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FOREWORD

| 2z

This application study of advanced power generation systems utilizing
coal-derived fuels was performed by United Technologies Research Center with
subcon’r::t assistance from Burns an' Roe, Inc. The study program has been
prepar: 3@ under Contract NAS8-33996 for Marshall Spare Flight Center of the
National Aeronautics and Space Administration. The technical work described
herein was initiated in September 1980 and completed in March 1981.

bace
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The technical results of this application study are presented in two
parts. The first part is an Executive Summary (Volume I) which provides a
concise review of all major elements of the study. The second part is a detailed
Technical Report (Volume I1I) describing the technology status of the three
advanced power generation systems studied (combined cycle gas turbine, fuel
cells, and magretohydrodynamics) and the performance of these generation systems
either utilizing a wmedium-Btu coal-derived fuel supplied via pipeline from a
large central coal gasification facility or integrated with a gasitication
facility for supplying medium-Btu coal-derived fuel gas.

A e

The United Technologies Research Center prc¢rided overall program management
and the major contributions to the combined cycle gas turbine and fuel cell power
plant evaluation. This effort involved:

Fred L. Robson, Program Manager

Robert D. Lessard, Deputy Program Manager
William A. Blecher

Stewart J. Lehman

W. Richard Davison

Burns and Roe provided the major contributions to the magnetohydrodynamics power
plant evaluation. This effort involved:

Albert W. Carlson

The study program was conducted under the general direction of Richard D. Kramer
and Robert Giudici of Marshall Space Flight Center.

The support and assistance of all the aforementioned individuals and organizations
in contributing to the successful completion of this study program is acknowledged with
sincere appreciation.
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Final Study Report of an Applications Study of Advanced
Power Generation Systems Utilizing Coal-Derived Fuels

Volume 11 - Technical Report

One of the most promising methods for utilizing coal for electric power
generation is to gasify it and then combust the fuel gas in an advanced technology
power generation system. The analysis of gasification/power generation systems
has been the subject of numerous studies in recent years. Despite the prolifera-
tion of studies it is oftem difficult to effectively utilize the data generated
because of the differing guidelines which have existed among the studies.
Consequently, if data were desired for a specific gemeration system application,
it is often necessary to develop the data unique to that application.

Two applications of interest to Marshall Space Flight Center (MSFC) involve
power generation systems that either 1) utilize a medium~Btu coal-derived fuel
gas supplied via pipeline from a large central coal gasification facility, or 2)
are integrated with a gasification facility for supplying medium—Btu coal-derived
fuel gas. Although previous studies have considered these applications, the
requirement still exists to evaluate the employment of specific power generation
systems in these applications, namely, combined-cycle gas turbines, fuel cells,
and magnethodydrodynamics (MHD), on a consistent basis. The objectives of this
study are to provide 1) descriptions of the state of the art for these comversion
systems and projections of future technological advances; and 2) an assessment of
the performance of each of these power conversion systems using medium-Btu fuel
gas. This document presents the results of Task 1 (Assessment of Systems Technology
Status), Task 2 (Description of Advanced Power Systems), Task 3 (Evaluation of
Advanced Power System Utilizing Coal-Derived Medium-Btu Gas), and Task 4 (Evalua-
tion of Advanced Power Generation System Integrated with a Coal Gasifier Producing
Medium-Btu Fuel Gas).

The work described in this report has been performed at United Technologies
Research Center (UTRC) and Burns and Roe, Inc. (B&R) under Contract No. NAS8-33996
with George C. Marshall Space Flight Center of the National Aeronautics and Space
Administration (MSFC).
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1.1 Assessment of Fuel Cell Power System Status

The objectives of this technology assessment have been to develop a data base
reflecting the current status of both phosphoric acid and molten carbonate fuel
cell power generation system technology and to provide an appraisal of probable
future development of the tecnnology. The scope of this assessment effort
included: a literature review of the current status of fuel cell technology;
summarization of fuel cell power generation system operational behavior and
experience; and a projection of the future course of fuel cell power gener-
ation system development with an indication of potential challenges which must
be met to fulfill the projections. The objectives of this technology assessment
effort as stated above provide the format for the following commentary.

Prior to reviewing the commentary, however, it may be appropriate to first
review the three appendices provided as background to the fuel cell assessment.
Appendix A.l includes a development of the electrochemical fundamentals associated
with fuel cells and is provided for the purpose of introducing the key fuel cell
performance relationships. Appendix B.l contains a discussion of the potential
advant ages of a fuel cell power generation system to a utility. Appendix C.1
furnishes a review uf the historical development of the fuel cell up to the
present programs.

1.1.1 Current Technology Status and Operational Data Base of Fuel Cell Power Systems

A fuel cell power system consists of a fuel processor that produces
Hy-rich fuel from raw and primary fuels, a power section that converts the
chemical energy in the gaseous feeds to dc power, and a power conditioner that
converts dc to ac power (Fig. 1.1.1-1). To utilize the heat rejected from the
fuel cell power system, a cogeneration system to supply thermal energy or a
bottoming power generation system to provide additional electrical output could
be added. A hydrocarbon fuel (natural gas, mined coal, solid waste, refined
petroleum products or resids, synthetic natural gas, naphtha, methanol, etc.) plus
steam, and heat recycled from the fuel cell section are fed into the fuel
processor to generate a gas rich in hydrogen, The fuel processor could be a
reformer, a gasifier, or a hydroprocessor, depending on the hydrocarbon fuel
used. The hydrogen-rich mixture is then fed to the anode side of the fuel cell
power section which is formed by fuel cells connected electrically in series to
generate the desired voitage. The dc power obtained is then processed by the
power conditioner (at about 95-percent efficiency) to produce the ac power to
meet the user requirements.

Fuel cells and fuel cell power systems are usually classified according
to the type of electrolyte or ion conducting media used. In the current
study effort two fuel cell types are of special interest: the phosphoric acid
fuel cell and the molten carbonate fuel cell. The technology of the phos-
phoric acid fuel cell has been highly developed. As such it is regarded as a

1.1-1
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first generation fuel cell. Because of the near-term application potential of
the phosphoric acid fuel cell, phosphoric acid fuel cell power systems will be
discussed first followed by a discussion of the technology of the more long-term,
second generation molten carbonate fuel cell power systems.

The topic of the commentary in the following sections is the current status
of both phosphoric acid and molten carbonate fuel cell power system. The format
for the discussion of these fuel cell power systems will be similar; a brief
overview of the principles of operation will be followed by a commentary relating
the important parameters which effect performance and identifying the current
state of techiology which defines these parameters. The material presented has
been collected from the recent open literature, a bibliography of which is provided
in a later section. One work was especially useful, however, and should be
cited and that is (The) Handbook of Fuel Cell Performance prepared under DOE
Contract No. EC-77-03-1545 by T. G. Benjamin, E. M. Camara, and L. G. Marianowski.

1.1.1.1 Phosphoric Acid Fuel Cell Power Systems

State-of-the-art phosphoric acid fuel cells operate at 150 to 200 C and 1
to 3 atmospheres. The electrical operating point is 0.55 to 0.65 volts/cell at
100 to 400 mA/cm? of electrode area. The present phosphoric acid cell is
adequate for utility applications. The fuel cell power system efficiency is 32
to 40 percent which is consistent with reasonable stack costs provided the
stacks are made by mass production techniques.

Although small phosphoric acid stacks have operated for extended periods,
the desired 40,000 hours has yet to be demonstrated. A 4.8-MW demonstration
plant containing all the equipment and facilities necessary to convert fuel
into ac electrical necessary to convert fuel into ac electrical power is being
constructed and will be operational this year.

Principles of Operation

In the phosphoric acid cell (see Fig. 1.1.1.1-1) gaseous hydrogen in the
fuel diffuses through the porous anode to a reaction site at the electrode
(solid)/electrolyte (liquid) interface where it is electrochemically oxidized
according to:

Hy » 20 2e” (1.1.1.1-1)

The electrons are transported through the external circuit, and the hydrogen
ions are conducted through the electrolyte to the cathode reaction sites.
Oxygen, which has diffused through the cathode, reacts with the hydrogen ions
and electrons (Eq. 1.1.1.1-2), and the product water diffuses back out of the
cathode:

1/2 0, + 21" + 2e” + Hy0(g) (1.1.1.1-2)
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The net reaction is:

Cell Components

A sketch of a conventional phosphoric acid fuel cell is displayed in Fig.
1.1.1.1-2. The cell is composed of a phosphoric acid electrolyte sandwiched
between two porous electrodes. The electrolytes are retained by either a thin
inert matrix or a thin pad acting as a blotter. The electrodes are porous
carbon catalyzed with small amounts of platinum. They are backed with porous
conductive support sheets. Sandwiching the entire cell are separator plates
which as the name implies separate adjacent cells. The separator plates are
ribbed to provide chanmnnels for the fuel and oxidant to flow to the anode and
cathode, respectively. A large number of these individual cells are then
assembled in series to provide the desired output power and voltage. For
example, the 4.8~-MW demonstrator to be used in Con Edison has fuel stacks with
approximately 460 individual cells.

One of the goals of past &nd current fuel cell programs has been to reduce
cell stack cost. One of the most notable achievements has been the reduction
of platinum catalyst required in the electrodes. Current cells require less
than 4 percent of the platinum used in earlier cells (0.75 mg/cm2 as compared
to 20 mg/cm2 of active cell area). This has been accomplished with minor
effect on cell performance (Fig. 1.1.1.1-3).

Another cell structure advance which promises to reduce fabrication costs
is the integral ribbed substrate (Fig. 1.1.1.1-4). This cell concept will also
provide increased electrolyte capacity. In part, the cost reduction is brought
about by the substitution of a 2-3 day process in place of the conventional
2-week molding and curing process which produces a complex bipolar/separator
plate. Aside from being complex, the molded processing method places a limita-
tion on the size of the plate that can be fabricated. Eliminating the size
constraint on the cell structure thereby provides the possibility to go to &
larger and more cost effective cell.

The unique features of the integral ribbed substrate concept are: 1)
replacing with a simple impervious flat plate the complex bipolar/separator
(which normally contains a ribbed reactant flow field on either side perpendicu=-
lar to each other); and 2) transferring the function of each solid ribbed flow
field onto a ribbed porous element which, after deposition of catalyst on one
side, behaves like an electrode and which is also designed to act as an
electrolyte reservoir.

General Performance Considerations

The magnitudes of the anode, the cathode (activation plus concentration),
and ohmic polarizations for a typical phosphoric acid fuel cell are shown in

- 4 o AAAMWJA_.L“ e et et
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Fig. 1.1.1.1-5. The upper curve represents the cell performance that could be
obtained if ohwic (approximately 15 mV/100 wA/cm?) and anode (approximately 5
av/100 mA/cm?) polarizations were eliminated. It also demonstrates the
significant gaxns possible if the cathode polarization (approximately 400
mV/300 mA/cm®) could be reduced. The relative magnitudes of the anode and
cathode polarizations illustrate why most recent cell electrochemistry research
is concentrated on the cathode.

Although the phosphoric acid fuel cell is much more developed than any
other fuel cell system, it is difficult to find clear parametric performance
data in the open literature. Therefore, in the following discussion on the
effects of various performance parameters on fuel cell performance, a baseline
system is used to illustrate the effect of parameter variations. The baseline
cell operates with H, and 0, at low utilization, atmospheric pressure, and
175 C. 1ts performance is shown Fig. 1.1.1.1-6.

Temperature Effects

Increasing temperature will enhance mass transfer, increase the reaction
rate, and usually decrease cell resistance, thus reducing polarization and
increasing cell performance. In the case of the acid cell, the additional
benefit of increased CO tolerance at higher temperature is realized. On the
other hand, increasing temperature results in increased corrosion, catalyst
sintering and recrystallization, and electrolyte loss due to evaporation, so
a8 compromise is required. Current cells operate at 190 C but work is in
progress to increase this temperature level.

The increase in cell performance which could be realized by increasing oper-
ating temperature is shown in Fig. 1.1.1.1-7 for a cell burning either reformed
methane (RM-1) with air, “2 with air, or Hz with 02 all at 50 psia and
300 amp/ft2 current density. It can be concluded from this illustration that
modest temperature increases on the order of 30 C above the current level of
190 C could produce significant (up to 10 percent) performance increases.

R e R

Pressure Effects

There are multiple incentives for operating & fuel cell at elevated pressure,
including integration with fuel processors, increased reactant partial pressure
(Nernst gains), and higher gas solubilities in the electrolyte. There sre also
problems associated with high-pressure operation such as increased component
corrosion resulting from the higher voltage. Phosphoric acid fuel cells
operate in the range of 1 to 10 atmospheres.

Increasing cell pressure will result in higher cell performance because of
decreased activation polarization at the cathode due to increased oxygen and
water partial pressure. The water dilutes the acid resulting in a higher
exchange current density (see Appendix A.1). An additional gain is reslized in
the open circuit potential due to the increased partial pressure of water and
oxygen.
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The increase in cell performance resulting from increasing pressure is shown
in Fig. 1.1.1.1-8. A correlation describing the relationship between cell
voltage change, 4V, and pressure ratio, P,/P,, as shown in Fig. 1.1.1.1-8, is:

AVp = 142 log (lePl) (1.1.1.1<4)

This correlation appears to be valid at least over the range from 190 C to 220 C
because the effect of pressure on cell performance is independent of temperature
over this range.

Reactant Utilization Effects

High reactant utilization in a fuel cell results in increased concentration
polarization, which reduces efficiency. Decreasing reactant utilization or
inlet concentration, however, results in decreased cell performance because of
increased concentration polarization (diffusion) and Nernst losses. To achieve
high system efficienies the reactant must be utilized, either in the fuel cell
or elsewhere in the system. For example, in 8 complete fuel cell system, snode
exhaust containing unreacted hydrogen is often burned to supply heat to the
fuel processor. Present utilizations are on the order of 70 percent oxidant
ané 85 percent fuel.

Oxidant

At 8 constant cathode potential the current varies linearly with oxygen
partial pressure. Data on the gains associated with using oxygea at the
cathode instead of air are contained in Figs. 1.1.1.1-7 and 1.1.1 !-8. The data in
these figures are represented by:

| J
(o, )2
®, ),

(1.1.1.1-5)

AVOZ = 103 log
2

where (B, ), and (P, ), are average oxygen partial pressures :* the csihode.
0,1 0,2
Fuel

Because the phosphoric acid fuel cell anode reaction is essentially rever-
sible, the effects of fuel composition and utilization are less critical to
cell performance. The available data concerning the effects of fuel composition
are more difficult to interpret because of the poisoning effect of carbon
monoxide, which is contzined in virtually all gaseous fuel cell feeds derived
from hydrocarbon (liyuid or coal) feedstocks. The cell performance change with
respect to hydrogen partiasl pressure is derived from the dats in Fig. 1.1.1.1-9.

1.1-13
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P

(Py,)2

(B, )
Hy'1

(1.1.1.1-6)

Ava2 (mV) = 77 log

The hydrgoen partial pressures are average values at the anode.

Reactant _Utilization

The effect of reactant utilization on a fuel cell is shown in Fig. 1.1.1.1-9,
There is a definite increase in cell voltage resulting from high oxidant utiliza-
tion while the level of fuel utilization has little effect on fuel cell voltage.
This data resulted from a test to evaluate a possible approach to achieve high
utilization without incurring increased concentration polarization.

Reactant Composition Effects

The ever widening selection of hydrocarbon fuel processing techniques have
presented the fuel cell with a wide range of fuels from which hydrogen can be
obtained. Knowledge of the various compounds esnecially the carbon, sulfur, and
nitrogen compounds which could effect the fuel cells is important.

Anode feeds derived from hydrocarbons will contain varying amounts of
methane, carbon dioxide, and carbon monoxide depending upon the fuel processing
techniques used. Both methane and carbon dioxide are inert in the phosphoric
acid fuel cell acting as a diluent. Carbon monoxide, however, will poison the
platinum catalyst. Consequently, the level of CO in the fuel gas must be
controlled. It is possible to mitigate somewhat the effect of CO on the anode
by increasing the cell temperature (Fig. 1.1.1.1-10). Although relatively
minor temperature increases will extend the acceptable CO level significantly,
the reverse is also true, a minor temperature decrease in an operating cell
could quickly lead to anode poisoning.

