size considerations of a plant,
or even its economic viability.

Environmental concerns affecting hydroelectric plant size in-
volve upstream and downstream effects of water impoundment, storage,
and release. Upstream effects of the water storage impoundment
created by the dam, and storage and release schedules, affect the
land area inundated and the variable shoreline created by water
level variations. For existing dams the inundation issue is re-
solved by its prior cxistance. The reservoir level variations, to
advantageously schedule water usage, will have to be a compromise
with other parties and potential environmental effects. These con-
cerns will relate to the primary functions the existing dam serves
and the imposed constraints. Thus upstream environmeatal concerns
can affect reservolr size (water storage volume) and water level
variation (permissible drawdown), which directly relate to plant
size determination. Scheduled water release also causes downstream
flow -ariations which must be reconciled with other users and/or
environmental concerns. One of the major environmental concerns
is that of maintaining "water quality standards." Complete hold-
back of water to create maximum storage in a given time period can
result in virtually no flow downstream of the plant, thus leading
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to a degradation of "water quality." 1If this degradation is con-
sidered substantial, the plant may be required to release a (mini-
mum) continuous flow of water, resulting in a reduction of gener-
ating capacity.

A7.3.2 Efficiencz

Hydrceiectric plants have a relatively high energy conversion
efficiency. Unlike thermal cycle plants, hydroelectric plants
directly convert mechanical energy to electrical energy. Thus,
there are no inherently high "cycle" losses. Further, plant aux-
iliary power is relatively small as compared to thermal-electric
plants. Overall plant efficiency is primarily dependent upon the
type of hydraulic turbine selected. Because most stream-watershed,
reservoir combinations have unique flow characteristics, care must
be taken in matching turbine type, size, and design to the water
usage schewules. Variation in head, both seasonal and daily, may
also be a consideration in selecting turbine type and design.

Hydraulic turbines (and their assccia.ed generators) have a
maximum efficiency at some point on their load curve.

Operation below and above the "design" point is less efficient
and wastes water. If the plant size warrants it, and large seasonal
or scheduled release variations occur, multiple units may be em-
ployed to operate the overall plant more nearly at maximum effi-
ciency for all flow conditions.. The decision to instal) multiple
units must also be based on economic considerations of cost vs.
value, since multiple units generally will have a higher capital
cost, as well as a higher operatin_ and maintenance cost, than a
single unit of the same total rating. Figure A7.3.2-1 illustrates
separate turbine and generator efficiency curves and their combined
efficiency. Auxiliary power which is in the order of 1 percent or
less is omitted. At "design load" hydraulic turbine-generator sets
have a combined efficiency of approximately 80 to 85 percent. Part
load operation is less efficient, as shown in Figure A7.3.2-1. Large
variations in head cause further efficiency reductions. Comparative
efficiency curves of basic hydraulic turbine types are illustrated
in Reference 1, Chapter 38, Figures 19, 20, and 21. It is noted
that adjustable-blade, propeller-type turbines have a relatively
flat (constant) efficiency over a wide load range.

7.3.3 Availability

Hydroelectric turbine-generator sets have a relatively high
availability. Examination of EEI Report 77-64(35) covering the
period from 1967 to 1976 shows an aggregate availability of 95.4
percent for the hydro units. This figure includes the effects of
both forced outages and scheduled outages. The sample is con-
sidered large enough to be reliable. The relatively simple and
proven designs of hydroelectric units may be credited for this
favorable availability performance. However, proper maintenance
procedures are also required to achieve high availability figures.
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A7.4 ECONOMIC CONSIDERATIONS

The driving force for evaluating undeveloped hydroelectric
generation potential is the high and risina cost oi fossil fuel.
The disproportionate increase of o0il and gas prices initiuted the
need to reexamine the relative economics of producing electricity
by hydroelectric generation as compared to fossil fuel plants.
Hydrogeneration also offers the incentive of using a renewable
resource, water.

Since a large portion of the cost (approximately 50%) of a
completely new hydroelectric development is for the dam and
reservoir, the most economically attractive undeveloped potential
hydroelectric sites are thore with existing dame. Preliminary
surveys of potential hydroelectric sites have been made and
further definition and refinement studies are in progress.
Federal, state, and regional agencies, and utility companies
and organizations are involved in these studies. It must be
recognized that there are constraints regarding the addition
of hydroelectric generation to existing dams due to the prece-
dence of the primary uses and other factors such as environmental
concerns about water level and stream flow variations.

A ?reliminary studv by the U.S. Army Corps of Engineers in
1977(34) jdentifies a total potential of 54,600 MW, Of this
total potential, 26,600 MW has heen identified as the vpotential
at existing (non-hydroelectric) dams of less than 5000 kW capacity
and 7000 MW at existing dams with greater than 5000 kW capacity.
Preliminary utili:y feedback indicates that approximately 15,0600
MW may be practical to develop. The Department of Energy“Ss has
tentatively identified low-head hydro goals of 1500 MW by the year
1985, and 20,000 MW by 2000. Unle~ s site conditions permit rela-
tively low cost dams, it appears that the emphasis will be on de-
veloping hydroelectric power at existing dams.

