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ASSESSMENT STUDY OF DEVICES FOR THE
GENERATION OF ELECTRICITY FROM
STORED HYDROGEN

by

John P. Ackerman, John J. Barghusen,
and Leonard E. Link

ABSTRACT

A study was performed to evaluate alternative methods for the
generation of electricity from stored hydrogen. The generation
systems considered were low-temperature and high-temperature fuel
cells, gas turbines and steam turbines. These systems were evaluated
in terms of present-day technology and future (1995) technology. Of
primary interest were the costs and efficiencies of the devices, the
versatility of the devices toward various types of gaseous feeds, and
the likelihood of commercial development. On the basis of these
evaluations, recommendations were made describing the areas of
technology which should be developed.

1.0 INTRODUCTION

This study was undertaken in response to a request from the Energy
Storage Division of the Energy Research and Development Administration for
an evaluation of alternative methods of generation of electricity from stored
hydrogen. This evaluation centered primarily on fuel cells and various
turbine systems, since only those devices which are likely to be brought to
commercial use within twenty years were to be considered. Because of the
length of time required for the development of magnetohydrodynamic (MHD)
systems, these systems were not evaluated in depth. Contributions from
experts in the areas of fuel cells and turbine systems were solicited and
these contributions form the basis of the technical evaluations made herein.
Also, in order to judge the relative importance of the technical, environ-
mental, and economic characteristics of the various generating systems,
representatives of several utilities were asked to evaluate and critize the
content of the report.

The focus of this study is on the conversion of hydrogen to electricity
only. Although it is recognized that the systems aspects of a hydrogen-
storage scheme for utility production of electrical power are of critical
importance, the intent of this study is to provide an evaluation specifically
of the generating part of the system.

Upon consideration of other aspects of the system, the following approaches
were taken. First, when data about other system components were needed, they
were obtained from existing literature; no effort was made to develop indepen-
dent information. Second, the fuel and oxidant fed to the generating device
was specified to represent the range of feeds that would exist in various
storage systems. Third, where the characteristics of the generating devices
required a storage system of a specific type, this was discussed.



The need for energy storage in a utilities system follows from the nature
ctrical demand, and the characteristics of the generating
The demand curve of one utility is
As can be seen Figs. 1.1

of the varying ele
equipment available to meet the demand.

presented in two ways in Figs. 1.1, i1 2 and e 3
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Fig. 1.1 Weekly Load Curve of an Electric Utility

and 1.2, there are seasonal, weekly, and daily variations in demand. This
varying demand results in maximum load on generating capacity for only a few
hours each year, tapering to less than 40% of maximum load that is required
at all times, as is shown in Fig. 1.3. Three regions under the curve in

Fig. 1.3 usually are distinguished. The base load region is that part of the
generating capacity which can be on stream nearly all the time. Base load
generators are not required to have a widely varying output, since they tend
to be run continuously at or near rated power. They must produce electricity
at minimum cost, because they generate the largest fraction of the total
electric energy output. These base load generators are typically nuclear

and large fossil steam plants. The capital cost of these generators is spread
over a large number of operating hours per year; hence, a premium in capital
cost can be paid to use inexpensive fuel and to achieve high efficiency.
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At the other extreme, peaking generators operate relatively few hours
per year and must, therefore, have a relatively low capital cost. These
generators are brought on-steam rapidly to meet the variations in load as
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Fig. 1.3 Annual Load Duration Curve of an Electric Utility



they occur, are frequently turned on and off, and at times are operated aF

Low capital cost and operating flexibility are currently achieved
These generators currently use premium fuels
Electrical energy

part power.
at a sacrifice of efficiency.
which are expensive and likely to be in short supply.

from peaking generators is correspondingly expensive.

As the name indicates, intermediate load generators fall between these
extremes in cost and efficiency. The intermediate-load demand may be met

by a variety of generating plants, such as older, less efficient fossil '
steam generators, or fossil fuel fired gas turbines of combined cycle design.