The low CO levels necessary for the operation of the acid fuel cell can be
achieved by conventional water-gas shift technology. Utilizing two beds
operated at 315-485 C and 175-350 C, respectively, the CO levels can be reduced
to 0.05-0.5 percent. With recent developments in sulfur-tolerant shift catalysts,
these low concentrations can also be achieved in the presence of H,S.

Advanced fuel processors operating on sulfur-containing fuels will produce
H)S that will enter the anode if not first removed. Testing of a fuel cell
running on fuel gas containing 130 to 200 ppm H,5 was characterized by long
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periods cf stable operation followed by rapid decay. The original performance
could be restored by removing either CO or H,yS fron the anode gas, indicating

a synergistic effect, or by increasing the cell temperature from 375 to 400 F.
The mechanism of H,S-CO poisoning is not well understood. Post-test analysis
of electrodes from shorter term cells showed no observable changes attributable
to exposure to HyS containing anode gas. Work to broaden the understanding

of the CO-H,S interaction in the phosphoric acid fuel cell is continuing.

While the technology for H,S removal is commercially available, the
necessity to remove large amounts of H,S may cause considerable logistic
problems or unrealistic system complexity, particularly with small dispersed
power stations.

Nitrogen will be present at the cathode of an air-consuming fuel cell,
and nitrogen-containing hydrocarbon feedstocks will introduce nitrogen compounds
(NH3, HCN, NOx) into the anode. In addition, nitrogen compounds can result
if nitrogen-free hydrocarbons are processed with air such as in autothermal
reforming or coal gasification. The nitrogen in this case will be primarily
molecular nitrogen, which acts as a diluent. Data on the interaction of
nitrogen compounds other than ammonia have not been found in the literature.

Ammonia reacts with the phosphoric acid electrolyte to form ammonium
dihydrogen phosphate (ADHP) according to:

H3PO, + NH3 + (NH,) H,PO, (1.1.1.1-7)
The formation of the ADHP results in a performance loss, possibly by changing the
conductivity of the acid or by reducing the activity of the platinum by covering
the active sites.
Suummary

Data for other possible impurities have not been reported but estimates of
maximum allowable levels are summarized in Table 1.1.1.1-1.

Fuel Processor and Power Conditioner

The fuel processor and the power conditioner are the two other subsystems
beside the fuel cell power subsystem which comprise a fuel cell power generation
system.

Fuel Processor

— e G - — — —

A number of studies have indicated fuel cell systems could operate efficiently i

with the potential coal-derived fuels. The principal effect of utilizing different

products will be on the amount and complexity of fuel processing equipment required.

This is illustrated in Table 1.1.1.1-2.

101-18
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TABLE 1.1.1.1-1

ESTIMATED MAXIMUM ALLOW..BLE IMPURITY LEVELS
PHOSPHORIC ACID FUEL CELLS

Maximum Limit

diluent
diluent
diluent
Figure 1.1.1.1-10
100 ppm
100 ppm
<1 ppm
<1 ppm

nil
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TABLE 1.1.1.1-2
FUEL PROCESSING EQUIPMENT REQUIREMENTS FOR DIFFERENT COAL PRODUCTS
IN PHOSPHORIC ACID POWERPLANTS
Fuel Processing Equipment

Coal Shift Water Water Steam
Product Re former Converters Recovery Conditioning Generation

High Btu Gas
(SNG)

1000 BTU
Ft2

Medium Btu gas
(H,; €0)
325 31U
Fr3

Medium Btu Gas
(H;) - - - -
325 BTV
Ft3

Liquid Product
(Naphtha or X X X X
Methyl Fuel)
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Alternatives to the steam reforming are being investigated to achieve the
capability of processing fuels containing substantial levels of sulfur and
unsaturated hydrocarbons. Bmphasis is being placed on operation at higher
temperature to achieve near complete fuel conversion over suitable catalysts.

The power conditioning subsystem converts the dc current from the fuel cell
stacks to alternating current and controls its flow into the utility network.
This function is accomplished through the use of solid state inverters. The ac
voltage output from the inverters is stepped up through transformers to the de-
sired level for utility distribution. Elimination of the power conditioning
equipment will result in a dc voltage output which varies from a maximum value
at low loads to approximately 75 percent of this voltage at rated power.

The power conditioner now available appears to be satisfactory for current
fuel cells and more advanced cells.

1.1.1.2 Molten Carbonate Fuel Cell Power Systems

State-of-the-art molten carbonate cells operate at 650 to 700 C and up to
10 atmospheres. The cell voltage is 0.7 to 0.9 volts/cell at 100 to 150 amps/
ftZ. The present molten carbonate fuel cell technology is at least five
years behind the phosphoric acid fuel cell technology. A fuel cell power system
utilizing a molten carbonate fue) cell could be 45 to 50 percent efficient. It
is too early in the development of the molten carbonate fuel cell to accurately
predict the final cost for the power system.

The endurance of molten carbonate fuel cells is still under investigation
with small-scale cells logging more than 10,000 hours. To date the benchmarks
in molten carbonate development have included thermal cycling of a 20-cell stack
with 12" x 12" cells and 1000 hours of operation of a 10" x 10" cell.

Principles of Oneration

In the molten carbonate cell (see Fig. 1.1.1.2-1) the electrolyte is a mix~-
ture of alkali metal carbonates (a molten ionic conductor at the cell operating
temperatures of 600 to 700 C) and ceramic particulates that retain the liquid.
Fuel enters the anode, and the H, reacts” at the anode/electrolyte interface
according to:

Hy + 003" ~H,0 + CO, + 2e” (1.1.1.2-1)

* Carbon monoxide in the fuel can also be oxidized, but a more favorable reaction
for the conversion of CO is via conversion o hydrogen by the shift reaction,
CO + Hy)0 - CO, + H). The hydrogen formed is then consumed according to
1.1.1.2-1.
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The product H,0 and CO, diffuse out of the electrode. At the cathode,the
following reaction takes place:

€O, + 1/2 05 + 2¢” » CO3" (1.1.1.2-2)

Note that CO, is formed at the anode and consumed at the cathode. For an
efficient molten carbonate fuel cell system, the CO, in the anode effluent
must be recycled back to the cathode. This could be accomplished by catalytic
combustion of the anode effluent to CO, and Hy0 plus Ny in the combustion
air), followed by mixing with air to produce the cathode feed.

Cell Components

A schematic of one repesting element in a stack of molten carbonate fuel
cells is shown in Fig. 1.1.1.2-2. Tue clectrolyte tile is held in place
between the two stainless-steel cell housings that form the anode and cathode
cavities. The holding force maintains low-resistance contacts between the
electrodes and the stainless steel current collectors and causes the housings
to bite into the electreclyte tile, forming a wet-seal that prevents leakage of
fuel from the anode chamber and oxidant froam the cathode chamber. In a stack
of several cells (series connection) the cn:11 separator must be able to withstand
both the high~humidity reducing environment of the anode and the oxidizing
environment of the cathode.

Carbon dioxide and oxygen diffuse from the bulk gas through the pores of
the cathode to a reaction site at the electrode/electrolyte interface. The
cathode is 70 percent to 80 percent porous NiO with & mean pore size of about
10 ym, formed by the oxidation of sintered nickel at operating temperatures.
The CO3' is conducted through the liquid electrolyte (a mixture of alkali
carbonates 62 or 50 mole-percent Li,CO; and balance K2003) molten at cell
operating temperatures. The electrolyte is held in place by inert LiAl0O,
particles to form the electrolyte tile (40~weight percent inert, 60-weight
percent electrolyte). Because iR loss is a function of tile thickness, tiles
are kept as thin as possible, 1.0 to 2.5 mm in current cells. The carbonate
ions react at the anode/electrolyte interface. The anode is sintered nickel
about 60 percent to 70 percent porous with a 5 ym mean pore size. The product
H,0 and CO, diffuse out of the cell through the porous anode into the gas
stream.

One of the major goals of current molten carbonate programs is to fabricate
cell stacks containing a large number of cells of sufficient size to produce
a significant power level. One of the most notable achievements in molten
carbonate fuel cell development has been the extension of current density by a
factor of four yet maintaining a8 promising level of cell endurance. Other
improvements are: 1) electrolyte change to the current Li,C03/K,C04
alkali carbonate eutectic which increased initial cell performance; 2) the
anode structure was stablized by adding sintering inhibitor to the nickel, and
3) the use of thinner electrolyte tiles reducing iR losses.
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General Performance Considerations

For a cell operating on reformed natural gas fuel at 75-percent total M,
utilization and on an oxidant mixture of 70-percent air and 30-percent €0,
utilization, at 200 nA/cnz. losses are approximately 68 mV ohmic end 260 mV
polarization with anode polarization losses being greater than those at the
cathode. Of course, these josses depend on the fuel cell operating variables.
Consequently, for the purposes of tuis discussion, molten carbonate fuel celi
performance at atmospheric pressuve agnd 650 C, using a cell operating on
simulated reformed methane fuel (the composition is 60 mol X H, 10 mol % CO,
7.4 mol % COy, and 22.6 mol % Hy0) at low utilization and on an oxidant
consisting of 67-mole percent CO, and 33-mole percent 0, at low utilization,
will be considered as baseline. The electrolyte tile composition is 4O-weight
percent inert LiAlO, particles to provide structural integrity and 60-weight
percent binery eutectic mixture of Li,CO; and K,C03 as ti:e electrolyte.

The baseline performance is shown in Fig. 1.1.1.2-3.

Temperature Effects

As the molten carbonate fuel cell operating temperature is increased
through its range of 600 to 700 C, hydrogen is consumed for a gas in water
gas shift equilibrium. Because standard cell potential also decreases with
increasing temperature, the open-circuit potential decreases as temperature
increases: However, ohmic, activation, and concentration polarizations all
decrease, more than offsetting the decrease in the open-circuit potential. The
net result is an increase in cell performance with the anode being only slightly
affected by changes in cell temperature.

A plot illustrating the potential voltage gains is provided in Fig.
1.1.1.2-4. There is a discontinuity in the curve at 650 C with a diminishing
gain in performance at temperatures greater than 650 C. This diminishing gain
coupled with increased electrolyte loss resulting from evaporation and increased
component corrosion, point to an optimum operating temperature of 650 C for
molten carbonate fuel cells with an electrolyte tile composed of 40-percent
LiAl0,, 28-percent K,COj, and 32-percent LiCO3 by weight.

Pressure Effects

Cell performance increases with pressure because of increased reactant
partial pressures, increased reactant solubilities, and increased mass transport
rates. Higher pressures tend to favor carbon formation and consumption of CO
and Hy fuel. The addition of water controls carbon formation, because
it reduces the amount of CO and methanation. However, strict pressure control
is required to prevent reactant leakage through the electrolyte and seals, to
provide compatibility with the fuel processor, and to inhibit the possible
corrosion of cell components at the higher pressure which molten carbonate fuel
cells are expected to operate (1 and 10 atmospheres).

1.1-25
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The effect of cell pressure on cell performance is displayed in Fig.
1.1.1.2-5. For the product gas of an air-blown, low-Btu coal gasifier, the
relationship between changes in cell performance and operating pressure in
atmospheres is:

P
&V_(aV) = 70 log -2 (1.1.1.2-3)

P P

1

and for reformed methane, it is
F2 (1.1.1.2-4)
&V _(mV) = 83 log —< 1.1,
P 7

Because these two cases represent a wide range of gas composition, other fuels
should obey the average relationship:

P
&V_(mV) = 76.5 log —% (1.1.1.2-5)
P Pl

Reactant Utilization Effects

The effect of reactant utilization on molten carbonate fuel cell performance
is difficult to analyze because of the participation of CO at the anode via the
water-gas shift reaction and because of consumption of €0, and 0, at the
cathode.

Oxidant

According to the Nernst equation, (see Appendix A.l) performance should be
related to oxidant (002 and 02) partial pressure. However, at low oxidant
partial pressure (high utilization), the gains are caused by diminishing mass
transfer effects in addition to the Nernst gains. As the partial pressure
increases, mass transfer effects become negligible and the gains become governed
by Nernst effects.

Fuel

-— —

The performance related to the fuel partial pressure is directly related
to the Nernst equation.

1 . 1-28




SR e 4 il ~hiniit, oo auini b T SRR o, o TRTTRE e b il oo L ot R
RB1-956343-9 FIG. 1.1.1.26
i
{
{
|
" 0
94901 4 SIMULATED AIR-BLOWN LOW-BM COAL GAS
i O SIMULATED REFORMED METHANE
SZOT- ”
| £ 900} ;
i g 880—
>
[ u‘ﬂ 860
i [+ 4
T
@ 840
) 820
800 l |
! 2 S 0
CEL.L PRESSURE, atm
7 EFFECT OF PRESSURE ON MOLTEN CARBONATE FUEL CELL PERFORMANCE
L 650° C, 160 mA/CM2, 70 Mol % AIR/30 % Mol CO5 OXIDANT

AT 50 % UTILIZATION,75 % FUEL UTILIZATION

1.1-29




R81-955343-9

Reactant Utilization

The data of Fig. 1.1.1.2-6 is representative of data published on reactant
utilization. The data indicate that increasing oxidant utilization (decreasing
oxidant partial pressure) causes less cell potential loss than increases in
fuel utilization. Once again a compromise is required, because operating at
low fuel utilization increases cell performance but decreases the current
efficiency. Current molten carbonate fuel cells commonly run at 75 to 85-percent
fuel utilization and 50-percent oxidant utilization.

Reactant Composition Effects

The question of molten carbonate fuel cell tolerance to coal-derived con-
taminants is inherently complex. One problem is that the identity and concentra-
tion of expected contaminants is highly variable and depends upon the particular
coal sample and its pretreatment. Further, even when well defined "synthetic" :
contaminants are to be evaluated -- the effect on the fuel cell may be dependent :
upon the concentrations of other components in the fuel or oxidant, the degree :
of fuel/oxidant utilization, the cell voltage, and the cell current demnsity.
Finally, experiments with low contaminant concentrations are difficult to carry
out and evaluate conclusively.

Many discussions have centered on integrating the molten carbonate fuel
cell with advanced fuel processors because of its tolerance to CO at the anode
and CO, at the cathode. Other compounds likely to be present in the effluent
of advanced fuel processors include NH,, NO,, SO, Hp5 and COS.

Solid carbon can form in the cell or in system plumbing. The addition of
water prevens carbon deposition by reducing CO concentrations through the
water-gas shift reaction. Carbon dioxide present in the anode feed and produced
at the anode acts only as a diluent, reducing the hydrogen partial pressure.

In fact, a small amount of CO, is required to maintain the LiC04/KoC04
electrolyte composition. Of course, CO, is required at the cathode. Although
carbon monoxide dilutes the hydrogen, it is also consumed indirectly t*rough
the water-gas shift reaction.

Methane at the anode can be reformed to hydrogen by adding sufficient water
to the fuel gas. If the methane is not reformed, fuel cell efficiency will de-
crease; energy in the methane must be recovered elsewhere in the system to main-
tain the total svstem efficiency.

1
1.1-30 o
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Sulfur initially reaches the cathode in the form of SO, and 503. Sulfur
entering the cathode will tend to form SOA' ions in the electrolyte. These
ions will be transported through the electrolyte along with the predominant
003' ions, reacting at the anode to form additional HyS and COS. Thus a
concentration of sulfur will take place in the cell, reaching some steady state
distribution along the cell with the highest sulfur levels at the anode outlet
and cathode inlet.

The presence of sulfur in the cell creates several caverns. A first con-
cern would be what effects the sulfur will have on the anode where the sulfur,
as predominately H,S, can sulfidize the nickel electrode, poison the surface
of the catalyst by chemisorption, or create a mixed potential by entering into
an electron exchange reaction. A second concern is the effect of sulfur on the
cathode compartment, where as 50, or S0, it might cause sulfidation of the
electrode. A third concern is the effect of sulfur in the electrolyte where it
can affect the transport of the C03' ions, alter the chemistry of the
LiAl0, support material within the electrolyte matrix (tile), and form
sulfides, sulfites and sulfates. A final concern is the effect of sulfur on
corrosion of cell hardware and system plumbing.