Hydroelectric turbine-generator manufacturing was once a
flourishing business in the U.S.A. However, tne very low level
of installations has reduced the number of U.S. manufacturers
to a few. While this is a mature technology, hiagh capital cost
has discouraged hydroelectric ir-tallations. kecen* development
work and equipment designs have .ocused on reducing egquipment
costs. It is of interest to note the allocation of costs for
hydroelectric plants, to identifv major cost areas, and to
determine where cost reduction emphasis is worthwhile. According
to the Federal Power Commission's Uniform System of Accounts' 6)
for hydraulic production, mrajor elec*ric plant accounts =2:e:

Land ancd land rights

Structures and improvements
Reservoirs, dams, and waterways
Waterwheels, tuarbines, and reneratocrs
Accessory electric ecuipment
Miscellaneous power plant equipment
Roads, railroads, and bridges
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From Federal Power Commission reports, the cost breakdown for
hydroelectric plant costs over a period from 1910 to 1972 is shown
in Table A7.4-1 for heads up to 50 feet. The wide ranges of cost
indicate the variableness of site conditions for hydroelectric
installations. This information reinforces the desirability of
developing hydroelectric power at sites with existing dams. 1If
recent trends to reduce turbine generator equipment and instal-
lation costs can be realized, low-head hydro will begin to be g
a viable economic choice. :

[ AN e———————ty
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Historically, turbine-generators have been custom engineered
and designed to the specific site conditions. This custom design
and manufacturing is a major equipment cost item (up to 50%). :
Recent attention has been directed toward standardized designs |
of rela+ively simple turbine-generators for a range of flow and
head ("small, low head") conditions. Both domestic and foreign
manufacturers are concentrating on this approach in an effort
to be cost competitive and enlarge the market. In summary,
efforts to minimize or reduce hydroelectric plants costs are
concentrating on the following major items:

Utilize existing dams !
Utilize existing power plant structures %
Simplify hydraulic turbine-generator design :
Standardize turbine-generator design f
Reduce installation costs

Simplify licensing procedures and reduce time required

Hydroelectric plant costs vary widely and are affected by
site conditions of flow and head as well as the need for power
plant structures (either renovated or new). Hydroelectric plant
costs cover at least a three-to-one range even when there is an
existing dam. Whereas turbire-generator units in the range of
25 MW size and reasonable head (30 to 50 ft.) may have an installed
cost of $500/kW (excluding structural renovation costs), units
of smaller size (i.e., 1 MW) and lower head can have installed
equipment costs of $1000/kW or more. Thus, when site renovation
or new buildings are included, a range of $700 to $2000 per kW
installed cost is indicated for low-head hydro at existing dams.

Table A7.4-1

TYPICAL COST BREAKDOWN FOR
HYDRO PLANTS UP TO 50 FEET HEAD

PERCENT OF TOTAL COST (%) . ;

APPROXIMATE APPROXIMATE
RANGE MEAN
Power plant equipment 19-4¢C 30
Reservoirs, dams, waterways 2n-59 40
Structures and improvements 6-38 22
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The rcelative value to a utility of a hyvdroelectric plant
is measured by its total cost of producing electrical energy
as compared to other types of generation. This cost per kWh
is derived by dividing total annual cost by total annual energy
produced and is commonly expressed in cents per kWh (¢/kWh).
The two major elements of Total Annual Cost are the "fixed costs”
and the "operating costs." Fixed costs are the major nonvariable
charges (depreciation, taxes, insurance, cost of money, adminis-
trative, etc.). Operatina costs include personnel, repair, and
maintenance, and in the case of thermal plants, fuel cost.

Hydroelectric plants have relatively high fixed costs,
(high capital cost) and low operating cost. Low operating costs
are due to zero fuel cost* and unattended operation of these small
low h=zad hydro plants. Operatinc costs of attended small hydro
plants are economically prohibitive. High fixed (capital) costs
make it important to generate as much energy as possible with
the installed hydroelectric capacity to minimize cost/kWh.

The type of plant against which the small hydro plant is
economically compared depends upon the hydro plant's capacity
factor and water availability. This in turn depends upon hydro-
logical, site, storage, and water use/regulation constraints.

Hydro plants may be base-load plants (high-capacity factor),
peaking plants (low-capacity factor), or intermediate-load plants
(medium-capacity factor). The value of hvdro plants thus depends
or the type of capacity it displaces and the cost of the dis-
placed fuel of that type of generation. There are computer pro-
grams** which analyze the operation of generating plants according
to defined schedules and operating criteria on utility systems.
These programs must be used to obtain quantitative evaluations
of various generation types.

In these evaluations all conditions of system generation and
hydrogeneration firm capacity are considered. The fact that a
hydro plant may have a low capacity factor may not be a great dis-
advantage if it can displace peaking gas-turbine-plant energy that
requires high production costs (high petroleum or gas costs).
Based on this high value of replacement power during the peak pe-
riods, a hydro plant with a 30% capacity factor capable of gener-
ating during the same (peak) periods could prove to be economical.
In economic studies it is important to establish a firm energy
criterion. As an example, the NMPC criterion for dependable ca-
pacity recuires that a plant be able to run for four full hours
at rated load using available storage and the average flow for
the month in which the system peak occurs. If a plant cannot
meet this criterion, it has to be correspondingly derated, which

* Zero fuel cost may be debatable if other water consumption
services are competinqg for the water which then has a
"value."

** General Electric "Optimized Generation Planning Program."




could mean the difference between an economical and noneconomical
hydro plant. A low capacity factor for a hydro plant can be the
result of variable stream flow conditions during the year as il-
lustrated in Figure A7.3.1-1.