The objective of utility energy storage is to allow base load generators
to provide more of the electrical demand, and thereby reduce the cost of
delivered electricity and the use of premium fuels. A storage system would
accept energy when the output of the base load equipment exceeded electrical
demand and deliver that energy as electrical power during period of peak

electrical demand.

Several methods of storing energy are in use or are proposed. One such

system is pumped storage, in which off-peak electrical energy is used to

pump water from a lower to a higher reservoir. During peak hours, that
water is allowed to return to the lower reservoir through the pump-turbine

to generate electricity. These systems are relatively inexpensive and

return about two thirds of the energy input, but the number of sites avail-
able for the reservoirs is limited and there is marked public opposition

to their development. Another method is to store electrical energy by con-
verting off-peak ac power to dc, using the dc power to charge batteries, and
then discharging the batteries through a converter to provide ac power during
periods of peak load. Energy return for a battery system might be about

the same as pumped hydro.l All the energy must be stored within the batteries
themselves; the storage and generating functions cannot be decoupled, Z.e.,
the energy cannot be cheaply stored in an external tank. Thus the cost of
long-term (weekly and longer) storage tends to be higher than that for

daily storage. Certain other storage schemes, such as those involving fly-
wheels and superconducting magnets, share this characteristic.

A fairly common characteristic of electric utilities is that much of
their usable off-peak energy is available on weekends, especially Sundays.2
For this reason, and because the storage capacity of hydrogen storage systems ; ; |
is independent of the charging and generating devices, hydrogen storage
systems will probably be used more for weekly and longer term storage, per-
haps in a mix in which batteries handle more of the daily storage duty.

Hydrogen storage systems may differ in the method of hydrogen genera-
tion, and whether or not oxygen storage is available. Two ‘general kinds of
hydrogen energy storage systems can be envisioned. The first type involves
the electrolytic production of hydrogen and oxygen by off-peak electrical
energy. In this case, several storage options are available: 1) both the
oxygen and hydrogen can be stored as high pressure gases in a tank or per-
haps underground, 2) the gases can be stored as cryogenic liquids, or, in
the case of hydrogen, as a metal hydride, or 3) only the hydrogen can be
stored, and the oxygen sold or put to some other use. In the second type



of hydrogen storage system a hydrogen-rich fuel is synthesized continuously
(from coal, for example) and used for the generation of electricity. During
off-peak periods the amount of fuel in excess of electrical demand is stored.
During periods of peak demand, the stored fuel is released to the generator
to make electrical power. As a variation of this system, some or all of the
hydrogen-rich fuel produced during period of low electrical demand can be
sold.

In this study, four classes of hydrogen feed were specified. Case A
represents the storage of electrolytic hydrogen and oxygen. The feed would
be essentially free of contaminants except possibly water. Case B represents
the storage of electrolytic hydrogen, but not oxygen. Cases C & D are coal-
or refuse-derived gaseous fuels used with air (or perhaps oxygen from an air
separation plant). Case C fuel is relatively pure hydrogen from a shift
reactor at the gasifier site. It is specified to contain <1 ppm of sulfur
compounds and <1% of carbon oxides. Case D fuel is unshifted gasifier out-
put, containing hydrogen, CO, and CO,. Depending upon the nature of the
gasification process chosen, CO, levels might be quite low (10% from the CO»p
acceptor process,> for example) or it may be desirable to scrub the CO; at
the gasifier. Sulfur levels could vary up to 100 ppm and there might be
considerable methane in some processes. As an interim source of Case C or
D fuel, some companies might choose to synthesize the gas from petroleum
products. Also synthetic products, such as methanol and methane from coal
or refuse, could be processed to yield Case C and D feeds by steam reforming
and, in Case C, by the water-gas shift reaction.