Nitrogen_Compounds

Molecular nitrogen at the anode or cathode acts as diluent. The presence
of NH, and NO, is also expected at both anode and cathode, but no data on the
effect of these impurities on cell performance are available, although the
K2003/L12003/Na2C03 eutectic is known to absorb NO.

Like sulfur, chlorine compounds are anticipated in a coal-derived fuel gas.
Recent short-term data indicate that anode performance is only slightly affected
after 400 hours on a fuel gas containing 100 ppm HCl, but cathode performance
is catastrophically affected by 100 ppm HCl in the oxidant gas. Stable cathode
performance with 10 ppm HCl has been demonstrated for 120 hours. Although long-
term trends have not been established, it appears that the decay results from
both hardware corrosion and chlorination of the elecirolyte.

Summary

A summary of the estimates for maximum allowable contamination limits is
displayed in Table 1.1.1.2-1.

1.1-32

.
P

p—

s




4 R81-955343-9
TABLE 1.1.1.2-1
ESTIMATED MAXIMUM ALLOWABLE IMPURITY LEVELS
» MOLTEN CARBONATE FUEL CELLS
Impurity Maximum Limit
4
; €0, diluent
CH, diluent /fuel
Cco fuel
N2 diluent
02# unknown
HC1 (anode) 100 ppm
HC1 (cathode) 10 ppm
NH3m NOx unknown
Metal ions (Fe, Cu, etc.) unknown
W
4‘ )
-
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1.1.2 Future Fuel Cell Development

The course of future fuel cell development has already been charted. Its
milestones will be the successful achievement of the goals and the solving of the
problems identified in current fuel cell programs. The following section will
provide an identification of some of the major fuel cell investigations and an
indication of the program objectives associated with the development of phos-
phoric acid or molten carbonate fuel cells. In addition a scenario of projected
fuel cell development will be furnished. The sources for the data provided
herein are presented in the accompanying Bibliography (Section 1.1.3).

1.1.2.1 Fuel Cell Programs

The major participants in the fuel cell program for electric utilities are
EPRI (Electric Power Research Institute), DOE (Department of Energy), ANL
(Argonne National Laboratory), TVA (Tennessee Valley Authority), UTC (United
Techuologies Corporation), GE (General Electric), IGT (Institute of Gas Tech-
nology), Westinghouse, and ERC (Energy Research Corporation).

EPRI Program

EPR] as the electric utility centralized research coordinating organization
quite legitimately is playing a major role in fuel cell development. Not only
does EPRI sponsor fuel cell programs but also assists in coordinating and
guiding utility fuel cell research and development.

DOE/ANL Program

ANL has been assigned as technical manager of the DOE advanced fuel cell
program, especially those utilizing carbonate as the electrolyte.

TVA Program

TVA is engaged in evaluating the feasibility of using coal-derived fuel gas
as a fuel cell fuel. This evaluation will be carried out in part by actually
operating a phosphoric acid fuel cell on coal-derived fuel gas.

UTC Program

UTC is working toward commercializing phosphoric acid fuel cell power plants.
This activity includes, among others, participating with EPRI and DOE in the &4.8-MW
demonstrator in New York City (see Appendix C.1), evaluation of msnufacturing
techniques to reduce phoiphoric acid fuel cel) fabrication costs, investigation
of phosphoric acid technology to improve performance and increase lifetime, and
development of molten carbonate fuel cells.

e
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IGT Program

IGT is investigating the molten carbonate cell and its utilization with
gasified coal.

GE Program

GE is active in molten carbonate cell investigation. Of special interest
is the technical and economic problems of developing fuel assemblies and stacks.
In conjunction with IGT, GE is evaluating cell lifetime.

Westinghouse Program

West inghouse is currently involved in the investigation of a unique fuel
cell cooling concept called DIGAS. This approach to stack cooling has the
pctential of improving performance while at the same time increasing endurance.

ERC Program

ERC has been active in phosphoric acid fuel cell development. They have
teamed with Westinghouse and DOE to evaluate a 120-kw on-site fuel cell which
will provide for electric power and thermal energy.

1.1.2.2 Program Objectives
Because of the different state of development of the phosphoric acid and
molten carbonate fuel cells, the program goals differ and will be treated

separately.

Phosphoric Acid

Although the phosphoriz acid fuel cell system is on the verge of large-scale
demonstration, a number of areas for possible improvement are still receiving
attention. For example:

1. The platinum catalyst is expensive and suffers a reduction in surface
area and performance due to sintering. The CO-poisoning problem
ment ioned earlier has been somewhat mitigated by operation at higher
remperatures, however, increasing the temperature also increases the
sintering. CO-tolerant catalysts such as mixtures of Pt, Rh and w03
have also been used.

2. Electrolyte is lost because of evaporation. This problem can be alle-
viated by incorporation of an electrolyte reservoir in the cell.
However, this reservoir can increase concentration polarization in the
cell, and the evaporated acid condenses dcwnstream of the cell, creating
corrosion problems.
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3. The most difficult challenge concerns the irreversibility (severe
activation polarization) and lack of understanding of the reduction
of oxygen at the cathode. This area also offers considerable oppor-
tunity for improvement of the phosphoric acid fuel cell performance.

In addition to continued effort in the above areas it also necessary to
continue development of the fuel cell system so as to meet the following cost
and endurance goals for a commercially acceptable power plant:

1. Implementation of an improved cell stack concept which is necessary to
reduce cell stack manufacturing costs and to provide sufficient elec-
trolyte capacity for 40,000 hours of operation.

2. Incorporation of more corrosion resistant and stable materials ard
supported electrocatalysts in the fuel cell which are necessary to
meet performance and life goals (9300 Btu/kWh heat rate for 40,000
hours).

3. Incressing cell operation pressure (to approximately 100 psia) and
temperature (by approximately 30°F) to substantially improve power
plant performance and reduce cost.

Accomplishment of these goals will produce an evolutionary improvement in
technology. An example of such an improvement is shown in Fig. 1.1.2.2-1. The
effect of a moderate increase in temperature and an increase in pressure has
produced an improvement in performance as compared to the &.8-MW demonstrator
plant.

As a result of this evolutionary advance of technology it is anticipated
that a phosphoric acid fuel cell, a decade hence, will not be unlike the current
fuel cell.

Moiten Carbonate

Although molten carbonate fuel cell technology has made impressive advances
in the last decade, a number of questions concerning cell performance and life
remain:

1. The sulfur and chlorine tolerance of the cell is only a few parts
per million; the tolerance to other impurities has not been defined.

2. Electrolyte losses result in decreases in electrolyte tile strenmgth
and bubble pressure, increased tile porosity, and diffusion of
reactants across the tile causing decreases in cell voltage and
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efficiency. A partial solution to the evaporation problem is the
incorporation of a reservoir with enough electrolyte to achieve the
design life of 40,000 hours. The electrolyte may not be evenly distri-
buted, however, and redistribution can cause performance loss. In
addition, new tile and electrode structures and materials that inhibit
carbonate evaporation are being sought.

3. Electrolyte creepage and corrosion result in failure of the wet-seal
and leakage of reactants out of the cell. The wet-seal is now protected
by aluminizing although it is uncertain whether this approach will be
effective for 40,000 hours.

4, Effects of structural changes in the electrolyte support (LiAIOZ) on
cell performance have not been defined.

5. Cost-effective cell components (tile, electrodes, and hardware) and man-
ufacturing techniques must be identified.

6. Transfer of the CO, from the anode to the cathode is desirable with
physical separation of the CO, from the rest of the anode exhaust
preferred. To date studies on the approach to achieving this are in-
complete,

Programs are underwvay addressing these development areas. DOE in its program
anticipates development of the molten carbonate fuel cell power plants to a point
vwhere 1) operation of a prototype fuel cell stack with simulated coal-derived fuel
gas is possible by 1982; 2) operstion of a prototype stack occurs in 1983; and
3) operation of an integrated multi-MW test facility is accomplished by mid-1985.

Other goals for the molten carbonate fuel cell include: 1) a power density
of 135 mH/cm2 of active cell area using low-Btu coal-derived gas at a cell
voltage of 0.85 volts and 75-percent utilization; 2) an operating time between
major overhauls of 40,000 hours; 3) removal of the contaminant st down to the
1-10 ppm level; and 4) development of practical cell stack fabrication techniques.

Attainment of these gosls will contiunue the impressive advance of molten
carbonate fuel cell technology during the last decade which has seen alwost a
quadrupling of current density (Fig. 1.1.2.2-2) with potentially long iifetimes.

1.1.2.3 Fuel Cell Development Scenario

One possible scenario of future fuel cell development has been advanced by
EPRI (Fig. 1.1.2.3-1). This timetable takes into account the current work being
done on both the phosphoric acid and molten carbonate cell. Several assumptions
were made in developing the timetable. One of the most important is that it is

-
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assumed that funding from the Federal government is forthcoming for the commercisal
prototype definition and commercial feasibiliity phases. Another equally important
assumpt ion is that a market will exit for the fuel cell. These two asxsumptions
deserve further elaboration.

The first fuel ccll power plants off the assembly line will not meet the
goal of $350/kW, the: can be offered at that price only after some 500~1500
MW worth have Leen mass-produced in a factory. More likely the first unit
will cost about $1500/kwW, with the cost of subsequent units decreasing dy about
15% for each doubling of quantity, following a typical product learning curve.
The eighth unit, for instance, should therefore cost $920/kW. However, the
worth of these units to an electric utility will be somewhere between $330 and
$600/kW, depending on such factors as how severely a utility's siting options
are restricted.

Even in the best of times, it is unlikely a utility would invest §1500/kW for
the first unit of an as yet immature technology. Nor are manufacturers likely
to undervrite the 1500-MW learning curve. Consequently, in the EPRI scenario it
is necessary for the federal government to assist the private sector in the
commercialization process. Failure to do 80 could delay the timetable miiestones
to an unspecified later date.
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2.1 Description of Advanced Fuel Cell Power Systems

The two primary types of fuel cell discussed in Task 1 are the phosphoric acid
and molten carbonate cells. Their relative performance and development status is
shown in Fig. 2.1-1 in which the overall thermal efficiency of a number of inte-
grated coal gasifier/fuel cell power plants are plotted as a function of the applica-
tion time frame. As shown, it is possible tn achieve efficiencies greater than 40
percent for systems integrating a coal gasifier with near-term phosphoric acid
electrolyte fuel cells. In these, a gas turbine bottoming cycle was incorporated
to recover power from the fuel cell exhaust. Systems studies with molten carbonate
cells indicated potential efficiencies in the range of 45 to 60 percent depending on
the degree of system integration, the type of bottoming cycle selected for waste heat
recovery, and the technology assumed for the coal gasifier and the fuel cell.

The higher power plant efficiencies of molten carbonate systems result because
at reasonable power densities, these cells offer higher efficiency than the near-
term phosphoric acid cell. Higher cell performance results from reduced activation
polarization at high temperature. In addition, since molten carbonate cells operate
at high temperature, they derive increased benefit from integration with the bottoming

cycle.

In this section, the characteristics of each type will be reviewed briefly, the
potential system configurations and optimum operating conditions reviewed, and the
resulting candidate systems described.

2.1.1 Operational Characteristics

Probably the most significant characteristic of a fuel cell is the potential
that can be developed across the cell and the reduction in that potential with in-
creasing current density. For good efficiency a high cell potential is desired,
while for minimum capital cost high current density, hence reduced potential is
needed. Other characteristics that are important to system performance and economics
are such things as fuel utilization, air utilization, temperature gradient and pres-
sure drop of the cooling gas. Because all of these require optimization on a system
level, they are discussed fully in Section 2.1.2 and only the basic cell characteris-
tics are presented here.

2.1.1.)1 Phosphoric Acid Cell Characteristics

The acid cell is typified by the 4.8-MW demonstration plant which is intended to
expedite the introduction and acceptance of fuel cells for use as dispersed generatcrs.
This 4.8-MW unit is currently being irnstalled at a Consolidated Edison Co. site in New
York City. While it is generally believed that the performance of that system is typ-
ical of future acid cell units, advanced development work is aimed at reducing the
manufacturing cost and improving the durability of the cells to make them competitive
with other generation methods. That work is being sponsored by Niagra Mohawk North-
east Utilities, TVA, EPRI and DOE (Ref. 2.1-1).
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For the acid cell, Fig. 2.1.1.1-1 compares the development cell voltage vs current
density for two different operating conditions. It also shows the initial pro~
jected performance which correlates closely with the test data.

The cell performance decay characteristics were evaluated at both the estimated
rated-power level and the estimated minimum-power level of a power plant. The
rated-power level was 232 ASF, 93 psia, 405°F with a cell potential of 0.65 V to
0.70 V. The minimum-power level was at 93 psia, 405°F and a current density that
resulted in 0.79 volts per cell average. This minimum-power level condition, which
is an overstress condition on the components' electrochemical stability, was found
to cause a greater decay rate than when operating at rated-power conditions. The
performance diagnostic testing indicates that this greater decay rate is due to
both a loss in cathode catalyst activity and an increase in cathode diffusion losses.
Figure 2.1.1.1-2 shows the cell performance history and the decay rates experienced in
a development stack. Advanced cathode catalyst development activities in small
cell tests have identified candidate cathode catalysts which demonstrate lower
performance decay rates than the GSA-6 cathode catalyst shown in Fig, 2.1.1.1-2.

The compatibility of acid fuel cell stacks with operation on medium-Btu ggaseous
fuels is presented in Fig. 2.1.1.1-3. This data provides design analysis information
useful for the evaluation of typical fuels available from coal gasification and the
impact that such fuel compositions will have on power plant operation.

Another important cell characteristic is fuel and air utilization. Typical
curves of reactant and air utilization have been shown in the previous section for
both one- and two-pass air flow. Fuel utilization in the mid to high 80 percent
range appears feasible. The FCG-1 demonstration unit has a target of 83 percent
fuel utilization.

Of particular importance to the integration of the cell with a gasified coal
fuel supply system is the tolerance of the cell to impurities in the hydrogen feed.
Carbon monoxide, which is a major product of most gasification processes, acts as a
poison to the platinum catalyst. The mechanism is believed to be that of a simple
site~elimination and results in decreased activity at the anode. The effect on
performance is shown in Fig. 2.1.1.1-4 (Ref. 2.1-2). Also shown is the beneficial
effect of increased temperature in improving the cell tolerance to CO. It is clear
that a relatively efficient shift conversion from CO to H, will be required not only
to improve fuel utilization, but to avoid cell degradatien.

Other carbon compounds, co, and CH,, common in gasifier off-gas streams, are
reported not to be harmful and act only as a diluent. However, as with CO, the
methane does represent a performance loss due to incomplete fuel utilization and
if present in significant amounts would warrant special consideration.

The effect of sulfur compounds (HZS and COS) on the cell is not well defined.

The current approach for fuels containing more than .05 ppm sulfur is to cata-
lytically hydrogenate the fuel, forming H,S followed by absorption of the HyS In

2.1-3
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a bed of zinc oxide. As a result, there is virtually no sulfur in the feed and
the catalysts in the fuel processing units and in the cell are not exposed to any
significant amount of sulfur.

Subscale two-inch by two-inch cell tests have been carried out at UTC (Ref.
2.1-3) to determine the long term tolerance of phosphoric acid cells to the
presence of “28 in the fuel. One test cell was run for more than 2400 hours with
130 to 200 ppm H,S added to the fuel. It showed long periods (900 hours) of stable
operation followed by rapid performance decay. Performance could be restored by
removal of CO from the fuel, removal of H,S from the fuel, or by raising the cell
temperature to 400 F.

The results of that testing are:

1. The long term tolerance of acid cells to H,S in the fuel is not totally
defined although over 2400 hours of operation on BZS containing fuel has
been demonstrated in a 2-inch x 2-inch cell.

2. The cell operated for periods up to 900 hours with 130-200 ppm H,S in
simulated reformer effluent with no decay. o

3. Stable operation was followed by abrupt decay.

4. Post-test analvses of catalyst from a cell tested with H,S added to the fuel
showed no identifiable changes resulting from exposure to H,S. 1

Ammonia is a common constituent of the gasifier off-gas. It reacts with the
phosphoric acid electrolvte to form (NH,) HZPOA,ammonium dihydrogen phosphate (ADHP), i
The formation of the ADHP results in a performance loss, possibly by changing the
conductivity of the acid or by reducing the activity of the platinul. by covering the
active sites. Electrolyte conversion must be limited to less than about 0.2 mole
percent to avoid unacceptable performance penalties. Diagnostic data on the cells
tested indicate that most of the performance loss occurs at the cathode. Approxi-
mately 84 percent of the cathode activity is iost by conversion of only 1 percent
of the acid to ADHP.