Other costs not addressed in this discussion are costs
identified as "Intangible Plant." Major items are:

Organization (incorporation costs)
Franchises and consents
Miscellaneous intanqgible plant

It is not the authors' intention to discuss these items here, but
merely to call attention to the fact that these items can involve
substantial cost. Under "franchises and consents," federal
and/or state water power licenses and associated expense (such

as environmental impact statements) can cost many thousands of
dollars and must not be overlooked in evaluating the economics

of small hydroelectric plant power.
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A7.5 ACTIVE PARTICIPANTS

The following organizations and companies are representative
of those active in the development of hydroelectric generation
technology:

Allis Chalmers Corporation
Alstholm-Atlantique (France)
Bofors-Nohab (Sweden)

Dominion Engineering (Canada)

General Electric Company

KMW (Sweden)

James Leffel & Company

Ossberger Turbinen Fabrik (West Germany)

Tamp2i'a (Finland)
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Section A8
COGENERATION TECHNOLOGY
A8.1 DEFINITION AND DESCRIPTION OF PHYSICAL PRINCIPLES

Cogeneration is the combined production of process heat and
electricity. Industries and/or utilities which need both of
these forins of energy potentially have net operational cost
savings available through an efficient courainated facility
which fully utilizes the total heat of combustion. Various manu-
facturing, commercial, and district heating applications utilize
medium and/or low pressure steam. These comprise the largest
percentage of potential cogeneration applications. For these
applications, the most common configuration for generating elec-
tricity and "process steam" has been to use fossil-fuel-fired
steam boilers producing high temperature, high pressure steam
to drive steam turbine-generator set(s). Flectricity is produced
directly by the turbine generator, and the steam from the turbine,
with its remaining energy, is delivered to the "process." This is
called a topping cycle. Electricity is produced at the highest
temperature part of the thermal cycle. Additional electric power
and heat can be obtained by superimposing gas turbine-generators
on the combustion portion of the cycle. In some cases, diesel
engine-generators producing electric power and relatively low
temperature water and steam provide a good match of power and
heat to certain processes. Bottoming cycles, obtaining electric
power from the low temperature process "waste heat" or exhaust,
are also possible configurations for cogeneration. However,
these have higher investment costs ana often require more complex
equipment. Processes requiring the direct heat of combustinn
can occasionally use the high temperature exhaust gas of oil or
gas-fired gas turbines. The combustion turbines also drive
electric generators in a topping configuration.

Thus cogeneration covers a very wide variety of eneray
conversion and utilization cycles and applies varions eguipment
combinations to provide the desired match of electric power and
process heat reguirements at one site.

A8.1.1 DESCRIPTION OF PHYSICAL PRINCIPLES

Cogeneration (also called "combination plant,” "in-plant
generation,"” "on-site generation," "bv-product power," "total
energy concept," etc.) has been emplcyed in the United States
since the early 1900s. While it is a mature technology which
utilizes nroven energv conversion cvcles, studies are being
conducted to determine extended application and improved effi-
ciencies which may be gossible with advanced enerqy conversion
cycles and equipment.( 8)
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While not a physical principle, the ownership-operation
arrangement and objectives of a cogeneration plant have a funda-
mental effect on the most economic energy conversion cycle. The
owner may be a private industry, an electric utility, a third
party, or various combinations of these. Depending on ownership,
the optimum ratio of electric power-to-process heat (P/H ratio)
for the plant can have widely different values. Thus, while a
solely owned private-industry cogeneration plant may have a rela-
tively low P/H ratio for self-sufficiency, a combined utility/
industrial cogeneration plant will usually have a much higher P/H
ratio. Therefore, a cogeneration plant may have a deficiency,

a match, or a surplus of electric power.

Various arrangements of cogeneration ownership and operation
are possible. These ownership arrangements may be 100 percent
industrial, 100 percent utility, shared industrial and utility,
or third party ownership. Examples of ownership are:

® Privately owned industrial or commercial plant producing
electricity which is less than, equal to, or more than
the need of the industrial plant

® Utility-owned plant used for generating electricity for
the utility grid and producing steam for district heating
or sale to an industry

® Combined ownership arrangement between an industrial
plant and utility; various combinations of heat and
electricity production, utilization, ownership and
control are possible

® Third-party-owned facility with sale of process heat
and electricity to adjacent industrial plant(s) or
utility system

In addition to basic ownership and operation of cogeneration
facilities, other major considerations are:

® (Contractual arrangements

® Regulatory cornstraints on power transfer

® Economic impact of tax incentives

Thus, overall technical, economic, ownership, operation,
requlatory, and tax considerations must be examined and evaluated
before making a decision on cogeneration facilities. Several of

these can affect the operation and control of cogeneration facil-
ities.

Expansion and elaboration of all the various combinations

of ownership, energy conversion cycles, ecuipment, processes,
technical, economic, and regulatory aspects of cogeneration are
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beyond the scope of this document. Only basic, common, state-
of-the-art energy conversion cycles and equipment will be used
for illustration.

As compared to separate facilities for producing process
heat and electric power, cogeneration utilizes much of the
energy that would otherwise be discharged to the environment.
Thus, the overall efficiency of fuel utilization can be 60 to
80 percent as compared to 30 to 40 percent for an electric power
generation plant alone. Savings are thus available in fuel costs
and in capital equipment costs of these dual-function cogeneration
systems.

In the most common cogeneration thermal cycle configurations,
the high temperature portion of the cycle is utilized for the
generation of electricity. However, some processes also require
high temperature. The lower temperature heat discharged from the
power generation prime movers is utilized for process heat. Tn
a large portion of industrial processes, heat is utilized in the
form of steam, and therefore, descriptions and analysis of cocen-
eration plants concentrate on cycles which produce high grade
steam and/or heat for electric power generation, and medium and
low temperature steam for industrial processes.