The important characteristics of a generating device for use in a
hydrogen energy storage system can be divided into those directly related
to storage cost and those related to integration of the storage system with
the rest of the utility network. Cost-related factors are efficiency, capital
cost, life, and operating and maintenance costs.

Efficiency of the generating device not only affects the amount of
energy that must be put into the storage system for a given output, but it
acts to fix the size, and hence the capital cost of all other system com-
ponents (except the dc-ac inverter or alternator). For this reason money
and effort are better spent improving the efficiency of the generating device
than of the hydrogen producing or storage components. The efficiency values
presented in this report are all based on the Higher Heating Value (HHV)
of hydrogen.

No single number can be cited for '"the efficiency" of a generating device.
Efficiency of many devices can vary greatly at part load and at rated load.
Efficiency of a given type of device may also vary with rated size, larger
units often being more efficient than smaller ones.

Capital costs and useful life are clearly important factors in deter-
mining the costs of storing energy, and must be balanced against efficiency.
Estimates of present and future costs and efficiency are presented for each
device so that they may be factored into the economic tradeoff for the



storage system as a whole. The projected cost values for devices presented
in this report are for equipment as it would be sold in a developed commer-—

cial market.

A number of other characteristics of generating devices are less directly
related to operating cost, but nonetheless are important in consider?ng'the
use of a particular device within the utility network. Pollutant emission
is one of these. If a device has low thermal, noise and chemical pollution,
it is much more flexible in site requirements, and could be sited near or
within urban centers where loads are heavy and transmission costs are highest.
Another essential characteristic is the ability of the generator to respond
rapidly to varying load. The nature of '"peak shaving' energy storage use is
such that the storage system must satisfy only a varying load, and would
operate at part power or zero power most of the time, so that startup should
be fast. Also, the power output of the device may be required to change
rapidly throughout its duty cycle to follow the changing load. Another
characteristic is modularity which allows flexibility of sizing and siting
and acts to reduce installation cost, which can in some cases approach the

capital cost of the generator itself.

Evaluations were performed on low-temperature and high-temperature fuel
cells, gas turbines, and steam turbines for both present-day technology and
future (1995) technology. Of primary interest were the costs and efficiencies
of the devices, the versatility of the devices toward various types of gaseous
feeds, and the likelihood of commercial development. On the basis of these
evaluations, recommendations were made describing the areas of development

which should be supported.

2.0 FUEL CELLS

2.1 Present Status

2.1.1 Cells with Aqueous Acid Electrolyte

Of all fuel cell systems the aqueous acid electrolyte systems
are the most highly developed, and the best estimates of cost and life have been
made for these systems. The cells operate in the temperature range from 175
to 200°C using a phosphoric acid electrolyte and supported noble-metal cata-
lysts at very low loadings.

The cells are essentially insensitive to CO,, which acts only as an
inert diluent to the fuel or air stream. Any CO present in the fuel stream
decreases the activity of the noble metal catalyst, but at these temperatures
acceptable catalyst activity remains at CO levels of a few tenths of one
percent. Therefore, these cells are an excellent choice for Case C fuels -
those containing up to one percent carbon oxides. For CO levels much above
one percent (Case D fuels), it will be necessary to add a "shift' converter
before the fuel reaches the fuel cell, to promote the water-gas reaction in
which CO reacts with steam to form CO, and hydrogen. The shift converter is
almost thermoneutral; hence, it has little effect on generator efficiency.
The output of the shift converter contains about 1% CO; this would be reduced
to tolerable levels by including a methanator to combine CO with some H; and



form methane, or by adding air or oxygen and selectively oxidizing the CO to
COp on a catalyst.