While the consequences of ammonia in the fuel gas appear severe, the resultant
performance degradation is not irreversible. Long term tests have shown that the
ADHP levels reach a constant value much lower than would be predicted by inlet
ammonia concentrations. This, plus the fact that performance is restored when
ammonia is removed from the feed, led to the hypothesis that the ammonium jon is
oxidized at cell operating conditions. This has been confirmed by measurement of
the current associated with the oxidation (Ref. 2.1-4).

In the design of a power system, each of the above characteristics must be con-

sidered and the optimum chosen on the basis of not only performance, but other im- ‘!
portant factors such as reliability and cost.

2.1-8
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2.1.1.2 Molten Carbonate Cell Characteristics

A number of development programs are currently in progress or have already
been reported on in the development of molten carbonate cell technology (Refs. 2.1-3
through 2.1-11). The questions concerning cell performance and cell life that re-
main to be investigated are summarized in Ref. 2.1-12.

These problem areas include loss of electrolyte, failure of the wet seal with
reactant leakage, effect of structural changes on performance, cost-effective manu-
facturing techniques and tclerance to impurities such as sulfur and chlorine. The
last of these is an important factor in the integration of the fuel cell with a
coal gasification and fuel gas cleanup system. While the tolerance to these im-
purities has not been fully defined, present studies are based on the premise that
sulfur removal must be down to a level of less than 1 ppm. In general, this is
most economically achieved by a combination of a regenerable removal system followed
by a zinc oxide bed.

The basic cell design has been discussed previously. The overall cell reaction
is simply the combination of one mole of hydrogen with one-half mole oxygen to
produce water, electrical power and heat. Unlike the acid cell, carbon monoxide
is not detrimental to performance and, in fact, is utilized by the cell since the
water gas shift reaction is catalyzed by the anode (CO + H,0 3 Coy + Hy). The
catalytic qualities are not all beneficial however, and under certain conditions
solid carbon may be formed (2CO 3 CO2 4+ C). Additionally, methane which acts as an
inert gas in the cell may be formed (CO + 3H, 3 CH, + HZO)‘ Methane formation is
harmful to performance since it passes through the cell without reacting.

Both carbon deposition and methane formation are enhanced by increased pres-
sure. Thus, while high pressure operation is desirable from a performance stand-
point, Fig. 2.1.1.2-1 (Ref. 2.1-13), care must be taken to eliminate the possibility
of carbon formation and minimize methane formation. The humidification of the fuel
gas stream has been found to be an effective means of helping achieve both goals.

The addition of water reduces the concentration of CO due to the water gas
shift reaction. This is turn, reduces the likelihood of both carbon formation.
Methane formation is controlled by the reduced CO concentration and the increased
water vapor concentration. Cell operating pressure appears to be oprimum at approxi-
mately 10 atm as will be discussed in the following section.

Cell operating temperature is based on a trade-off between ideal cell voltage,
cell polarization and endurance. The electrolyte, which is comprised of a mixture
of alkali metal carbonates in a ceramic matrix, is a solid at room temperature. The
cell must be heated above the electrolyte melt temperature to provide the necessary
ionic mobility to sustain cell reactions. As the temperature is inc: :ased beyond
the melt point, the ideal cell voltage drops but the ionic mobility increases result-
ing in reduced polarization. The operating temperature range of the cell will be
between 1100 and 1300°F (866 and 978°K); this pcrmits waste heat to be removed as
sensible heat in the cathode gas stream. A curve showing the composite effect of

the variables is shown in Fig. 2.1.1.2-2 (Ref. 2.1-13). The knee of the curve, or point

of diminishing return occurs at approximately 1200 F, which is the nominal cell
operating temperature.
2.1-9
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In addition to operating temperature and pressure, three other major parameters
define cell operaticn characteristice. These parameters include the fuel and oxidant
utilizations and the cell performance. Utilization is defined as the ratio of the
reactant consumed by the cell to the reactant supplied to the cell. Reactant uti-
lizations determine the variation in reactant partial pressure over the cell and
therefore the ideal cell voltage and driving forces for reactant diffusion at each
point in the cell. This is an important determinant of cell performance. Because
CO is shifted to H_ and consumed in the molten carbonate cell, fuel utilization is
defined as the tatio of the HZ consumed in the cell to the total Hz plus CO supplied
in the cell.

Fuel and oxidant utilization are subject to optimization on a system level.
Cell performance i{s a measure of the degree of development of the carbonate cell.
The unit of performance for fuel cells is the design power density per square foot
of active cell area. Cell power density is the product of the voltage measured
across the electrodes of each cell and the current density of the cell at that
voltage. This unit of performance is analogous to the horsepower to weight ratio for
gas turbines. Since the capital cost of the cell stack is proportional to total cell
area, high power densities provide lower cost.

At the time of the ECAS study (Ref. 2.1-14), cell performance was estimated to
be as shown in Fig. 2.1.1.2-3. For the current DOE development program the cell perfor-
mance gcal is shown in Fig. 2.1.1.2-4. A comparison shows that the slope of the curve
has been reduced to approximatzly midway between the 1976 data and that projected
for a demonstration unit in the ECAS study. Table 2.1.1.2-1 gives the operating condi-
tions for the current program.

As mentioned earlier, fuel and oxidant utilization is a subject for system in-
tegration. For the carbonate cell, the effect of reactant partial pressures oa cell
performance is difficult to portray because of the participation of CO at the anode
due to the water gas shift reaction and consumption of both 02 and C02 at the cathode.
The effect of fuel utilization {8 shown in Fig. 2.1.1.2=-5 (Ret. 2.1-5). The composite
effect of fuel and oxidant utilization is shown in Fig. 2.1.1.2-6 (Ref. 2.1-13). Be-
cause of the number of variables involved, both fuel and oxidant side compositions,
these curves are only tpical and a cell model 1is necessary to conduct the necessary
system cptimization.

The eftects of impurities on the carbonate cell are n.t completelv defined.
Because sulfur i{s harmful in very low (¥ 1 ppm) concentrations, designs based on a
curreat understanding of carbonate cell technology must reduce sulfur concentrations
to that level. 1In the process, acids such as HC! that are known to bte harmful to the
cathode will be removed by a water wash prior to low-temperature desulfurization.

As with the acid cell, careful integration of the cell and other system com-
ponents 1s necessary to produce an attractive system.

2.1-12
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TABLE 2.1.1.2-1

CELL STACK FLOW CONDITIONS AT RATED POWER

“l ! Stream Anode Cathode
: Inlet Exit Inlet Exit
AN
{ Total Flow (Wet)
! Compoesition (volZ dry)
\
Hy 38.3 5.57 -— -
! CH, © 0.1 0.07 - -—
Coy 4.83 90.1 19.6 15.7
‘ Nz 0.7 0.4 70:5 76-3
t 02 — —— 9.9 3.0
H,0/Dry Gas (vol/vol) 0.755 0.702 0.27 0.29
Temperature (°F) 1100 1220 1100 1300
Pressure (psia) 150 149 150 149
|
Utilization 85% 257%
'
[; 2.1-15
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2,1,2 System/Subsystem Designs

In this section the potential variations in system design and the optimization
of the operating parameters are discussed. As mentioned earlier, because of its low
operating temperature and requirement for operation on hydrogen alone, the acid
cell oifers little 1f any opportunity for variation in its configuration regardless
of the gas supply. Therefore discussion in this section is limited to the
carbonate cell. Work done at UTC (Ref. 2.1--9) formed the basis for that discussion.
For the acid cell, the FCG-1l is typical ~f future designs and is described in
Section 2.1.3.

Integration studies focused on the assessment of the impact on power plant
efficiency of the following fuel cell configuration and operating parameters:

. Cell Operating Pressure

. Carbon Formation Criteria

. Cell Cooling Mode

. Celi Performance Technology Level

. Fuel Utilization

. Cell Stack Process Air Coolant Temperature Gradient
+ Cooling Recycle Loop Pressure Drop

These studies indicate trends in power section subsystem design options for further
study with different gasifiers, and provide the basis for selection of a baseline
power section system concept and a baseline set of cell operational parameters.

The power block is defined to include the fuel cell, bottoming cycle, and other
conversion and associated equipment downstream of fuel gas cleanup. For these
studies, the power block was assumed to be coupled with an oxygen-blown entrained-
flow gasifiuvr with physical solvent acid gas cleanup and zinc oxide s.lfur polishing
similar to that described in Ref. 2.1-15. The fuel gas quality available to the
fuel cell, the gasification section operating conditions, and steam and electrical
requirements are also based on that study. The schematic of the power plant
configuration is shown in Fig. 2.1.2-1. While the basic configuration uses a cathode
recycle for heat removal, the anocde recycle configuration option is shown as a
dashed line. The steam bottoming cycle is not depicted; however, the schematic
indicates locations of heat exchangers providing steam to the bottoming cycle or
for process reheat. Care wvas taken to assure that the heat was of sufficient quality
for high pressure steam generation, superheating, and/or steam reheat.

Important parameters impacting power plant performance and selection of the
baseline power plant system concept are the fuel cell operating pressure, carbon
formation criteria, and fuel cell cooling mode. Both anode recycle and fuel gas
steanm resaturation are design options that were studied to prevent carbon deposition.
Three corling modes were considered: cathode recycle cooling (RR = 0), anode recycle
cooling {(no cathode recycle), and dual recycle cooling utilizing small anode
recycles to reduce the fuel gas resaturation requirements.

- 1-18
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Initial studies focused on design requirements to prevent carbon deposition over
a range of pressures. Based on UTC cell tests and literature data, full C-H-0 fuel
gas equilibrium has been assumed for the carbon laydown criterion; i.e., at a given
temperature and pressure carbon (graphite) deposition will not occur unless
thermodynamically favored based on shift and reform equilibria at those conditions.
However, for purposes of assessing the impact associated with more stringent design
requirements, a second carbon deposition criterion was also investigated. This
criterion, defined as partial C-H-0 fuel gas equilibrium, assumes carbon (graphite)
deposition will not occur unless favored thermodynamically based on shift equilibrium
only (frozen methane).

Figure 2.1.2-2 indicates the impact on overall power plant efficiency of the
three parameters. The results are normalized for constant cell power density
(implies constant $/kW gross dc power) utilizing a performance model with a
technology projection similar to that in the ECAS (Ref. 2.1-14) study (Fig. 2.1.1.2-3).

Trends indicated by these parameter studies are as follows:

. Maximum system efficiency is at avout 150 psfa irrespective of carbon
criterion and cooling mode, however, higher pressures have only a
small negative impact on efficiency, based on the full C-H-0 equilibrium
carbon criterion.

. Carbon criterion has a significant impact on efficiency, especially
at high pressures,

. Carbon criterion defines the preferred cooling mode. With full C-H-0
equilibrium, water resaturation with cathode recycle cooling is the
preferred approach, while with partial C-H-0 equilibrium, anode cooling
is indicated.

Another important parameter influencing the power plant efficiency is the cell
performance technology level. Assuming a nearer~-term level of performance
results in a significant drop in efficiency, as illustrated in Fig. 2.1.2-3.
Power plant efficiency again maximizes at ~ 150 psia, independent of cell
nerformance level.

The above studies assumed the following operational power section parameters
to be constant:

. Fuel utilization = 85%
. Cell stack process coolant temperature gradient (AT) = 200°F
. Recycle pressure drop (4P) = 5 psia
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The impact on efficiency of varying the above parameters are shown in Figs. 2.1.2-4,
o 2.1.2-5 and 2.1.2-6 respectively. The following summarizes the results of these

operational parameter studies.

| . Fuel gas utilization has a significant impact on system efficiency.

i System efficiency increases at high fuel utilization due to the

[ higher efficiency of the fuel cell as compared to the (steam) bottoming
‘ 5 cycle.

. Higher stack temperature gradients for cooling increase system
E efficiency due to reduced compressor parasite requirements.

. Lower recycle pressure drops increase efficiency for the same
! reason. Alternatively, higher pressure drops increase optimum cell
{ pressure; however, higher AP's tend to flatten the ., timum peak, making
power plant efficiency insensitive to operating pressur. in the high range.

r 2.1.3 Description of System Baseline Technology

! In this section, the systems representative of both the phosphoric acid cell
technology and molten carbonate cell technology are described. The acid cell
description is based on existing technology while further development 1s required
i for the carbonate cell as described in previous sections.

2.1.3.1 Phosphoric Acid Cell Technology

i The 4.8~MW fucl cell demonstration unit, while not a commercial prototype,

is representative of future plants. To enter widespread commercial service, it
will be necessary to reduce the cost of the powerplant and increase its durability.
At its inception, the 4.8-MW demcnstrator was one module of the larger FCG-l

pover plant. Currently, while similar in layout and operation, the FCG-l design is
based on more advanced cell technology and is designed for higher temperature and
pressure operation.

-

In improving operating conditions, current density has been kept constant and
efficiency has been improved. The difference in operatinyg conditions was shown in
Fig. 2.1.1.1-1. Current cells operate at low (3 atm) pressure and nominally 375 F.
Advanced cells, such as would be used in a commercial plant would operace at
approximately 6 atm and 400 F. A specification for the FCG-1 is given in Ref.
2.1-16.

The dc module is the heart of the power plant. lts purpose is to convert hydro-
carbon fuel and air into direct current. The major func-ional components of the dc
L : module are shown schematically in Fig. 2.1.2-7. The module consists of fuel and
‘ ! air processing subsystems shown at the left in the figure, a fuel cell power section
* in the center, and a thermal management subsystem at the upper right. For simplicity,
f : the schematic omits a number cf valves and heat exchangers needed for flow and
. b temperature control.
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During demonstrator module operation, air enters one of the compressors,
shown at the upper left in the schematic, and is compressed to 35 psig. The low-
flow turbocompressor will normally be used below 35 percent of rated power, and
the high-flow unit at all other powers. This pressurized air stream is then
divided by valv:s and controls into three streams. The main stream is directed
to the cell catlizdes to supply the oxygen required for the fuel cell reaction.
The fuel cell reaction produces heat and water. Most of this product water
evaporates into the air stream flowing through the cathode gas space. This hot,
moist, cathode-effluent stream then passes through a regenerator and a liquid-
cooled condenser where it is cooled sufficiently to condense the water required
for use in the fuel processing subsystem. The cathode exhaust stream, combined
with the hot reformer-burner effluent, provides the energy to drive the turbine
of the turbocompressor unit.

Power plant process fuel is sometimes burned in the auxiliary burner to add
energy to the gas stream before it enters the turbine. The system components are
matched such that, at power plant rated output power, the energy in the gas stream
is sufficient to power the turbine. As the powerplant output level is reduced,
the energy available in the gas stream decreases. Since the turbine requires a
near-ccnstant energy input as the output power is reduced, process fuel is burned
to make up the small energy deficit at part power.

At the bottom left of the schematic, naphtha fuel, which has been pressurized
by a pump, is mixed with hydrogen-rich gas from the fuel processor exit stream.
The mixture passes through a hydrotreater (hydrodesulfurizer) where sulfur compounds
are converted to hydrogen sulfide and absorbed in a zinc oxide bed. Any halogens
in tne fuel are absorbed in a guard bed. The clean fuel is then mixed with steam
made by power section waste heat. The fuel-steam mixture passes into the reformer.
There it is processed to a mixture of hydrogen, carbon dioxide, carbon monoxide, and
water vapor. The carbon monoxide and water are then further converted to hydrogen
and carbon dioxide in two shift converters operating at successively lower temperatures.
The low temperature shift converter reduces the carbon monoxide concentration to less
than one percent. The processed fuel nex: tlows to the anode cavities in the fuel
cell power section where hydrogen is extracted for the electrochemical reaction. The
anode effluent gas stream passes through a regenerator and condenser where it is
cooled to condense additional water for power section cooling and steam generation.
The anode exhaust strcam then enters the reformer burner where the dilute hydrogen
is burned to provide heat for the reforming process. Then, as described above, the
burner gas stream is combined with the cathode exhaust stream beforz entering the
turbine.