Many cogeneration thermal energy cycles are in use. However,
regarding the production of electric power the cycles used are
either "topping" or "bottoming" cvcles. Topping cycles utilize
high grade heat, and bottoming cycles use low grade or "waste"
heat for electric power generation. Topping cycles typically
involve the production of high temperature, high pressure steam,
and its expansion through a steam turbine, and the extraction
and discharge of the lower grade steam to the industrial process.
Gas turbines produce either direct process heat from turbine ex-
haust or steam by means of heat recovery steam generators. Gas
turbines have a higher P/H ratio than steam turbines. Diesel-
generators have the highest P/H ratio (compared to steam and
gas turbines). They receive consideration when a good P/H match
exists and t.e process can use low temperature liquid from engine
cooling and process steam from exhaust gas heat recover, egquipment.
Relative P/H comparisons of steam turbines, gas turbines, and
diesel engines are shown in Figure A8.1.1-1.

Bottoming cycles involve the use of direct high temperature
heat or high quality steam by the process, and the utilization of
the low grade heat for power generation. Direct heat processes
usually use waste heat boilers to generate steam for steam turbine-
generators. Low grade process steam usuallv cannot be used di-
rectly in steam turbines because of the poor efficiency. However,
low grade steam may be used to heat organic fluids in a Rankine
cycle. The organic Rankine cycle has some serious economic and
developmental problems. Demonstrations are in progress but no
commercial "state-of-the-art" exists.
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Process Heat

State-of-the-art energy conversion systems (ECSs) for steam
topping of cogeneration configurations either use conventional
fossil-fuel-fired steam boilers, combustion turbines with heat
recovery steam generators (HRSGs), or a combination of these.
The process and electrical requirements plus economics usually
dictate the equipment combinations .and system configuration.
Simple block diagrams of system configurations are shown in
Figures A8.,1.1-2, A2.1.1-3, and A8.1.1-4. In some special cases,
diesel-generators may be a good P/H match. While steam boilers
may burn a wide variety of solid, liquid, or gaseous fuel, gas
turbines and diesels have thus far been limited to liquid and
gaseous fuels which have been predominantly refined oil and gas.

Various steam turbine designs provide flexibility in obtain-
ing process steam of the required temperature, pressure, and
quantity by utilizing steam extraction ports and non-condensing
and condensing steam turbines. Schematic diagrams of various
designs are shown in Figures A8.1.1-5 and A8.1.1-6.

The industry groups which comprise the majority of potential
cogeneration applications are: fooads, textiles, pulp and paver,
wood, chemicals, petroleum refining, primary metals, cement, and
glass. Because the characteristics of these industrial processes
are widely different, the eneray cycles utilized are also quite
different. 1In addition, each orocess and plant has a different
economic P/H ratio. An economic balance requires tailoring
combustion, heat, and power generation cycles to provide optimum
economic results. From this standpoint, the following summary
comments apply:
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Figure A8.1.1-5. Typical Non-Condensing Cogeneration
Turbines-The Basic Cogeneration Units
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Figure A8.1.1-6. Typical Condensing Cogeneration Turbines-
An Alternative Solution to Satisfying
Variations in Both Steam and Electrical
Pcwer Requirements

e From a technical standpoint, each cogeneration applica-
tion must be designed to optimize the energy conversion
system configuration for the industrial process involved.
Major considerations are: fuel type, fuel cost, pur-
chased power costs, process heat auality and quantity,
power /heat ratio, and capital cost.

® With "state-of-the-art" eneray conversion systems, dis-
continuities usually exist in making an ideal P/H match
for a given application. Thus purchase or sale of elec-
trical energy is usually necessary.

® Historicallv, industry-owned cogeneration applications
in the U.S. exhibit a net consumption of electrical
energy.

® Paper making processes tend to provide a good match of
P/H ratio with that of extraction steam turbine gener-
ators. This industry comes close to producing 100
percent of its electrical power requirements.
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® It is anticipated that future energy conversion systems
for cogeneration applicaticns will permit a more favorable
P/H ratio.

Major equipment types under consideration for future appli-
cations are:
Atmospheric fluidized bed boiler
Pressurized fluidized bed boiler
Advanced combustion gas turbine designs
Stirling engines
Advanced diesel enaines

Fuel cells
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AB8.2 DESCRIPTION OF SYSTEM CONTROL

There are basic functions which make up a cogeneration plant
control system. With regard to the production of electric power,
however, it must be recognized that the coaeneration plant control
system has primary responsibility for the correct, safe, and eco-
nomic control of the plant's process heat needs. The electric
power produced may be adjusted only insofar as the cogeneration
planc configuration, equipment, and process permit.

Cogeneration plant controls, within constraints, operate
to meet power and heat needs. Within the range of electric power
and process heat adjustment provided in the system design, certain
relationships of power to heat exist. There are normal limits to
variations power and héat can have, relative to each other.
Excursions from the optimum P/H ratio will result in poorer fuel
utilization performance. For example, increased electric poweu
may be obtained at the expense of increasing condenser flow and
its additional heat rejection to the atmosphere. Electric power
demands, beyond condenser or plant capabilitv, would require
greater tie line flow of purchased power from the utility system.
Conversely, increased heat-to-process requirements beyond normal
system operating range can only be achieved by added steam flow
through (pressure reducing) bypass stations. (This assumes
boiler capacity exists.) Thus excursions from the optimum plant

P/H ratio incur higher heat rates and associated higher incre-
mental costs.

While basic functional relationshivs exist, it should be re-
coanized that a cogeneration plant control system philosophy can-
not be generalized. Some comments to justify this statement are:

® The ownership - industrial, utility, third party, or
some ownership combination - determines the priorities
of eclectric power vs. process heat production. This in
turn affects plant desian.