Since phosphoric acid cells are relatively well developed, it may be
desirable to use them, at least initially, in systems providing Case B and
Case A feeds. In Case A, cathode performance would increase considerably,
and higher efficiency would be accompanied by higher power density, which
translates to lower cost. Estimated cost and efficiency data on the four
feeds are as follows:

Case A Case B Case C Case D
Capital Cost?, $/kw 160 225 225 225
Efficiency (HHV), %P 44 42 ) 38

These data are probably as reliable as any available for utility-type
fuel cells, but it must be noted that no units are commercially available
at present and are not likely to be before 1980. On the other hand, the
development programs for these cells have been much larger than for any
other type, and they are closest to commercial delivery.

Estimated (goal) lifetime is 40,000 hr of operation (with 5% loss of
efficiency in that period). Although this lifetime appears to be technically
feasible, and much evidence exists to support optimism on this point, the
lifetime goal has not been demonstrated. Actual lifetime demonstration will
require five years of operation.

2.1.2 Cells with Membrane Electrolyte

The electrochemistry of membrane electrolyte cells is basi-
cally the same as that of phosphoric acid cells, but the acid functional
groups are chemically bounded to a submicroscopically fluorocarbon plastic.
This provides some advantages in physical control of the electrolyte and in
cell construction; for example, relatively thin electrolyte sheets can with-
stand substantial pressure differences. However, since the effective molecular
weight of the electrolyte is high, there is virtually no water vapor pressure
suppression, and both the fuel and the oxidant must be saturated with water.
As the cell operating temperature is raised, the fuel and oxidant streams
are diluted to an increasing extent with water. This effect is especially
noticeable at the air electrodes and has limited the operating temperature of
these cells to about 150°C. For use with fuels containing CO, higher tem-
peratures are desirable, because the poisoning effect of CO on noble-metal
anode catalysts is mitigated. At 150°C, CO levels must be reduced to much
lower levels than at higher operating temperatures of, perhaps, 175 or 200°C;
therefore, more extensive CO removal is required than for the phosphoric
acid cells.

Useful life and efficiencies are quite good. For small, 4-cell experi-

aCapital cost is estimated price, including inverter, FOB factory.

bEfficiency expected after 40,000 hr of operation at temperature.



mental units operated at 80°C and 120 A/ft?, lifetimes of more than 34,000
hr have been demonstrated on pure hydrogen and oxygen with essentially no
loss in performance. Manufacturing cost is currently projected to be very
high ($65-70/ft? or $150-160/kW for cells alone, operating on oxygen) ,
largely because of high (4 g/ftz) platinum loadings, complex cell parts made
of expensive niobium and titanium, and relatively expensive electrolyte. For
operation on air, present performance results indicate a much higher cost,
because of limited power density.

2.1.3 Cells with Aqueous Base Electrolyte

Two characteristics stand out in this system. The first is
superior electrochemical performance, even at modest temperatures. The
second is great sensitivity to CO,. If this system is developed, it would
probably be the cheapest and most efficient type of all, since temperatures
are low and materials can be cheap and easily mass produced. Noble metal
catalysts would probably not be required, yet high efficiency is expected.
The reason that conventional base electrolyte systems are not as well developed
as acid electrolyte systems is that either (1) CO, in the fuel and oxidant
streams must be scrubbed to considerably less than the parts—-per-million
level or (2) some provision for preventing carbonate deposition, especially
within the porous gas electrode structure, must be developed. COp from other
sources, such as from materials of construction or from diffusion through
feed hoses, etc., would have to be similarly controlled. This is a serious
problem, and one not easily overcome.

However, a major investigation is under way to develop an alkaline fuel
cell that can tolerate COp. The decrease in cell performance due to car-
bonate formation is overcome through an integrated cyclic-decarbonation
concept analogous to the power and exhaust cycles of piston engines. Each
cell automatically cycles between a power-generating phase and an electrolyte-
decarbonation phase. Although fuel is consumed during decarbonation, the
alkaline conditions during the power cycle lead to highly efficient electrode
reactions which offset this factor. As a result, alkaline systems with
provisions for decarbonation promise to be more efficient and generate higher
power than systems currently developed.