In the power section, cells are stacked in a series-parallel arrangement to
produce 3000-volt direct current which is fed to the power conditioner. Power section
temperature is controlled by a thermal management subsystem. Steam is generated from
condensed water using power section waste heat. As shown at the upper right quadrant
of the schematic, cooling water enters the fuel cell coolers, is partially converted
to steam, and continues on to the separator where the steam is removed. Part of

- ————
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the steam is sent to the reformer; the remainder is condensed to maintain the power
section at the proper temperature. Water from storage is introduced into the thermal
management loop to maintain its inventory. The cooling water is pumped back to the
power section. A heat exchanger combined with a burner serves as a source of heat
during powerplant startup and standby operation. Excess heat from the dc module is
rejected to the dry air cooling towers via a liquid loop. This heat could also be
used to provide steam for industrial processes or hot water for space heating or
washing.

2.1.3.2 Molten-Carbonate Fuel Cell Technology

A schematic of a molten-carbonate power system developed by UTC for use with
an oxygen-blown Texaco gasifier is shown in Fig. 2.1.3.2-1. A combination of Selexol
cleanup followed by a zinc oxide bed is used to reduce sulfur to tolerable levels.
The system was fully integrated and gave an overall efficiency of 47.9% from coal
(HHV) to electricity.

Clean fuel gas enters a Fuel Gas Expander 50-1-EX-2, which drives the Anode
Recycle Compressor 50-1-C-2, The fuel gas serves as makeup gas to the anode
recycle loop at the discharge of the Anode Recycle Compressor 50-1-C-2. The anode
recycle gas stream continuously circulates through the anode side of the
50 parallel fuel cells to supply fuel and to remove the heat of reaction. The
1300°F anode recycle exhaust gas from the fuel cells is cooled in the two
pressurized Heat Recovery and Steam Generation units connected in series. The
first unit contains Steam Reheater 51-1-E-4 and Superheater 5i-1-E-3 as internal
coils., The second unit contains HP Boiler 51-1-E-2 and BFW Preheater 51-1-E-1 as
internal coils. The cooled anode recycle gas then enters the Anode Recycle
Compressor 501-1-C-2 at 1096°F for recompression and recycle. This whole anode
recycle loop 1s designed to operate with a total pressure drop of 5.4 psi.

A portion of the anode effluent at 1300°F combines with inlet air and enters
Catalytic Burners 51-1-V-1A&B for combustion. The exit flue gas then flows to the
cathode side of the 50 parallel fuel cells. The cathode exhaust gas flows to
Exhaust Gas Expander 50-1-EX-1l, which drives Air Compressors 50-1-C-1 and 11-1-C-1,
and Generator 50-1-G-1.

The gas stream from Exhaust Gas Expander 50-1-EX-1 flows through several
economizers including BFW Preheater 51-1-E-5 and Condensate Preheater 51-1-E-7
for recovery of waste heat before discharging to the atmosphere at 250°F,

System performance is summarized in Table 2.1.3.2-1. The nominal cell conditions
selected for this study were 150 psia and 1200°F, 1In this study, process fuel
gas cooling was sclected to provide for fuel cell thermal management and transfer
the rejected heat of reaction to the bottoming cycle via an anode recycle loop.
This approach assures that the fuel gases ontering the anode are thermodynamicually
stable with regard to methanation and carbon depozition. However, the kinetics
of these reactions may permit less stringent design criteria than was assumeu
in this study.
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TABLE 201.312-1

SUMMARY OF SYSTEM PERFORMANCE FOR

Gasification And Gas Cleaning System
Coal Feed Rate, 1lbs/hr (l.?.s
Oxygen*/Coal Ratio, 1lbs/lb m.f.
Oxidant Temperature, °F
Steam/Coal Ratio, lbs/1b m.f.
Slurry Water/Coal Ratio, lbs/lb m.f.
Gasification Section Average Pressure, psig
Crude Gas Temperature, °F
Crude Gas HHV (dry basis), Btu/SCF**
Temperature of Fuel Gas to Fuel Cell Loop °F
Temperature of Fuel Gas to Zinc Oxide Beds
Gaseous Sulfur Emission, 1b SO, Equivalent/106 Stu Coal

Power System
Air Compression Pressure Ratio (50-1-C-1)

Fuel Cell Inlet Temperature, °F

Fuel Cell Exhaust Temperature, °F
Steam Conditions, psia/°F/°F
Condenser Pressure, Inches Hg abs
Anode Recycle Loop Pressure Drop, psi
Stack Temperature, °F

Fuel Cell Power#, MW

Steam Turbine Power®#, MW

Exhaust Expansion Turbine Power#, MW
Total Power Consumed, MW

Net System Pover, MW

Overall System
Process and Deaerator Makeup Water, gpm/1000 MW
Cooling Tower Makeup Water, gpm/1000 MW
Cooling Water Circulation Rate, gpm/MW
Cooling Tower Heat Rejection, § of Coal HHV
Air Cooler Heat Rejection, § of Coal MMV
Net Heat Rate, Btu/kwh
Overall System Efficiency (Coal + Power), % of Coal HHV

*Dry basis, 100 percent 0,
**Excluding the HHV of H,S, COS and NH;
#At generator terminals
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798,333
0.858
300
0
0.503
600
2,300-2,600
281.1
738
700

10.4:1
1,100
1,300

1800/1000/1000

2.5
5.4
250
1,002.8
497.6
40.4
110.8
1,430.0

445
4,480
208
29.0
7.6
7,130
47.9

0.009
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As discussed in the pravious section, improved jrerformance is possible with
steam injection and cathode recycle. In addition to operating temperature and
pressure, other majur parameters defining cell performance and efficiency are
cell voltage, and the fuel and oxidant utilizations. Utilizations define the
ratio of the reactant consumed by the cell to the reactant supplied to the cell.
For a given set of reactant compositions, utilization determines the reactant
partial pressure and therefore the maximum ideal cell voltage. Because CO is
shifted to H, and consumed in the molten carbonate cell, fuel utilization is
defined as tﬁe ratio of the H2 consumed in the cell to the total H, plus CO supplied
to the cell. Fuel utilization and cell voltage are measures of prime cycle system
efficiency since they indicate the percentage of CO and Hy in the fuel gas that
is consumed electrochemically and the efficiency of that electrochemical conversion
process. A preliminary cost and efficiency trade-cff study set the cell voltage
at 0.75 volts per cell, and overall fuel utilization at 90 percent. The oxidant
air flow rate was set to maintain a two to one ratio between carbon dioxide and
oxygen partial pressures on the cathode, a value that optimizes cathode performance.
A summary of fuel cell design parameters is given in Table 2.1.3.2-2.

Other cell design conditions that affect overall power plant characteristics
are heat losses and cell operating life. The cells are thermally insulated and
cell stack heat Josses were calculated to be two percent of the design gross
power output. For purposes of defining base case economics, cell useful life
was assumed to be 40,000 operating hours. This is a goal that has been set
for the nearer term acid cells and appears to be a reasonable goal for molten
carbonate cells as well, It should be pointed out that after 40,000 hours
of operation, the cell with continue to operate, however, at a slightly reduced
performance level than asrsumed for this study. Thus, a utilit, may choose to
replace the fuel cells at this time or it may choose to continue to run the
plant with the existing cells, but a: a somewhat reduced power level or efficiency.

The fuel cell module produces dc power which is converted to ac in the inverter
system. The inverter operates at 96 percent efficiency at rated load, and outputs
60 Hz, 3-phase ac power. Included in Table 2.1.3.2-2 is the power output sunmary
from the inverters. The inverters selected utilize solid-state, self-commutated
technolcgy. An important characteristic of utilizing self-commutated technology
is that both real and reactive power can be dispatched. Thus, the power factor may
be operated over the range of 0.0 to 1.0 within the MVA ratiung of the inverters,
precluding the need for power factor correction capacitors.

The inverters are modular and are designed to be factory fabricated and rail
transportable. Each inverter module consists of three inverter bridges connected
in parallel to the dc bus. Output voltage harmonics up to 17 times the fundamental
are cancelled in harmonic reduction transformers. Any single harmonic voltage
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*Per pass utilization includes anode recycles. Overall utilization for each

TABLE 2.1.3,2-2

FUEL CELL DESIGN PARAMETERS

Cell Voltage ~ Volts 0.7%
Fuel Utilization ~ § * S0
Oxidant Utilization ~ § S8
Gross dc Power Dencity ~ Watts/Ft 148

DC Module Operating Characteristics

Dc Module Output ~ MW 4.18
Number of dc Modules 250
Total dc Output to Inverter ~ MW 1044.6

caune is 90 percent
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output is limited to less than one percent of the fundamental. Series reactors
are inserted between ‘ne briuge output and the harmonic cancelling transformers
of each inverter module to provide an inductive impedance to the utility line for
control purposes and for buffering the bridge from line transients. The 60 Hz,
three-phase output from the inverter modules is then combiunad in an inverter
transformer for step-up to an intermediate ac paralleling voltage.

The remaining comporients in the prime cycle systom are the catalytic burners
and the turbocompressors and auxiliary generator equipment. The catalytic
burners oxidize hydrogen, carbon monoxide, and methane in the fuel anode vent.

Adiabatic oxidatiou temperature is quite low, approximately 1158 F. Kinetic studies

indicate that catalytic combustion in these temperature regimes yields very low

nitrogen oxide and carbon monoxide emission levels. The catalytic burners utilize

a precious metal catalyst supported on a ceramic material, and are enclosed in
insulated carbon steel pressure vessles. Design life for the units is two years
with replacement of the catalyst bed after this period.

2.1-34
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3.1 Evaluation of Coal-Derived Fuels for Advanced Fuel Cell Power Systems

The objective of this task is to determine the overall power plant
efficiency of a fuel cell system using medium=-Btu gas delivered to the power
plant via pipeline. The properties of the gas delivered to the power plant will
be obtained and any further processing, if necessary, will be identified. Based
upon the fuel gas characteristics, the perforsance of the fuel cell power plant
will be described.

3.1.1 Definition of Fuel Gas Requirements

As discussed in Sections 1 & 2 botl the phosphoric acid and molten carbonate
type cells are susceptible to degradation from impurities in the fuel. Preliminary
fuel specifications have been established for the FCG-1 Power Plant (Ref. 3.1-1).
These are presented in Tables 3.1.1-1, 2 & 3. The gaseous fuels of interest here
are covered by Table 3.1.1-1. While that specification allows a sulfur level of
100 ppm, the system includes a zinc oxide bed to achieve nearly complete sulfur
removal prior to entering the reformer and water gas shift sections of these fuel
processing system. While the acid cell can tolerate some H,S, it appears to
have a synergistic effect when accompanied by CO. Since it will not be possible
to shift all the CO to H,, it appears prudeat to remove all the sulfur even if
catalyst poisoning could be overcome.

In the case of the carbcnate cell, allowatle sulfur levels have yet “o be
established. However, it appears likely that these levels will be less than 1
ppu. Cell tolerance to other impurities have been estimated (Ref. 3.1-2) and are
presented in Table 3.1.1-4. For purpose of this study it was assumed that low
levels (<12) of C, hydrocarbons would act as a diluent and not affect cell
performance.

The oxygen-blown Texaco and British Gas Corp. (BGC) slagging gasifiers
were selected as the gasifiers to provide medium-Btu fuel gas for transport in
pipeline to the power generation site. Properties of the fuel gas from each of
these gasifiers, based upon Ref. 3.1-3, are given in Table 3.1.1-5. The total
sulfur content of ‘00 ppm H,8 + COS is that agreed upon by NASA and the Contractor
(Ref. 3.1-4) as being typical of pipeline quality fuel gas.
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TABLE 3.1.1-1

GASEOUS FUEL SPECIFICATION

Gaseous fuels shall consist of various combinations of saturated hydro-
carbon compounds, hydrogen, carbon monoxide and incrts, with the
following chemical composition limits:

COMPOSITION LIMITS

Impurity Upper Limit
Sulfur, ppm vol 100
Nitrogen, vol % 10,0%*
Oxygen, vol % 0.1
Olefins, vol % 3.0

* Limit applies only for gases countaining hydrocarbons.
Acceptable gaseous fuels include:

Coal Gases from Entrained Flow, Fluidized Bed, or Moving Bed
Processes.

Natural Gas

Synthetic Natural Gas

Propane

Hydrogen

Anaerobic Digestor Gases

Some Industrial Byproducts

v e
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TABLE 2.. & !
LIQUID FUEL SPECIFICATION

Liquid fuels shall consist of saturated hydrocarbon compounds with the
following chemical composition and physical property limits:

COMPOSITION LIMITS

Impurity Upper Limit
Aromatics, vol % 12.0
Olefing, vol % 3.0
Sulfur, ppm wt. 500.0
Chlorire, ppm wt. 3.0
Lead, ppm wt. 1.0

PHYSICAL PROPERTY LIMITS

Reid Vapor Pressure, Maximum, 1b 12,5
Final Boiling Point, Maximum, °F 420

Acceptable 1liquid fuels include:

Light Petroleum Distillates
Light Coal Liquids

301"3
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TABLE 3.1.1-3

ALCOHOL FUEL SPECIFICATION

Alcohol fuels shall consist primarily of methvl, ethyl, isopropyl
and isobutyl alcohol, or mixtures thereof, with the following
chemical composition limits:

COMPOSITION LIMITS

Impurity Upper Limit

Sulfuf, PpPRm Wt. 0.
Chlorine, ppm wt. 0.
1

Lead, ppm wt.

O -

Methyl and isopropyl alcohols may be used as denaturants.

3l 1"0
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TABLE 3.1.1-4
ESTIMATED MAXIMUM ALLOWABLE IMPURITY LEVELS
FOR PHOSPHORIC ACID FUEL CELLS
Impurity Maximum Limit
o, diluent
cH, diluent
N, diluent
co ' 1%
H,s, cos 100 ppm
cz+ 100 ppm
Cc1™ . 1 ppm
NH3 1 ppm
Metal ions (Fe, Cu, etc.) nil
3.1-5
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TABLE 3.1.1-5 !?I
[}

.

GAS COMPOSITIONS "i

B

Texaco Gas BGC Gas -

|

Element Vol. % Vol. 2 O
CH(‘ 0.1 8.4 L

H, 35.6 30.6

Co 52.4 58.5 j!
€0, 10.8 1.9 2
HZS)) -
* ; 160 ppn 100 ppm [
Cos [
N, 0.8 0.5 .
Ar 0.2 0 §§
H,0 0.1 0.1 b
100.0 100.0 i
!
Heating Values, LHV ;%
LHV, Btu/scf 267.5 349.1 .
LHV, Btu/lb 4949 6825 7]
T
i

3.1-6 e

. ‘.:;._.‘.~‘A., .;A‘.“A‘h—.mw—.‘—aw‘n_.m_“ ....... L



. RO (02 o an i N
e e e T P <y e W Y T ey m.‘ﬂJ
1

H
i
<
¢
[
1
2
;
%
14
3
:

R81-955343~9

Fuel delivery pressure is dictated by the combined cycle of Section 3.2
in which the combustor operates at 175 psia. Allowing for fuel handling, a
pressure of at least 250 psia would be required at delivery. It is anticipated
that the Texaco and BGC gasifiers would be operated at pressures well beyond this
value. Since the fuel cells operate at lower pressures it may be possible to
recover some of the compressor work with an expander.

Fuel delivery temperature is not critical unless it is low enough to allow
condensation. For the moisture content given in Table 3.1.1-5, temperatures
should be above 75 F. An average temperature of 86 F has been assumed.

The rcguired flow rate of fuel gas is a function of heating value and
output power levels. For the carbonate systems, flows were selected that provided
a heat input comparable to the integrated systems which were sized for a nominal
500 MW output. The flow rate is 527,310 lb/hr for the Texaco gas and 453,190
1b/hr for the BGC gas. In the case of the phosphoric acid cells, flows were made
to be compatible with the FCG-1 module.

3.1.2 - ldentification of Power Generation Facility
3.1.2.1 Phosphoric Acid Cell

The basic generating system arrangement has been described in Section 2.1.3.
The plant, while initially intended for use on light distillate fuel, is designed
for fuel flexibility. The fuel processor can be adapted to various gaseous and
liquid fuels including those under consideration here.