® The cogeneration plant control system depends on the
process, system configuration, basic prime mover-
qenerator types, and ownership.

® The overall steam svstem confiquration includinag steam
boilers, associated steam turbines, and plant control
svstem affect the flexibility of plant power and process
heat.

® Flectric power control flexibility varies widelyv “n a
steam turbine system dependina on the tvpe of turbine.
In a steam turbine toppino configuration, the type of
turbine employed has a major effect on the ability to
aljust electric power output. In ascending order of
flexibility, the turbine types are:
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Straight noncondensing turbines

Automatic extraction, noncondensing

Automatic extraction, condensing

Automatic extraction/admission, condensing

System control functions included in a cogeneration plant
system control are illustrated in Figure A8.2-1. Note that this
diagram is simplistic and does not show interrelationships between
functions. Further, the functional block diagram should not be
assumed to imply that hardware-oriented, completely inteagrated
and coordinated, automatic control systems are common.

Many coageneration control systems have been limited to co-
ordinated packages of the Boiler-Turbine-~Generator (BTG) control
functions. BTG controls are the vital on-line control functions
and, thereforo, in the followinag descriptions, these functions are
emphasized.

To assist in an overall understanding of equipment and con-
trol interrelationships, Fiqure A8.2-2 shows a simplified block
diagram of a cogeneration plant and corntrol system.

® The tie line power flow control function is the cn-line
control interface between the utilitv electric power sys-
tem and the cogeneration plant. When normally connected
and owerating, the coaeneration electric power production
can be adijusted within limits., Limits mav be plant/
process constraints or electric power demand/enerqgy
contract constraints. Depending c¢cn owncrship and
control/operational agreements, the utility dispatch
center may oxercise control over the tie line control-
ler set point to adjust net power flow on the congen-
eration plant tice line. If solely industry-owned, tie
line power 1s controlled to meet power and energy con-
tract constraints.

The tie line controlier adjusts the turbine governor

speed control to c¢hange generator output. In the event

of tie line interruption, the load-frecuency control

can control the isolated coaeneration system, perform
turbine governor control mode switchinc and, if necessary,
pertorm process vlant electrical load sheddine to balance
available cerneration with lecad, to avoid svstem collapsc.

® Fuel svster rontrel can be relatively simple when the
fuel 1s o1l or eas, or mav be complex when the plant
uses coal or other solid fuels. The primary function of
the fuel svstem 1s to monitor and control fuel storage,
handling, forwarding, and supply to the boilers, gas
turbines, or diesel enaines. Fuel handling svstems are
gquite varied and specifically rlant related. Since they
are strictly 1n the domain of plant control, they will
not be described further.
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Figure AB8.2-2.
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The boiler control subsystem responds to disturbances
internally and externally generated, in a manner which
satisfies svstem demands, within limits of the »oiler
capability. The boiler control subsystem must perform
in a fast, accurate, stable, safe, and reliable manner.

fGenerally speakina, controls are reauired in most ambient
air fired boilers to perform the followina functions:

- Supply the cquantity of steam required at the desired
pressure to the plant main steam header.

- Properly proportion fuel and air flow.

- Maintain the superhc¢ater outlet steam temperature
within prescribed limits.

- Maintain the steam drum water level within the
rance required for safe operation.

- Assure safe boller operation (Flame fafeguard
Svstems).

Turbine contreol and cgoverninog subsystems play an impor-
tant part in control of the coaeneration plant's ov -
all steam and power svstem. Industrial steam turbine
qovernors c¢an control manv variables in the plant,
includino:

- Flectrical (or mechanical) power output

-~ Speed

- Pressure in as many as three process steam svstems

- Automatic extraction and/or admission of steam at
one or more selected pressures

- Boiler pressure for waste heat or waste fuel fired
boilers

- Turbine inlet flow

- Condenser cooling water flow

Electro-hvdraulic covernors have the additional capabil-
ity of controllina other steam or aas turbines with a
master-slave function.

RBasically the turbine covernina system 1s comprised of
speed (or steam flow) aovernina and steam pressure
aqoverning.

"Speed governina” of industrial steam turbines can be
divided into two modes of operation: Isochronous con-
trol, and sneed reculation (droop) control. Isochro-
nous spuend contrel i1s used for turbine-aenerators cp-
cerating in an isolated electric system. This mode of
control mav be reauired when a cogeneration plant, which
is normally connected to a utility system, becomes dis-
connected from the utility arid.
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When a turbine-generator operates electrically connected
("in parallel") with a utility system, the cenerator
speed is synchronized or "locked into" the electrical
system frequency. The turbine control mode can be one
or more of the following: base (power) loaded, steam
pressure control, or "slaved" to a plant master control.

A turbine-generator which is electrically connected in
parallel and synchronized with an electrical system is
normally base loaded by adjusting the speed/load reference
while in the droop governing mode. The amount of load
carried depends on the speed/load reference which is
selected and the boiler pressure. This control mode is
frequently called speed/load control. It may be op-
erator adjusted or directly controlled by the Tie ILine
Control Subsystem.

A simplified block diagram of a turbine speed/load con-
trol is shown in Figure A8,2-3.