2.1.4 Cells with Molten Carbonate Electrolyte

These cells operate at temperatures above 600°C, where the
activity of the catalyst (not a noble metal) is very high, and most of the
energy loss in the cell is due to electrical resistance, especially in the
electrolyte. Carbon monoxide is not only tolerated, but is actually consumed
by these cells; hence, they are well suited for use with fuels containing more
than 17 CO. 1If a carbonaceous fuel is used, the fuel conditioning system for
converting that fuel to hydrogen can be much simpler than for the lower
temperature cells.

Carbon dioxide must be furnished to the cathode of molten carbonate
cells, theoretically in the ratio of two moles of CO, per mole of oxygen.



This COs could come from the anode exhaust if a carbonaceous fuel was stored
and fed to the cell, but if Case A, B, or C feed was used, it would have to
be supplied from an external COp makeup system and probably also recycled
from the anode exhaust. This CO, is required because CO3 ions are the
current carriers in the electrolyte. They are converted to COp at the anode

by Reaction 1, and hence must be resupplied to the electrolyte at the cathode
by Reaction 2:

CO3 + Hy + Hp0 + COp + 2 e~ (1)
2 e” + 1/2 05 + COp, + CO3 (2)

If CO» is not supplied at the cathode, the electrolyte in that part of the
cell becomes rich in oxides, and thereby impairs the performance of the cell.
In addition to carbon dioxide management problems, historically problems with
corrosion have been encountered in the high temperature molten carbonate
environment of this cell. The present status of this system is that it is
under active development at a ''research" level. Large batteries have not yet
been produced, but if progress continues to be satisfactory, commercial pro-
duction might occur in the early to mid 1980's.

2.1.5 Cells with Solid Oxide Electrolyte

Solid oxide cells operate at a temperature near 1000°C, using
doped zirconium oxide electrolytes, which are oxide ion conductors. Theoret-
ical efficiencies of these cells are slightly lower than room temperature
cells, but this is compensated for by two factors: (1) the heat rejected
is at very high temperature and hence is very useful and easily recovered;
and (2) at these temperatures, polarization losses are nearly nonexistent, CO
is consumed, and even sulfur compounds are tolerable at relatively high levels
(50 ppm), so that very high fractions of theoretical efficiency can be achieved,
even with relatively impure fuel. At present, development effort on solid
oxide cells is at a very low level, because of several basic problems in
materials which must be resolved before engineering development can be under-
taken. The greatest of these problems is finding an intercell connector
material that can withstand both the anode and cathode chemical environments
and electrochemical potentials, that has a high electronic conductivity, and
that is leak-free and has a thermal expansion compatible with the rest of the
cell.

If these problems can be overcome, this type of cell would be usable in
principle with virtually any feed. At that time one would have to obtain
necessary data to consider how best to match the high temperature and the
availability of high quality reject heat to the needs of a storage system.

2.2 Future Developments

2.2.1 Cells with Acid Electrolytes

The major developments seen for acid electrolyte cells are
(1) verification of projected costs, lifetime, and performance of commercial-
size fuel cell generating systems, and (2) development of manufacturing
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facilities and significant commercial use of these systems. Depending upon
the level of investment assumed, the technical characteristics could be
essentially verified by the end of 1980. Early verification ?f t@is point is
likely because the degradation mechanisms within the cell, primarily the loss
of catalyst activity, are thought to be sufficiently well understood to allow
extrapolation from performance at, for example, 10,000 hr t? performance ?t
40,000 hr. By means of gradual engineering improvements, U?1ted.Technolog1es
Corp. predicts future increases in efficiencies of phosphoric acid systems of
about 4% for Case B and C fuels and about 6% for Case A and D fuels, at con-
stant cost (1975 dollars). It should be realized that cost and efficiency

can always be traded, one for the other.