For operation on naptha, a system schematic and flow sheet are shown in
Fig. 3.1.2.1-1 and Table 3.1.2.1-1 (Ref. 3.1-5). For use with either of the gases
being considered here, minor changes are required. These will be discussed using
the naptha fueled plant as a baseline to describe fuel processor and fuel cell
operation.

Referring to Fig. 3.1.2.1-1, naptha with no sulfur (Stream 1) enters the system
and passes through the hydrodesulfurizer and zinc oxide bed prior to entering the
reformer.

Fuel containing sulfur would be mixed with hydrogen rich grs prior to entering
the hydrodesulfurizer. With the medium-Btu gaser being considzred here, the
sulfur has already been combined with hydrogen and can be sent directly to
the zinc oxide beds located just downstream of the hydrodesulfurizer. Removal of
100 ppm of sulfur from the gas puts a burden on the zinc oxide bed. The cost of
desulfurization by the zinc oxide is on the crder of 1 mill per kWh.

3.1-7
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Following desulfurization, the gas is mixed with steam (Stream 3) and sent
to the reformer where the hydrocarbons are converted to hydrogen along with some
carbon monoxide, carbon dioxide and methane (Stream 4). These gases are cooled
and sent to the shift converter where most of the CO along with a corresponding
amount of H,0 is shifted to make H, and CO, (Stream 5). In the case of the
Texaco gas, the reformer can be bypassed and the desulfurized gas sent directly
to the shift converter. However, because of the high CO level (522) in the gas
it is necessary to add two high-temperature shift converters with associated heat
exchangers to reduce the CO concentration to a level typical of a steam reformer
product. The gas can then be processed in the normal shift converter.

In the BGC gas, methane, while only 8% by volume, accounts for 23 percent
of the heating value. Therefore, to avoid the loss of that energy, the BGC gas
must be processed in the reformer. Because of the low methane concentration and
the exothermic shift reactions that will also occur in the reformer, little heat
is required. For the BGC gas, no change in the basic fuel processor arrangement
is required. However, the size of the low-temperature shift converter must be
increased.

After shifting, the fuel gas is cooled and most of the water vapor is condensed
and removed for re-use in the reformer. It is then sent to the anode side of the
cell. In the fuel cell, 10 percent of the hydrogen is consumed. The remainder,
along with residual CO and CH,, is combined with incoming fuel to provide heat
for the reformer.

A comparison of the performance of the phosphoric acid power plant using naptha,
the Texaco gas and the BGC gas is given in Table 3.1.2.1-2. As can be seen, there
is little change in either heat r&te or the availability of low-grade heat as the
system is changed from one fuel to the other.

The operation of the FCG-1 power plant on medium-Btu gas both with and without
methane is the subject of a study being performed for TVA (Ref. 3.1-6). The
final report of that work will not be available for several months. However, it
will include a more detailed description of the operation of the cell than is
possible at this time.

3.1.2.2 Molten Carbonate Cell

The basic gcnerating system arrangement has been discussed in Section 2.1.3.
The carbonate cell, by virtue of its high operating temperature is well suited
for integrated operatioa with the gasifer. However, in the over-the-fence
configuration it also exhibits a low heat rate. The system arrangement is shown
in Fig. 3.1.2.2-1. It is the same for us2 with either the Texaco or BGC gas.
Tabie 3.1.2-2 sumnarizes performance for both gases. For the Texaco gas, a heat
an) mass balance i< given in Table 3.1.2.2-3 and stream compositions are given in
Table 3.1.2.2-3. For the BGC gas, the corresponding tables are 3.1.2.2-4 and
3.1.2.2-5 respectively.
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TABLE 3.1.2.1-2

SUMMARY OF COAL-DERIVED FUEL IMPACT

11.3-MWAC Net Power Rating

Fuel

Variation from Basic
Power Plant

Rated-Power Heat Rate,
Btu/kwh

Recoverable Heat, 10% Btu/h
High Grade, STEAM

Low Grade, 160 F
WATER

Overall Energy Utilizaticn, %
(Based on HHV)

31 1_11

Texaco BGC
Add 2-Stage Shift Increase Low-
Converter Temperature
Shift Converter
Size
Increase Low-
Temperature Shift
Converter Size
8350 8360
4.2 6.2
37 37
85 86
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TABLE 3010202-1

PERFORMANCE SUMMARY FOR MOLTEN CARBONATE POWER SYSTEMS
AND MEDIUM-BTU FUEL GAS

Fuel Gas:
Gasification Process Texaco BCC
Flow Rate, lb/hr 527310 453190
Lower Heating Value, Btu/lb 4949 6826
Performance:
Fuel Cell Power, MW 346.0 330.4
Gas Turbine Power, Md 100.3 107.5
Steam Turbine Power, MW 52.0 119.2
Urilities(), W 30.8 29.2
Total Net Power, MW 485.5 527.9
Heat Rate, Btu/kwh(2) 5375 5860
Overall Efficiency, 2(2) 63.5 58.2

(1) 1Includes fuel compressors and 3X for plant requirements

(2) Based on lower heating value of gas.
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Station Number Temperature (°F)
1 59
2 595
3 80
4 700
5 656
6 1100
) 7 1100
| 8 1220
9 981
10 809
11 820

q 12 988 .
13 1100
14 1300
15 1300
16 659
17 480
17A 363
18 300
19 1300
20 1300
21 1213
22 1300
‘ 23 i213
24 1213
25 1140
26 1154
27 108
? 27A 108
28 218
- 29 250
30 255
31 446
32 662
33 662
34 1000

TABLE 3010202-2

HEAT AND MASS BALANCE FOR MOLTEN CARBONATE POWER SYSTEM
AND TEXACO FUEL GAS

Flow (lb/occ)(l)

Pressure (psia)

(1) All flow values are for one engine.

14.7
15C.8
275.0
270.0
260.8
256.1
150.0
150.0
147.5
145.0
150.8
150.0
150.0
150.0
150.0

16.2

14.7

14.7

14.7
150.0
150.0
150.0
150.0
150.0
150.0
145.1
150.0

1.23

30.0

30.0

30.0

2837.0
2553.2
2400.0
2400.0
2400.0

754.4
754.4
146.5
146.5
246.9
246.9
246.9
568.4
568.4
568.4
568.4
1322.8
3944.5
3622.9
1001.2
1001.2
1001.2
1001.2
1001.2
2621.7
2162.0
2162.0
459.7
459.7
2621.7
2621.7
2621.7
159.8
159.8
159.8
165.0
165.0
165.0
165.0
165.0
165.0
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35
36
37
38
39
40

TABLE 301. 2-2-2 (cont'd)

HEAT AND MASS BALANCE FOR MOLTEN CARBONATE POWER SYSTEM

653
653
611
1009
405
108

AND TEXACO FUEL GAS

600.0 64.6
600.0 100.4
260.8 100.4
540.0 64.6
34.0 5.2
1.23 57.4
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TABLE 3!1-2.2-‘.

HEAT AND MASS BALANCE FOR MOLTEN CARBONATE POWER SYSTEM
AND BGC FUEL GAS

Station Number

Temperature (°F)

Pressure (psia)

[Y-R e N < N U R o TN R R

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Flow (lb/sec)(l)

59
595
80
700
649
1100
1100
1220
969
808
819
1375
1100
1300
1300
655
485
300
1300
1300
1115
1300
1115
1115
924
937
108
108
250
255
446
602
662
1000
648
648
604
1000
385
108

(1) All flow values are for one engine.

3. 1‘18

14.7
150.8
275.0
270.0
260.8
256.1
150.0
150.0
147.5
145.0
150.8
150.0
150.0
150,0
150.0

16.2

14.7

14.7
150.0
150.0
150.0
150,0
150.0
150.0
145.1
150.0

1.23
30.0
30.0

2837.0
2553.0
2400.0
2400.0
2400.0
600.0
600.0
260.8
540,0

34.0

1.23

865.4
865.4
125.9
125.9
236.3
236.3
236.3
532.1°
532.1
532.1
532.1
1397.6
3759.9
3464.,1
1101.8
1101.8
1101.8
1101.8
2362.3
1763.9
1763.9
598.5
598.5
2362.3
2362.3
2362.3
251.0
251.0
286.3
286.3
286.3
286.3
286.3
286.3
175.9
110.4
110.4
175.9
35.3
140.6
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Referring to Fig. 3.1.2.2-1, fuel gas is received at pressure but must
be heated prior to use in the cell. This is done by heat exchange with the anode
exhaust gas. When the incoming gas reaches 700F, it is withdrawn from the heat
exchanger and sent to a zinc oxide bed for complete sulfur removal. The clean
gas is mixed with steam to prevent carbon deposition and then returned to the
exchanger where it is heated to 1100F which has been specified as the anode inlet
temperature.

e e AT T o Tl T R

In the cell, fuel utilization is 85 percent. That is, 85 percent of the total
moles of H, + CO are consumed in the cell. For each moles of fuel used, omne
mole of CO, and one of Hy0 are released to the gas stream. Thus the mass
flow out of the cell is greatly increased over the inlet flow rate. The gas
leaves the cell at 1220F and the composition corresponds to the water gas shift
equilibrium at that temperature.

As noted above the anode exhaust gas is used to heat the incoming fuel gas.
Because of the high mass flow rate of the exhaust gas, it is only cooled to
approximately B0OF before entering a blower which directs the very low-Btu gas to
a catalytic burner. Here the gas is burned and the products diluted with air
from the turbocompressor. The resultant gas (Stream 12) is mixed with recycle
gas from the anode that has been cooled to maintain proper cell temperature. The
mixture is sent to the cathode where the utilization of CO, and 0, is approxi-
mately 25 percent. Gas leaves the cathode at 1300F. Part of it is cooled by raising
high pressure steam and providing superheat and reheat for the steam cycle. That
part is recirculated to the cathode by the recycle compressor. The other part of
the stream is expanded through a turbine which drives the compressor and a
generator adding to the gross power output.

Heat recovered from the turbine exhaust is used for economizing in the steam
bottoming cycle. As mertioned earlier boiling and superheating are accomplished
in the cathode recycle stream.

3.1-21
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4.1 Evaluation of Integrated Gasification Fuel Cell Power Systems

The objective of this task is to evaluate the performance of fuel cell systems
when integrated with coal gasification and cleanup systems. The gasifiers to be
considered are the oxygen-blown Texaco and the BGC slagger. Gasification and gas
cleanup systems are the same as reported in Ref. 4.1-1.

Because of their low operating temperature, the phosphoric acid fuel cells
do not lend themselves to integration with gasification systems. The more likely
use of the acid cell is as a dispersed generator which would have the performance
characteristics described in Section 3.1.2. For that rcason, this section deals
only with gasification systems integrated with the molten carbonate fuel cell.

4.1.1 1ldentification of Fuel Cell Power Plant with Texaco Gasifier

The fuel cell system with steam bottoming cycle described in Section 2.1.3
v.11l be used as the basis for the integrated power plant. Cell operating conditions
are as described in Section 2.1.3 but actual cell output varies with gas composi-
tions and steam cycle arrangement has been changed to fully utilize the heat
available in each configuration. A schematic for the Texaco-based system is
shown in Fig. 4.1.1-1. A brief description of the system follows.

In the Texaco system coal is mixed with water and the resultant slurry
(Stream 5) is pumped up to gasifier pressure. In the gasifier it reacts with
oxygen to produce a high temperature (>2300F) medium-Btu gas. At the gasifier
exit, a portion of the gas is drawn off to remove the bulk of entrained ash from
the main stream. That gas is quenched with water to remove the ash and rejoin
the mainstream at the particulate scrubber. Prior to entering the high-pressure
boiler, the main gas stream is quenched to below the ash fusion temperature to
solidify the ash and minimize heat exchanger fouling. The gas is then cooled by
raising high-pressure steam, transferring heat to the clean gas, raising low
pressure steam and finally by evaporation in the particulate scrubber. The gas
leaves the scrubber fully saturated at 352F. Because it is saturated, there is a
large amount of heat available at temperatures below 352F. After reheating the
clean gas to 300F and heating the boiler feedwater to 250F, the remaining heat is
rejected to ambient and the gas enters the Selexol System at 105F. Following
desulfurization, the clean gas is reheated against the raw fuel gas in a series
of three heat exchangers. At 700F, the clean gas is removed from the heat
exchanger and sent through a zinc oxide bed to guarantee complete sulfur removal.
Following this, steam is added to prevent carbon deposition and the gas is
reheated to 1100F. At this point the pressure is reduced to the fuel cell
operating level by expansion through a turbine.

The remainder of the system is virtually the same as that of the over-the-
fence case described in Section 3.1. The cell operates at 185 amps per sq ft
with an output voltage of 0.81V.

4.1-1
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In the steam cycle, feedwater is sent to the fuel processing equipment where
both low- and reheat-pressure steam is raised.

Performance of the system is summarized in Table 4.1.1-1, a heat and mass
balance is given in Table 4.1.1-2 and stream compositions in Table 4.1.1-3.

4.1.2 1Identification of Fuel Cell Power Plant with BGC Gasifier

The fuel cell system with steam bottoming cycle described in Section 2.1.3
will be used as the basis for the integrated plant. Cell operating conditions are
as described in Section 2.1.3 but actual cell output varies with gas composition
and steam cycle arrangement has been varied to fully utilize the available waste
heat. A schematic for the BGC-based system is shown in Fig. 4.1.2-1.

The major factor in the gasification process that affect the power plant
and result in basic differences between the BGC and Texaco based systems are:

1. The Texaco slurry feed and high temperature makes it less efficient
than the BGC.

2. BGC raw gas must be water quenched to remove condensible hydrocarbons
and the sensible heat is loss to the power plent.

3. BGC product gas contains a significant amount of methane (approx 22 percent
of HHV) which cannot be used in the fuel cell.

The primary effect of these differences in terws of the Fig. 4.1.2-1 schematic
is the loss of the ability to us: heat from the raw gas to reheat the clean gas
leaving the Selexol system. Instead, the heat needed to preheat the fuel gas
must be taken from the anode exhaust stream. As a result, the fuel cell part of
the system is virtually the same as in the over-the-fence case which has been
described earlier.

Because of the gasifier steam raquirements, the steam cycle is somewhat
different than in the Texaco case. Steam for the gasification process is taken
from three sources. Gasifier jacket heat provides approximately 60 percent of
the total, 25 percent is raised in the sulfur recovery plant and 15 percent is
raised in the sulfur recovery plant and 15 percent extracted from the intermediate
pressurc turbine. Other steam is extracted from the low pressure turbine to
supply process needs at both 50 and 100 psig.

Performance of the system has been sumuarized in Teble {.l.1-1. A heat and
mass bsiance is given in Table 4.1.2-1 and stream compositions are given in Table
4.1.2-2.
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I’: = TABLE 4.1.1-1
. PERFORMANCE SUMMARY FOR INTEGRATED GASIFICATION/
! FUEL CELL POWER PLANTS
Gasification System: Texaco BGC
‘ Oxident . Oxygen =
3 Coal Rate, TPD 3566.6 -
Output:
Fuel Cell Power, MW 365.3 330.5
Gas Turbine Power, MW 93.2 106.3
Steam Turbine Power, MW 106.0 100.7
Expander Power, MW 35.6 18.0
Gross Output, MW 600.1 555.5
| Utilities:
Selexol Power Consumption, MW 3.3 3.4
P Air Compressor Power, MW 45,4 24.8
: Oxygen Compressor Power, MW 15,6 7.9
Recirculation Compressor Power, Mw 14.8 12,2
Other Utilities Power, MW 16.6 13.3
Total Utilities, MW 95.7 61.6
Total Net Output, MW 504.4 493.9
’ Heat Rate, Btu/kWh 7223 7362
Overall Efficiency, % 47.2 46.4
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HEAT AND MASS BALANCE FOR INTEGRATED TEXACO
GASIFICATION/FUEL CELL POWER PLANT

Temperature (°F)

59
595
90
300

2400
2400
2400
400
1850
1200
742
522
404
403
352
352
360
352
334
199
1C5
70
300
700
665
1100
751
1100
1220
1039
1051
1113
1100
1300
1300

g (1) All flow values are for one engine.