LOAD
TORQUE
SPEED VALVE POWER  |ACCELERATING
ERROR TROKE TORQUE TORQUE SPEED
PR WMARY SECONDARY CONTROL .
RELAY RELAY VALVE ¥ TURBINE =
FEEDBACK
SPEED
SPEED
GOVERNOR

Figure AB8.2-3. Block Diagram of a Turbine
Speed Control

"Pressure governina" is used to control process steam
conditions. A proassure governor controls the pressure
of inlet steam, extraction steam, or exhaust steam ac-
cording to its location in the control svstem. 1In each
application, it senses chances in steam pressure and
moves the control valves as reaquired to maintain the
pressure approximately constant. Pressure governing
can be integrated into a speed governing system or it
can be the exclusive turbine control in applications
where turbine-generator speed is maintained by system
electric freguency. The most common application of
pressure governing is in conjunction with speed govern-
ing on automatic-extraction turbines. A block diagram
of a pressure governing control system is shown in
Figure A8,2-4.
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In addition to the normal turbine-generator control func=-
ticns, it is also necessary to provide turbine-generator
protection for abnormal or emergency conditions. Steam
turbine-generators are designed with separate and dis-
tinct control systems for normal and emergency modes of
operation. These systems are entirely independent of
each otner. The normal control system provides a means
of starting and sto)ping the eauipment, placing it in
service, and controllinc sveed, load and extraction pres-
sures while operating with normal system perturbations
and excursions. The emergency control system provides
orotection acainst failure of the normal control system,
some critical element of the machine itself, or some part
of the related plant equipment or connected system. The
primary functions of the emergency system are to prevent
or minimize damage to the turbine-generator or associated
plant equipment, to prevent personnel injury, and to main-
tain the equipment in condition for return to service
with minimum delay.

Boiler-turbine-generator startup/shutdown control pro-
vides the means of coordinating the startup and shtudown
of these major plant subsystems. In earlier plants this
was larcelv a manual step-by-step operator function.

More modern plants incorporate interlocking and semi-auto-
matic or fully automatic sequencing of mechanical and
electrical plant equipment. Depending on the design and
implementation, this may include both normal and emergency
startup and shutdown functions.

Generator control primarily includes the monitoring and
control of basic generator cooling, lubrication, ana
excitation conditions. The excitation subsystem which
controls the generator voltage, reactive volt-amperes,
and power factor is complex. If the cogeneration plant
is under joint utility-industrial ownership with an
excess of electric power, the utility will probably want
to exercise some decree of control over the generator
excitation to assist in utility system voltage and
reactive volt-ampere control. Industrial power contracts
often require that the power factor be controlled within
prescribed limits. Thus, the power factor is controlled
using the lccal ceneration excitation svstem.

Process control implies discrete mechanical-electrical
control of the process startup, shutdown, normal process
operation and emercency control. Since this is also
specifically oriented to the process ard in the domain
of the plant control, further elaboration is not con-
sidered appropriate in this discussion.
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® Plant auxiliaries control invelves the actual control
and switching of the plant electrical distribution sys-
tem. In addition to normal switching and control, ab-
normal and emergency control and protection is included.
This applies to all circuits supplied by the plant auxi-
liary electrical subsystem.

® Monitor and alarm functions for both boiler-turbine-gen-
erator and process conditions have been implemented with
a wide range of equipment and subsystems. Earlier
plants primarily used individual instrument displays,
recorders, alarms, and annunciators all for local plant
operator use. As solid state electronics have progressed,
the monitor and alarm subsystems have more commonly been
orovided by automatic data acquisition systems. Modern
computer-based plant controls have combined this func-
tion into overall master plant control, monitor and alarm,
operator interface, and (where reguired) data transmission
functions.

In summary, a modern cogeneration plant control system is a
complex, integrated, coordinated arrangement of many control sub-
systems, which operates to maintain the plant integrity during
normal operation and also during emergency or abnormal conditions.
External control, such as might be exercised by a utility dispatch
center, is limited to the degree provided by the basic cogeneration
plant design and the constraints reguired by the associated process.
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A8.3 COGENERATION PLANT SIZE, EFFICIENCY, AND AVA'" ABILITY

This subsection discusses the size, efficiency, and avail-
ability of cogeneration plants which would be connected to a util-
ity distribution system.

A8.3.1 SIZE

Various studies(38'4°'4l'43) have examined and identified
ranges of cogeneration plant size (electric power and process heat/
steam). The range of kW rating identified varies from 0.5 Mw(40,42)
to 1000 Mw. (38

These cogeneration sizes covered equipment configurations
ranging from reciprocating engines and small ccmbustion turbines
at the lower kW ratings{42) to advanced cycles such as molten car-
bonate fuel cells at the high end. (38) For the present and near
term (1985), however, the greatest cogeneration potential appears
to be in sizes above 5 MW. The size of cogeneration plant which
would be connected to a utility distribution system at distribution
substations or subtransmission voltage levels would be up to 30 Mw,
with the majority being in the 5 to 15 MW range. Plants of larger
ratings would probably be connected to major substations, due to
the need for reliable supply, voltage regulation, energy trans-
mission efficiency, and system stability.