United Technologies estimates that bringing these cells to the point of
commercial use would require expenditures of $5 to 10 million per year, once
the "research and development" phase is essentially complete. It is probably
possible to develop manufacturing capability for significant commerical sales

by early or mid-1980's.

2.2.2 Cells with Membrane Electrolyte

Future advances in this technology would almost certainly be

directed toward decreasing costs. Catalyst loadings can probably be decreased
by at least an order of magnitude, and the expensive metal components of the
cells might be replaced by less expensive materials, perhaps by other metals.
Membrane cost would still be high, but it may be possible to develop a mem-
brane material which not only is less expensive per kilowatt but is capable
of higher temperature operation, so that CO control is less critical. High
temperature operation would still be limited by the necessity of maintaining
water vapor pressure at saturation; therefore the estimates below for cost
and efficiency include CO removal equipment in Cases C and D. For Case D,
a shift reactor and some CO, scrubbing before the feed reaches the cell are
included in the manufacturer's estimates. Removal of CO, is not absolutely
necessary, but allows higher utilization of the H, content of the fuel, and
therefore was deemed economically desirable.

General Electric Company estimates that future selling costs and effi-
ciencies for a membrane electrolyte generator, including inverter and fuel
processing, as required, are as follows:

Case A Case B Case C Case D
Cost/kW $130 $200 $200 $220
Efficiency (HHV) 51% 447 437 437

2.2.3 Cells with Aqueous Base Electrolyte

The inherently superior electrochemistry of this system should
be translatable into lower costs and higher efficiencies than the acid and
membrane electrolyte cells can provide. Presumably base electrolyte cells
would be used for Case A generators, where electrolytic hydrogen and oxygen
would be available. Even for Case A feeds, a significant difference of
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opinion exists on the projected costs and performance of base electrolyte
cells, with opinions of the fuel cell experts consulted in this study about
evenly divided between the two estimates shown below. This difference is
illustrative of the danger in projecting the characteristics, especially costs,
of undeveloped technologies. For Case B, a CO, scrubber is required. It
should be possible to remove sufficient CO, from air to allow operation of

a type of cell with a circulating electrolyte. Exxon estimates the cost
increment as $10 to $20/kW, consistent with the lower cost technology of Case
A. They are studying the extension of base electrolyte technology to Case C
and D feeds, but their proprietary position and the state of development of
the technology make cost and performance projections inappropriate at this
time. Future projected costs and efficiencies for a commercial system are:

Case A Case B
High Cost/kW $150 -
Efficiency (HHV) 547 -
Low Cost/kW $90 $110
Efficiency (HHV) 60% 52%

2.2.4 Cells with Molten Carbonate Electrolyte

This type of cell would be applied to a carbonaceous fuel
feed, because of the CO, requirement discussed in Section 2.1.4.; hence,
Class D feed is the appropriate application. This feed could come from an
unshifted output of a coal or refuse gasifier or from reformed synthetic
carbonaceous fuels. Depending upon rate of the development of clean coal
fuels and the availability of petroleum products, liquid distillates could be
consumed in a interim period with essentially no difference in the power
plant design or performance from synthetic carbonaceous fuels.

Because of the high-temperature corrosive environment, and because of
the need for CO, management in this type of cell, a substantial development
effort is required, perhaps more than with any aqueous type of cell. However,
noble metals are not required to give electrochemical performance superior to
lower temperature cells, and fuel processing will be simpler and less expensive.
The result is that efficiency at the same cost is likely to be 4-5% higher
than phosphoric acid systems. Estimated cost is $225/kW, and efficiency is
estimated to be 517%.