Pressure (psia)

Flow (lblsec)(l)

14.7
150.8
17.0
734.7

588.0
588.0
588.0
564.5
588.0
582.1
576.3
570.5
570.5
570.5
570.5
570.5
588.0
570.5
570.5
558.5
541.8
530.9
530.9
525.6
515.1
510.0
155.2
150.0
150.0
145.0
150.8
150.0
150.0
150.0
150.0

722.0
722.0
69.4
69.4
82.6
180.6
162,5
18.1
25,5
227.4
227,4
227.4
2.7.4
22,4
252.9
259.1
64.9
64.9
194.2
183.2
154,5
152.0
126.3
126,3
126.3
220.0
220.0
220.0
220.0
541.8
541.8
541.8
1263.8
3936.4
3614.6
942.0
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Statiun Number

TABLE 4.1.1-2 (Cont'd)

HEAT AND MASS BALANCE FOR INTEGRATED TEXACO
GASIFICATION/FUEL CELL POWER PLANT

Temperature (°F)

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

658
537
300
1300
1300
1154
1300
1154
1154
1080
1094
108
108
los8
338
250
255
486
486
486
592
592
592
662
662
662
1000
649
649
649
634
486
644
1000
626
108

Pressurc (psia) Flow (1b/sec) (1)
16.3 942.0
14,7 942.,0
14,7 942.0

150.,0 2672,6
150.0 1959.5
150,0 1959.5
150.0 713.1
1506.0 713.1
150.0 2672,6
145,0 2672,6
1:9.0 2672.6
1.23 267.1
30,¢C 257.8
30.0 9.3
115.0 9.3
30.0 257,8
2836.0 257.8
2837.0 257.8
600.0 6.1
2837.0 251.,7
2400.0 251.7
2400,0 129.2
2400.0 122.5
2400.0 122.5
2400,0 129.2
2400,0 251,7
2400.0 251.7
600,0 251.7
600.0 158.0
600,0 93.7
515.0 93.7
600,0 6.1
600.0 164,1
540,0 164.1
115.0 13,0
1.23 151.,1
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TABLE 4 ol. 2-1

HEAT AND MASS BALANCE FOR INTEGRATED BGC GASIFICATION/

FUEL CELL POWER PLANT

Station Number Temperature (°F) Pressure (psia) Flow (lb/sec)(l)
. 1 59 14.7 860.0
| 2 595 150.8 860.0
\ 3 82.6
! 4 282 325.0 154.0
| 5 163 320.0 134.2
| 6 105 306.0 132.6
; 7 70 296.0 122.4
8 1100 29i.0 122.4
9 650 281.1 231.6
10 939 276.2 231.6
| 11 775 152,0 231.6
’ 12 1100 150.0 231.6
’ 13 1220 150.0 527.3
14 1039 148.0 527.3
15 877 146.0 527.3
16 712 144.1 527.3
17 724 150.8 527.3
18 1341 150.0 1387.3
19 1100 150.0 3756.0
20 1300 150.,0 3460.3
21 1300 150,0 1091.6
22 655 16.2 1091.6
23 491 14,7 1091.6
24 300 14.7 1091.6
25 250 14,7 1091.6
26 1300 150.0 2368.7
27 1300 150.0 1780,7
28 1126 150.0 1780.7
29 1300 150.0 588.0
_ 30 1126 150.0 588.0
31 1126 150.0 2368.7
32 945 145,1 2368 7
33 958 150.0 2368.7
34 108 1.23 292.8
35 108 30.0 292,.8
(1} All flow values are for one engine.
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HEAT AND MASS BALANCE FOR INTEGRATED BGC GASIFICATION/
FUEL CELL POWER PLANT

Station Number Temperature (°F) Pregssure (psia) Flow (lb/sec)(l)
36 200 30 292.8
37 250 30 292.8
38 255 2837 292.7
39 446 2553 292.7
40 446 2553 20.6
41 448 415 14,5
42 448 415 6.1
43 603 2400 272.2
44 448 415 14.5
45 448 415 6.1
46 448 415 6.1
47 662 2400 272,2
48 1000 2400 272.2
49 648 600 272,2
50 648 600 162.9
51 648 600.0 109.2
52 608 281.1 109.2
53 . 1000 540.0 162.9
54 1000 540.0 63.6
55 1000 540.0 99.3
56 108 1.23 99.3
57 937 415.0 4.0
58 510 415.0 24.6
59 611 100.0 39.8
60 475 50.0 4.8
61 108 1.23 15.0

4,1-13
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. 4.1.3 Comparison of Performance

The differences between the Texaco and BGC performance shown in Table 4.1.1-]
are due primarily to gasifier efficiency (the slurry feed makes the Texaco less
; efficient than the BGC), the loss of raw gas sensible heat (in the case of the
‘ BGC) and the presence of methane in the BGC gas that cannot be used in the fuel
cell but whose energy improves the steam cjycle in that system.

Because of the lower oxygen and steam (water) requirements of the BGC
gasifier the cold gas efficiency of that unit is much higher than the Texaco
units (931 and 77X respectively). However, this difference is offset by the
amount of methane in the BGC off-gas. Nearly 242 of the heating value of that
, gas is attributed to methane and other hydrocarbons that cannot be utilized in
l the fuel cell. They are, however, used at steam cycle efficiency.

The low exit temperature of the BGC gasifier results in a significant
amount of condensibles in the off-gas. As a result, it is not practical to
attempt to remove the sensible heat from the stream. Instead, it must be water
quenched and the heat is availible at less(than 282N.

Referring to Table 4.1.1-1, the effects of these diftcrences can be seen.
t Fuel cell power is some 10X less in the BGC case. Thi:c ie a direct result of the
h difference in the quantity of hydrogen and carbon monoxide in the product gas of
each. If only those two gases were considered in calculating cold gas efficiency,
it would be 70% for the BGC and 77% for the Texaco gasifier.

Gas turbine power is higher in the BG. system due to the increased flow
[ associated with combustion of methane in the cathode loop. The combustion of
l methane also raises the steam cycle output. Despite the loss of gasifier raw gas
sensible heat in the BGC-based system, steam power is almost the came in both
' cases. Expander power differs due to the difference in pressure at which each
l gasifier operates.

i While total output of the Texaco system is some 8% higher, net output differs
by only 2X. This is due primarily to the air compressor for the oxygen plant and
the oxygen compressor. The former is lower in the BGC system since oxygen
requirements are 441 lower than for the Texaco gasifier. Oxygen compressor power
differs due to the lower flow and also due to the lower pressure to which it must
be compressed in the BGC system.
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4.1.4 Off-Design Operation of Gasification/Molten Carbonate
Power Plants

The integration of a molten carbonate fuel cell with a gasification
system yields a very complex plant. The ability to operate such a plant can only
be demonstrated in an actual installation. Simulation of the plant is possible,
however, this has not been done to date. Consequently, it is necessary to infer
from existing data the probable part-load capability of an integrated gasification/
molten carbonate fuel cell power system.

In Ref. 4.1-2 the plant operation and control of an integrated gasifier/molten
carbonate fuel cell was discussed. Two modes of operation at part power were
advanced.

The first mode takes advantage of the fact that the powerplant consists of
independent gasifier-fuel cell trains operated in parallel. In each trainm, coal
is converted to fuel cell power and the waste heat from all trains is available
to a single steam bottoming cycle. Any train can be shut down independently of
the others; this reduces the fuel cell output. Shutting down a single gasifier-
fuel cell train lowers the amount of steam available to the bottoming cycle, thus
lowering its output power. This modular unit shutdown approach to turndown has
the disadvantage of slow response time to power turnup. It takes two hours or
less to bring a hot unit on line. If it has been off line longer than 48 hours
and allowed to cool down, it takes a minimum of 12 hours. The second turndown
mode has quick response times and infinitely variable power levels. In this
mode, all units remain online and power is reduced by changing the inverter
controls and reducing the coal flow to the gasifiers.

The total startup time from cold for the powerplant is limited to heat up
of the fuel cell and gasifier sections and requires a minimum of 12 hours. A hot
restart of the powerplant is expected to take about two hours or less due to the
fact that hot components stay near nominal operating temperatures for up to 48
hours following shutdown.

Both complete or partial shutdown of the plant may be accompliished. For
partial shutdown to cold condition, the inverters associated with individual fuel
cell islands are automatically shut off and disconnected on both the dc and ac
sides. Simultaneously, both the coal and air feed to the appropriate gasifiers
are stopped causing a halt in the production of synthesis gas. Steam from
auxiliary boilers is fed to the gasifiers to control cooling rate. Residual
combustible gases in the gasification system and gases formed during the cool
down process are burned and vented through the flare stack. After the gasifica-
tion vessels have cooled sufficiently, they may be depressurized. Residual coal
and ash remaining in the vessels is removed through the ash hoppers and carried
off through the ash slurry system. Upon removal of the electrical load, the fuel

10. 1"’18
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cells which are being shut down revert to open circuit conditions. Waste heat is
no longer being produced and the cathode recycle loop can be shut down. The
turbocompressors are shut off and the cells are allowed to cool slowly by natural |
convection. 1f faster cooling of the cells is required, the fuel cell turbocom- ;
pressor may be operated using its auxiliary burner to provide cooling air to the i
cells. When the entire plant is to be shut down, the steam bottoming cycle must
be removed from the line. Since the steam plant is unfired, it depends on the
fuel cell waste heat for process steam production. When the fuel cells are shut
down, steam production stops. Residual steam may be either vented to the atmos-
phere or passed to the turbine condenser unit. }

4.1-19
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- 1.2 Assessment of Combined Cycle Systema Technology Status

Although the first application of gas turbines in power generating systems
occurred in Switzerland in the 1950's, it was not until the late 1940's that
utilities in the U.S. began to use the gas turbine. By the end of 1977, there
were 47,736 MW ot gas turbine capacity installed, approximately 8.6 percent of

- the total U.S. utility capacity. By the end of 1980, an additional 4700 MW wvas
added.

L. The vast majority of the installed gas turbine capacity is used in the simple-

cycle mode as peaking units, i.e., units used less than 1200 hr/yr. In locations

vhere low cost clean fuel is available, simple-cvcle units may be used for longer

- periods, perhaps even as base-load units. There are nearly 5000 MW of combined
cycle systems installed or under construction in the United States. These units
aére usually operated in mid-ranges (1500-3000 hr/yr) although several industrisl

. cogeneration applications are base loaded.

1.2.1 Assessment of Combined Cvcle Technology Readiness Development Status

Before projections of future gas turbine system technology can be presented,
it is necessary to identify the characteristics of current commercial installa-
- tions and define the technology readiness and development status of gas turbines.

It is instructive to review, at this point, several basic aspects of gas
turbine operation. The simple-cycle gas turbine operates on the Brayton cycle
(Fig. 1.2.1-1). As with any thermodynamic cvcle, the most impcrtant parameter is
the peak cvcle temperature, i.e., Carnot's law states that the efficiency of a
heat engine is a function of the peak cvcle temperature and the temperature at
which the cycle heat is rejected. In the limit this becomes

T
n, =1~%

t
- TP
where n = theoretical Carnot efficiency
T, = heat rejection temperature
'I'p = peak cycle temperature

A second important parameter is the cycle pressure ratio, i.e., the
compressor outlet pressure/compressor inlet pressure. There exists a relation-
ship between pressure ratio and turbine inlet temperature which allows selection
;- of the optimum operating characteristics.

In its basic form, a gas turbine consists of compressor, combustor, and
turbine components. Typically, the compressor is constructed with one, two or

102-1
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more spools (shafts), depending on overall compression ratio and desired charac-
teristics for engine starting and part-load performance. The combustor is
usually designed for compact, high heat release characteris:ics so that mounting
directly on the engine structurc is possible. The use of coal-derived gaseous
fuels; however, has led to other combustor configurations which will be discussed
in later sections. The turbine component produces shaft work, approximately
one-half to two-thirds is used to drive the compressor with the remainder avail-
able to drive the load, 1i.e., the electric generator. The electric generator may
be coupled to the zame shaft ac the compressor turbine (single-shaft version) or
it may be driven by a frae power turbine (two-shaft version) aerodynamically
coupled cc the upstream gas generator.

In the combined-cycle mode, a waste heat boiler would be installed in the
hot exhaust stream from the gas turbine. Steam rsised in this boiler would
be used in a steam turbogenerator to produce electrical power. The use of the
stean bottoming system reduces the heat rejection temperature from that associated
witlh: the gas turbine exhaust to a value associated with the steam condenser.
The result 1is a significant inccease in efficiency. The theory of combined
cycle operation is treated in Appendix A.2. A more detailed discussion of
the steam bottoming cycle is included in the discussions of the system technology
readiness.

The following sections discuss currently available and state-of-the-art
ga8s turbines and combined-cycle systems from the viewpoint of their performance
and technclogy readiness. The development trends in turbomachinery components
and materials from the current machine through the state of the art to potential
future machines are then described.

l.2.1.1 Techtology KReadiness -~ Commercially Available Equipment

The present generation of commercially available sim;'e-cycle gas turbines of
interest for utility power generation range in size from spproximately lU MW to
nearly 150 MW. These machines have compression ratios ranging from 5.1 to 14.1
and firing temperatures from 1600 F to 2100 F. They are capable of attaining
heat rates as low as 10,500 Btu/kWh (3Z.5 percent thermal efficiency). A
typical method of presenting performance for a gas turbine is shown in Fig.
l.2.1.1-1 for the FT4C, a nominal 3u-MWw gas turbine manufactured by United
Technologies Corporation.

The actual heat .a4tes incurred by currently installed gas t.rbines display
a wide divergence. This is due to several operating variations, e.g., & machine
with many startups and shutdowns will have a high heat rate since the fuel con-
sumption is high compared to the power generated. Also, several utilities use
some of their turbines as synchronous condensers, therefors, essentially no
power is generat - altbough fuel is being consumed.

1.2-3
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The current offerings of combined-cycle systems vary from slightly over
14.5 MW to approximately 675 MW. The lower ratings are for single gas turbine/
steam turbine combinations while the higher ratings are for multiple gas turbines :
(up to eight) and one steam turbine. The heat rates range from 7500 Btu/kwh to *
9500 Btu/kWh (45.5 percent and 35.9 percent, respectively).

The foregoing performance values are based on the use of clean fuels. Use
of such fuels is necessary to preserve the lifetime of combusior and turbine (hot
section) components. All gas turbine manufacturers agree that natural gas is the
best currently available fuel where long life of hot section parts is desired.

It is recognized that in most areas of the countrv natural gas is a limited use
fuel and for most utility installations is usually available, at best, only on an
interruptable basis. Natural gas costs vary considerably, e.g., $1.00/106 Btu

in Texas to $4.50/10% Btu in Illinois.

Next to naturail gas, the best fuels for gas turbines are those used in air-
craft applications. These are the kerosene fuels, JP4, JP5, and ASTM GT No. 1
also known as Jet A or Jet B fuels. These kerosene-base fuels, although providing
good combustion characteristics in gas turbines, are more expensive than natural
gas or more plentiful, lower grade fuels. Jet fuel is approximately
$7.00/10° Btu. Below the kerosene-base fuels in acceptability to gas turbine
applications are fuels known as diesel No. 2 and home heating No. 2. This
latter fuel is widely used by the electric utilities as gas turbine fuel.
Residual oil is sometimes used, but requires pretreatment. Even with this
treatment, residual oil is not a satisfactory fuel for long~term use. The cost
of GT-2 (No. 2 o0il) varies from $1.90/10% Btu in Texas to $6.50/10% in
Delaware. Residual oil (No. 6) varies from $2.30 to $4.65/10% Btu.

Another important aspect to be considered in the design of a gas turbine
system is the characteristic of the load to which the system will be subjected.
Where the unit is used for short periods at high powers with frequent starts and
stops, it is important to have a clear understanding of the number of planned
starts and stops in addition to the power level expected during this operationm.
In addition, it is necessary to know the rate at which the load is to be applied.
If it is possible to load the machine at a relatively low rate and still meet
requirements, the least deterioration of the equipment over a given operating
period will result. 1f, however, a fast start is required with quick loading, it
may be necessary to reduce the length of the overhaul period on the machine.