AB.3.2 EFFICIENCY (FUEL ENERGY UTILIZATION)

A high plant fuel energy utilization coefficient reduces total
fuel cost and is the major economic advantage of cogeneration fa-
cilities. The overall plant efficiency is affected by the basic
thermodynamic cycle of the plant, which in turn is influenced by
the type of system, equipment, and process involved. For a large
cogeneration plant using process steam and having a good balance
of power/heat ratio, overall fuel utilization in the order of 80
to 84 percent may be obtained.(44) By comparison, the best modern
coal-fired central station power plants with environmental protec-
ticn constraints only expect about 35 percent efficiency. The dif-
ference is that the heat rejected to condensers in the central sta-
tion power plant is largely wasted whereas it is put to productive
use in the (cogeneration) process plant. The effect of this "dual"
use of the heat derived from the fuel is that the fuel chargeable
to power (FCP) in a steam producing cogeneration plant is in the
range of 4200 to 5000 Btu/Wh as compared to 9700 to 10000 Btu/kwh
for large central station plants. Reciprocating engine cogenera-
tion plants tend to have somewhat lcwer overall efriciencies and
higher FCP rates, i.e., 6500 Btu/kwh. (40,42)

A8.3.3 AVAILABILITY

In the moderate to large cogeneration plants where mature
steam turbine, combustion turbine, and diesel equipment is applied,
the availability of equipment is quite comparable to utility system
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experience. Regarding overall plant availability, the design and
configuration of the plant's heat/steam producing equipments, com=-
mon headers, spare units, and utility tie reliability all affect
plant availability. It is obvious that where large manufacturing
processes and material production are involved, availability is of
prime importance and receives appropriate attention in the system
design stages. Unscheduled shutdowns cause large losses of reve-
nue and thus warrant capital investment in appropriate redundancy
and backup features.

Since cogeneration is a mature technology, the required equip-
ment and systems capability exist within the present industrial
structure. The determining factors in the future growth of cogen-
eration w'll involve economics, the regulatory climate, fuel
allocation,/ntilization r.ies, tax structures, and environmental
constraints.

Various projections have been made regarding the potential
for cogeneration exparsion. Under present conditions of institu-
tional regulations and incentives, it has been estimated by DOE
that a total of 26,000 to 80,000 MW of generating capacity may be
added by the year 2000. With incentives (i.e., favorable regula-
tory, tax, environmental, fuel policies, etc.), DOE has estimated
that 57,000 to 190,000 MW is possible by the year 2000 in new co-
generations facilities.
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A8.4 ECONOMIC CONSIDERATIONS

Economic analysis is much more complex for cogeneration
plants than for plants dedicated solely to producing electric
power. The cogeneration plant's viability from a profitability
standpoint is a major concern of the owner(s). Depending on
ownership, the incremental cost comparison methods used for
analysis may be applied to: a) the incremental cost of produc-
ing electric power in addition to the primary plant function of
producing process steam, (industrial ownership) or b) The in-
cremental cost of producing steam from a plant primarily inten-
ded for electric power production (utility ownership). Histor-
ically, in the U.S., the situations described by (a) have been
predominant.

To begin an investigation of a potential cogeneration faci-
lity, a set of four indicators give a general indication of the
economic viability. These indicators are represented by a set
of four charts shown in Figures A8.4-1, A8.4-2, AB8.4-3 and A8.4-4.
Additional considerations are:

(4

® The utility's ability to reliably serve the kilowatt
load

® The availability of waste or refuse fuels
® Boiler replacement

® Availability of a surplus of low-pressure steam in
the process, i.e., 100,000 1lb/hr at 5 to 100 psi

® Pressure reduction of over 150,000 lb/hr of steam

These indicators and additional factors permit preliminary
conclusions and indicate whether a full feasibility study may
be warranted. The detailed study should examine all aspects
and factors included in determining the incremental costs of
adding the power generation (or steam producing) capability to
a single function plant. With rising fuel costs, potential
cogeneration users will find the available reduction in overall
fuel consumption increasingly valuable. From the standpoint
of our national energy resources and supply, a net reduction
of fuel consumption can be achieved by this "active" conservation
method.
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A8.5 ACTIVE PARTICIPANTS

The following organizations and companies are representative
of those active in the development of cogeneration technology:

ASEA (Sweden)
Elliott Company
General Electric Company

Onan

Skinner Engine Company
Solar Turbines

Terry Steam Turbine Company
Turbodyne Corporation

Westinghouse Electric Corporation
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Section A9
OBSERVATIONS
A9.1 OBSERVATIONS OF IMPORTANCE TO DSG TECHNOLOGIES

The preceding descriptions of DSG technologies serve to bring
out a number of significant observations of importance to the es-
tablishment of the monitoring and control requirements for DSG.
These are:

1. Each DSG technology is a complicated system which has
to be controlled locally to achieve satisfactory results.

Each DSG system has several control subsystems which
must be integrated under a local master control and which nust be
responsive to normal and abnormal conditions as sensed locally.
Figure A9.1~1 shows how a remote distribution dispatch center
communicates through appropriate interfaces to a DSG to perform
scheduling and control, as well as to monitor DSG system status.
The DSG is under a local master control and may have local oper-
ator or automatic control, as well as local data acquisition and
alarm functions.

DISTRIBUTION
DISPATCH
CENTER

INTERFACE

DSG SCHEDULING AND CONTROL DSG SYSTEM STATUS MONITORING
- NORMAL DATA
- NORMAL OPERATION OF RE: . ABNORMAL DSG CONDITIONS
MAINDER OF SYSTEM

. ABNORMAL OPERATION

INTERFACE

DSG
LOCAL
MASTER
CONTROL
LOCAL DATA
OPERATOR ACQUISITION
CONTROL AND ALARM
LOCAL LOCAL OPERATING
SUBSYSTEM SUBSYSTEM B ERGENCY MODE

CONTROL CONTROL CONTROL

Figure A9.1-1. Relationship of Distribution
Dispatch Center to a Tvpical
DSG Showing Monitorina and
Control Information Exchanae
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For proper stability and safety of each DSG, it is important
that it be controlled locally. However, for each DSG to be able
to contribute power to the electric distribution system as needed,
it is desirable that remote supervisory control of the DSGs from
the distribution dispatch center be available.