2.2.5 Cells with Solid Oxide Electrolyte

The high quality waste heat associated with these cells
should be utilized, and this might be best accomplished by integration with
a coal gasifier. However, some bottoming cycle might be applied to recover
this heat. Recent research" indicates that electrolytes that operate at a
lower temperature may become available. These might ease the problems,
especially with materials, that are inherent in high temperature operation.
Even so, the high operating temperature of the cells and the availability of
high quality "reject" heat points the way more toward continuous rather than
intermittent or cycling use of this system. Adaptation to a storage system
would require considerable study.
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Efficiency of these cells is dependent mostly on whether oxygen is'
available, since Case C and D fuels are consumed directly. The HHV effi-
ciencies (not including waste heat recovery) are predicted to be

Case A Case B Case C Case D

Efficiency, HHV 47% 457% 457 447

Cell materials are relatively low in cost, but estimation of delivered
or even manufactured cost is entirely premature.

2.3 Summary of Cost and Efficiency Data for Fuel Cells

Table 2.1 present a summary of the cost and efficiency data for
fuel cells as a function of feed type.

3.0 COMBUSTION DEVTCES

The electrical generating devices discussed under this heading are gas
turbines, steam turbines, and magnetohdrodynamic generators (MHD) . Of these
three devices, gas turbines and MHD can use carbonaceous fuels as well as
hydrogen. The steam generator, as considered in this report, is a device
that can use only Case A or Case C fuel with high purity oxygen (probably
>95%) .

3.1 Present Status

3.1.1 Gas Turbines

0f the electrical generating devices considered in this
report, gas turbine generators are the only ones that are commercial and, in
their simple open cycle version, have a large amount of operating experience.
The extent of the use of these machines is illustrated in a two-part article
in a recent issue of Gas Turbine International.®

The advantages, disadvantages, cost and probable trends in improvement
are known for gas turbines. Since this is not the case for other generating
devices considered, only qualitative or perhaps speculative cost estimates
can be made for these other devices. The principal uncertainty centers on
the extent of experience of these various generating units. The manufacturing
capability for gas turbine is large, and turbine operating experience in
utility systems is extensive.

The industrial gas turbines are derived from the aircraft jet turbine
technology. As applied to the electric utility industry, gas turbines have
nominal maximum power ratings with the maximum being about 8% higher than
the nominal. The utilities tend to operate the turbines at the maximum rating
since the primary function of the turbines is to meet the short duration
peak demand.

Among the factors influencing the frequency of overhaul for utility
gas turbines, the three major ones, in order of decreasing importance are
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($/kW) and Efficiency (HHV) Data

Case A Case B Case C Case D
Acid Electrolyte
State of Art $160 $225 5225 $225
447 427 427 39%
Future $160 225 $§225 5225
517 477 47% 46%
Solid Polymer Electrolyte
State of Art $270 $600 $600 $620
51% 447 43% 437
Future $130 $200 $200 $220
517 447 437 437%
Base Electrolyte
Future High Cost $160 - - -
547 - = =
Future Low Cost $90 $110 2
607 52% 1
Molten Carbonate Electrolyte
Future - - - $225

Solid Oxide Electrolyte

Future

47%

457

457

517

447
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1) Type and quality of fuel
2) Quality of air
3) Level of applied thermal stress

Most utility turbines use petroleum distillate fuels. Experience in the
utility field has demonstrated that there is not only a detrimental influence
due to metals such as vanadium and sodium in the distillate, but also dis-
tillate fuels, per se, have a more detrimental effect on the turbine blading
than does natural gas. For example, one major utility indicated that 1 hr
of operation burning diesel oil fuel results in a wear equivalent to 1.43 hr
of operation burning natural gas. The use of the hydrogen fuels considered
in this study will cause no more wear than the use of natural gas. Contam-
inants in air have an effect on the blading similar to metal contaminants in
the fuel. This problem is especially severe where salt water mists are in
the air. A thermal stress problem arises largely from rapid startup from a
cold state. This type of startup tends to be the rule, not the exception,
and is independent of the type of fuel.

Gas turbines have operated in utility service for about 10 years and,
while this is not a desired lifetime for turbines, it is sufficiently long
to provide the judgement that a 20-3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>