The remote monitoring and control of the DSG tends to be
of a supervisory character. It establishes setpoints, monitors
DSG conditions so that reasonable setpoints may be established,
and identifies when conditions are normal or abnormal and what to
expect from the remote DSG unit. Although the nature of the speci-
fic commands from the distribution dispatcher may be different
in detail for each type of DSG technology, the resulting power
input from each of the DSGs to the electric distribution network
can be comparable in kind.

2. Since each technologv has its own particular subsystems
and characteristics, the communications to and from the DSG must
be tailored to the needs of each DSG technology and may, there-
fore, differ in detail.

It may be necessary to have monitoring and control in-
formation in several categories: those of low, medium, and/or
high precision, as well as those of slow, medium, and/or fast
time response. The definition of low, medium, and high precision,
and of slow, medium, and fast time response has not yet been
{inalized. It will be necessary to analyze in more detail these
various requirements for each of the DSGs. An effort should be
made to develop an appropriate modular approach to the hardware
and software of the monitoring and control links to the various
DSGs so that communicatine to them appears the same to the distribu-
tion dispatcher, and yet each DSG component can have the specific
instructions it requires.

3. From the dispatch center's point of view, DSGs appear to
be remotely controlled activities like other bulk generation
sources or transmission control points.

Since the dispatch centers already have existing super-
visory control and data acquisition (SCADA) cvies to the bulk
generation and transmission equipment (see Figure A9.1-2) an
effort should be made to determine whether the monitoring and
control for the distribution system should be similar to or
different from that for generation and transmission. Perhaps
the existing choices of control and data for low, medium, and
high precision and for slow, medium, and fast time response can
be found to be acceptable for use with DSGs. If possible, generic
means for monitoring and control of DSGs should be sought so that
special custom-designed control means are not required for each
DSG technoloay.
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INTERFACE
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Figure A9.1-2. Dispatch Center's Interconnections
with Generation Sources, Transmission
Ties, and DS5Gs

4. Scheduling and control of remote DSG units should be
based on the need to make the overa.l system service, i.e., gene-
ration, transmission, and distribution, most effective.

Schedulina of DSG power involves a measure of uncertainty,
e.qg., wiether the sun is shining or what the wind speed is.
Operation of the remainder of the system is 2lso subject to some
unforeseen changes with time because of load demand or equipment
availability. The combination of monitoring and control of the
DSGs' power contribution and the monitoring &nd control of the
remainder of the generation and transmission system should provide
the information base on which modifications to DS5 generation
and characterization ot the remainder of the controllabie system
can be made.

5. The characteristics of the DSG technologies determine
the electrical nature of the power generated ard, therefore, the
form and nature of local control required.

In addition, the extent tc which the DS&C scheduling can
be performed is also influenced directly by the form of DSG
and its energyv source.,

Table A9.1-) shows the relationship detween the type of
DSG and the form of electrical eneray which is produced. bLaseu
on the initial form of electrical energy produced, the actual
control requirements will differ in the fashion indicatad.

1ne type of DSG technology also has & definite bearing
on the extent to which scheduling is pecssible. Table A9.1-2
indicates that certain technologies such as fu=l cells, stcrage
batteries, hydro, and cogeneration can be scheduled in advance.
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Other DSG technologies, such as wind, and under some circumstances,
hydro and cogeneration, have little possibility ot being scheduled.

Table A9.1-2

RELATICONSHIP BETWEEN TYPE OF DSG AND FORM
OF ELECTRICAL ENERGY

INITIAL FORM OF ELECTRICAL ENERGY
AC DC
Steam Mechanical Converter-
Type of DSG Generator Drive Inverter Inverter
Solar Thermal Electric X
Photovoltaic X
Wind X
Fuel Cell X
Storage Battery X
Hydro X
Cogeneration X

Table A9.1-2

RELATIONSHIP BETWEEN TYPE OF DSG AND
EXTENT TO WHICH SCHEDULING IS POSSIBLE

POSSIBLY LITTLE
CAN BE MAY BE SCHEDULING
TYPE OF DSG SCHEDULED SCHEDULED POSSIBLE
Solar Thermal Electric X
Photovoltaic X
Wind X
Fuel Cell X
Storage Battery X
Hydro With Storage X Run of River
X X
Cogeneration Utility Owned | When Proc-| Irdustry
X ess Known Owned
X X
Jointly Owned
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6. Monitoring of DSG should be done for both normal and
abnormal operation.

the DSG power generated and energy available should be provided.
Under abnormal conditions at the DSG or in the remainder of the
system, it may be necessary to have data reported on a more
frequent basis.

7. Information pertaining to DSG equipment size, efficiency,
availability, and cost 1s useful in establishing whether, when,
and where a DSG should be installed and dispatched.

:

Under normal operation, regular periodic reporting of I

1
Information of this sort also will have an influence on !

establishing the scheduling and/or control algorithms alluded to ]

in observations 4 and 5. |

|

The economics of DSG under production-lot conditions may |

at present not be sufficiently well-known or attractive to cause 1

widespread electric utility acceptance. Nevertheless, in the long !

run, economic information must be incorporated into the scheduling

and control decision-making process. This will permit the power

dispatch operator in conjunction with the DSG automatic control

to provide electric distributidbn svs-em operation which will result 1

in lower operating cost for the total system. The influence of '

these economic, performance, and availability characteristics on

the monitoring and control requirements of each DSG has yet to be

established. Ultimately, the bases for decision-making must be

included as part of the scheduling, control, and monitoring of

the DSG.
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