For a continuously operating installation wherr loads will be maintained
relatively constant, it is desirable to derate the gas turbine to power levels
below those needed for peaking applications. Customarily, the base-locad or :
continuous-load power level of an industrial gas turbine installation is approx-
imately 80 percent of the maximum capability of the machine; however, where high
ambient temperature are expected year-round, it may be advisable to decrease this
to 70 percent or 75 percent in order tc stay withir desirable turbine temperature
levels.

1.2-5
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Records compiled from the hundreds of gas turbine installations throughout
the U.S. and the world show that the starting reliability of these machines
range from 96 percent to 99 percent and overhaul cycle times from 8,000 to
40,000 hours. As might be expected, those engines which have come up to
40,000 hours of operation have normally been found to be lightly loaded.

1.2.1.1 Technology Readiness - State-of-the-Art Gas Turbines

The next generation of gas turbines is already in the testing phase.
Generally speaking these turbines have a larger power output and are of heavier
duty than the present generation. A joint design by United Technologies and
Stal-Laval (Sweden) completed in the mid-1970's, is representative of just such
as engine. Known as the UTC FTS0 or the Stal Laval GT200, the engine appeared
in prototype form in 1975. At the present time only the GT200 is in production
although several FT50 prototypes were built and run at the conditions equivalent
to 90 MW with a heat rate of 10,000 Btu/kwh. The FT30 and the GT200 have
identical gas generators and differ only in that the power turbines operate at
3600 rpm (60 Hz) and 3000 rpm (50 Hz), respectively. This engine could evolve
into a 100 MW-plus power plant with heat rates in the 9500 Btu/kWh range.

FT50/GT200

The FT50 is a high performance industrial gas turbine consisting of a twin-
spool gas generator and a free turbine driving the output shaft. Nominal rotating
speeds are 3520 rpm for the low compressor spool, 4200 rpm for the high compressor
spool, and 3600 rpm for the power ( free) turbine shaft. The two gas generator spool
systems are concentric to each other, yet mechanically independent. Each compressor
is driven by its own single-stage reaction turbine. The hot gases from the gas gen-
erator drive the two-stage free turbine. The free turbine converts the heat and
kinetic energy of the gas generator exhaust to useful work energy in the form of
shaft horsepower without the use of additional mechanical devices.

The FT50/GT200 was designed as the state-of-the-art gas turbine for use in
simple cycle applications such as peaking or mid-range duty. It was designed to
handle clean fuels, i.e., natural gas or distillate oil. The engine pressure ratio
is 16:1 and it operates at approximately 2100 F with a heat rate of slightly over
10,000 Btu/kWh.

The engine represents the ultimate in adapting aircraft engine technology
to industrial applications. The multi-spool design allows each compressor and
turbine section to operate at optimum efficiency while the use of the free tur-
bine allows efficient operation at either 50 Hz or 60 Hz.

Because of the multiple shaft design, it is necessary to have a number of
bearings, some operating in the hot section. To facilitate engine maintenance,
the FT50/GT200 was designed in modular fashion (Fig. 1.2.1.1-2) vhich would allow
the engine to be dismantled, new or rebuilt parts installed and the engine reas-
sembled in ten working days for the longest maintenance item, combustor replacement.
This compares to several months for other large industrial machines.
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In addition to the modular construction, the FT500/GT200 uses aircraft type
turbine cooling technologies. (The following section on Development Trends will
cover cooling in some detail, therefore, only a brief description is included
here.) The technique used in this engine is lmown as film cooling. Cooling air
is circulated within the blade prior to ejection of some portion through holes
in the blade leading edge (called showerhead cooling). A film of air is then
formed around the blade keeping metal temperatures to the 1500-1600 F range
while operating in a 2000 F plus enviromnment. Coolinn of this type requires clean
fuels since the cooling holes can be plugged by carryover of combustion ash or
corrosive components.

The GT200 has run successfully on the grid of the Swedish Power Grid and
the engine is now offered commercially by Stal-Laval. They also offer a com-
bined cycle based upon this design with an outpuet of 728 MW using two GT200
engines and one turbine. The estimated heat rate for this system (on natural
gas) is 7420 Btu/kWh. The estimated output and heat rate for the FT50/GT200 are
given in Figs. 1.2.1.1-3 and 4.

v84.3

A second, and entirely different state-of-the-art approach to the large
‘industrial gas turbine is represented by another UTC joint effort, this one
with KraftWork Union (KWU) of West Germany. In general, European turbine
designs have differed from the US designs in that they tended to be less highly
stressed both aerodynamically and physically and usually operated at much lower
temperatures, i.e., 1350-1600 F, and thus, did not required turbine cooling.
These machines generally were designed for base-load (5000 hr/yr or greater)
applications.

A typical ccnservatively designed European machine is the KWU 94 series, a
100-MW plus machine with a single shaft and front-end drive. The exhaust is ducted
directly out the rear of the machne making combined-cycle application easier. The
method of construction results in a shaft that is extremely stiff and is supported
by only two bearings. Rather than the on-line combustion cans used by US manufac-
tures, the KWU combustion system consists of two large externally-mounted silos.
These combustors have proven to be extremely durable and are readily adaptable to
a variety of fuels, including crude oil, residual and heavy synthetic liquids.

The silo construction is also very well suited for low-Btu gas or pressurized
fluidized bed cycles, where air must be extracted for the process. The general
component arrangement for the KWU gas turbine and auxiliaries can be seen in Fig.
1.2,1.1-5.

United Technologies and KraftWork Union have completed a preliminary design
study as part of a potential joint venture, the object of which is to apply
advanced UTC technology in compressor, combustor and turbine development to the
KWU overall design. The result of such a venture would be an engine design based
on the V94 gas turbine but with improved cost per kilowatt, heat rate and emissions
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performance while retaining the excellent durability that KWU has experienced.
Performance estimates of the current V94 and advanced state-of-the-art V94 and V84.3 .
(60 Hz) are given in Table 1.2.1.1-1. o

Other Engines

At this time, there are no other industrial gas turbines which have reached
the state of technology of the FI50/GT200. However, several manufacturers have
uprated versions of their current commercial equipment which could now be ordered.
For example, General Electric is offering an uprated version of the Frame 7 with
a projected output of nearly 79 MW at a pressure ratio of 11.5 and an estimated ;
turbine inlet temperature of 2100 F. Westinghouse presently ofrers an uprated 'i
version of the W501, the W501D, with a rated output of 104 MW at a pressure ratio
of 14.2 and a turbine inlet temperature estimated to be 2066 F. T

The technology readiness state of gas turbine and combined cycle systems can
be described as mature. A number of manufacturers, U.S. and foreign, offer both
simple- and combined-cycle power systems burning natural gas or distillate with
satisfactory performance. State-of-the-art machines are beginning to appear and
could be offered widely on a commercial basis by 1984, These machines could
offer an approximate 10 percent increase in size with a five to eight percent
reduction in heat rate.

1.2.1.2 Development Trends in Operating Parameters

The following section describes the development trends in gas turbine and ;
combined-cycle technology and briefly discusses the major ongoing R&D programs omn
turbine technology.

Comgressors

Technological advances in aircraft gas turbine compressor design have
resulted in substantial improvements in cycle pressure ratios, increasing from
about 4:1 in the early English (National Gas Turbine Establishment) centrifugal
compressors of the 1940's to present twin-spool axial-flow compressors (see Fig.
1.2.1.2-1). A spool is commonly considered to be a compressor and connected
turbine. The compressor or turbine may have one or more stages. Thus, twin-spool
compressors consist of two tandem compressors with their respective turbines that
form two rotor svstems which are mechanically independent but related aerodvnam-
ically. These configurations facilitate proper compressor-stage matching for
relatively high pressure ratio designs as an alternative solution to single-spool
compressors that would have to incorporate variable geometry stator vanes.

The technology is available that has permitted the introduction of machines
with pressure ratios exceeding 30:1. Proportionate increases in the number ~¢
axial compressor stages to meet these pressure ratio requirements have been
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TABLE 1.2.1.1-1

PERFORMANCE OF LARGE INDUSTRIAL ENGINES

Commercially Available State of the Art
(Kwu) (UTC/KWU)
Model V94,2 V94.3 v84.3
Rotor Speed, RPM 3000 3000 3600
Output, MW 110 161 112
Heat Rate, Btu/kWh 12000 11140 11140
First Commercial Appearance 1979 1984 1984
1.2-13
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avoided through intensive research and development efforts to increase stage
pressure ratios. For exam..le, it is presently possible to achieve single stage
pressure ratio of 1.2 to 1.4 vhile still maintaining stage efficiencies of 90
percent or more. These stage performance levels have been extended to multistage
aircraft compressor designs and permit the attaimment of average stage pressure
ratios on the order of 1.2 to 1.3 with associated polytropic efficiencies of
approximately 90 percent or greater. Further improvements in polytropic effic-
iency to peak values of 90 to 93 parcent within the next generation of engines
appear feasible. In fact, the LP compressor of the state-of-the-art FT50/GT200
has achieved 90 percent and the HP compressor, 89 percent.

Principal factors which influence stage pressure ratio are rotor tip speed
and aerodynamic loading. Rotor tip speeds of 1100 to 1200 ft/sec are attainable
with current advanced lightweight compressor designs, and values as high as 1400
ft/sec are forecast for the early 1980's., Although lightweight fan stages are in
aircraft operation at tip speeds of 1500 ft/sec and sbove, high stress limits
and supersonic Mach number operation will limit compressors to the aforementioned
levels.

A measurement of the aerodynamic loading is the airfoil diffusion factor
(Df). a parameter which includes a factor reflecting the overall change in
relative velocity across the blade row and a term proportional to ‘he conven-
tional lift coefficient. High values of D¢ are desirable since they result
in a reduction in the number of compressor stagec; values of 0.40 and 0.45 are
currently obtainable. The present limit in D¢ is due primarily to excessive
secondary flow or endwall losses and to compressor surge wargins that are danger-
ously low, Further improvements in tip speed and Ziffusion factor will result
from aircraft compressor research and da2velepment programs.

The specitic flow (1b/sec per unit flow area) of axial aircraft compressors
varies from approximately 33 to 40 1b/sec/ft2 of frontal area. Increases in
this parameter result in more compact designs (smaller cross-sectional ares);
however, for a given wheel speed (U,) and work coefficient, high specific flows
and, alternatively, higher axial velocities (C ) reflect high flow coefficients
(C,/Uy} and correspondingly lower compressor efficiency.

Adaptation of these developments to industrial units has been slow because
of the lack of incentives to undertake parallel costly develnrpment programs for
long-life stationary gas turbine power plants. Consequently, present industrial
gas turbine axial compressors incorporate moderste blade loadings and tip speeds
of only 650 to 750 ft/sec, and achieve sverage stage pressure ratios cnly on the
order of 1.1 to 1.15. As & result, as many as 15 to 17 compressor stages are
required to produce cycle pressure ratios sbove 10:1. Thus, high thermal effic-
iency performance cannot be easily achieved with these designs. The FT50 which
typifies the advanced technology engines achieves a 16:1 pressure ratio with a
7-stage low compressor and a 10-stage high compressor.
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Turbines

Increases in turbine inlet operating temperatures through the use of
improved materials and cooling techniques represent the principal means of
improving the performance and increasing the output potential of future gas
turbine designs. Although historically most of this effort was directed primarily
tovard aircraft propulsion systems, some ot the advances were eventually used to
improve industrial designs. This trend is evident by an inspection of Fig.
1.2.1.2-2 vhich shows the progression of maximum operating cycle temperatures
with time for gas turbines designed for various aircraft, industrial, and electric
power generation applications.

The data indicate that turbine inlet temperetures up to 2000 F are currently
being used in gas turbine electric power plants, and temperatures several hundred
degrees higher are being used in commercial snd military a‘rcraft. Prior to mid-
1960's, advances in materials technology traditionally accounted for a respectable
20 to 40 F increase per year in turbine inlet temperatur:. From the mid-1960s to
early 1970's, however, significant increases in turbine inlet temperature approach-
ing 70 to 80 F per year, were achieved through substantial improvements in turbine
cooling techniques in combination with newer materials. Turbine inlet gas temper-
atures as high as 2200 F for continuous cruise operation and 2600 F for take-off
are now experienced by the engines utilized in today's 747 and DC10 jumdbo jets.

The projections shown in 11p. lec.deame 10LICLLL Lhal Lhe LHoLalIlé: thgale:
would follow the trends of aircraft engine turbine inlet temperstures, i.e.,
increse at 50-75 F/yr. However, the rapid increase in fuel costs since 1974 nave
dramatically slowed progress in industrial engine design. This is simply due to
8 sharp decrease in turbine sales. Because of the ccmbination of rapid fuel cost
increases and confused fuel pclicies, the utility industry essentially stopped
purchasing sas turbines. As sales declined, R4D efforts were reduced by the
manufacturers and emphasis was placed on reducing inventories snd meeting environ-
menial goals rather than on increasing performance. Thus, tuibine inlet tewm)er-
atures have been egsentially constant for several years. The projected increases
shown in Fig. 1.2.1.2-2 are based on govermment or utility industry funded R&D
programs aimed at increased performance turbires for use with coal gasification.
These programs will be discussed later.

Improvements in turbine performance resulting from tachnologicsl advances in
sircraft turbine designs have paralleled those for the compressor, with turbine
isentropic efficiency increasing from about 85 percent in early 1950 designs to
over 90 percent in current designs; efficiencies of 92 to 93 percent are feasible
in the nesar future, particularly in high output designs., The design philosophy
of turbines for industrial turdbine designs will incorporate a higher degree of
impulse staging than exists in most present Jesigns to achieve a relatively
large gas temperature drop in the nozzle, thus avoiding high gas temperat ires
with corresponding high cooling flows in the rotor. The stage work for :1ircraft
turbines varies from a low of 20 Btu/lb in the last stage of low pressure ratio
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units to a maximum of about 130 Btu/ld in the high pressure ratio stage of
current production units; technology presently exists tc increase this value to
about 200 Btu/lb without sacrificing turbine efficiency.

Righ stage work in itself does not cause aerodynamic problems, but when
associated with high efficiency it requires high wheel speeds which become
limited by structural considerations. Turbine tif speeds in current twin-spool
aircraft designs vary from 900 to 1000 ft/sec in the low pressure ratio stages
to as high as 1500 to 1600 ft/sec in the high pressure ratio stages. These tip
speeds can be achieved in future industrial-type designs that utilize the
improved turbine materials and cooling techniques described in the following
section.

Problems in Advancing Gas Turbine Technology

The most important future technoiogical challenge to the use of open-cycle
gas turbines for generating electric utility power is the need to develop engines
capable of economical intermediate- or base-load service on coal-based fuels.

Gas turbines operating with steam bottoming cycle offer the greatest potential
for attaining this objective.

The most important factor limiting the application of gas turbines to inter-
mediate- and base-load services has been the modest thermal efficiencies attained
in comparison with conventinal steam sytems. Efficiency and specific power for
simple, open-cycle systems cie cixtlcall) cepeliehl L gad LUIDLLC 11F1hg Leipels
ature (Fig. 1.2.1.2-3). The figure indicates that higher turbine inlet temper-
atures given higher efficiencies. The specific power term indicates the amount
of power which can be obtained from a certain size gas turbine unit and is,
indirectly, a guide to cost, i.e., a machine with high specific power will
generally have a lower cost in $/kW than a machine of lower specific power.

Further significant improvements in specific power and thermal efficiency
for gas turbine power plants can be an achieved only by increasing the turbine
inlet temperature accompanied by an increase in the pressure ratio. Any increase
in performance due to improvement in aerodynamic efficiencies will be small since
these values have reached a relatively high level due to the 30 years of exten-
sive research in compressor and turbines for aircraft propulsion., Thus, the
major improvements in performance will result from advances in turbine cooling
and materials.

Turbine Cooling Techniques

Only first stage vanes and disks of industrial gas turbines operating
at 1600 to 1700 F turbine inlet gas temperatures are cooled. For long life,
base-load operation at turbine inlet temperatures of 1800 F and above, successive
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stages of turbine blades also require cooling. Cooling is necessary for two :
reasons, strength and corrosion resistance. With current materials, metal ij
temperatures of 1500 F-1600 F appear to be good compromise between long life
and excessive cooling penalty. Turbine cooling can be accomplished with
coolants such as air, water, or liquid metals, but because of the complex
cooling system designs and mechanical problems associated with liquid systems,
air has been used exclusively as the coolant in all aircraft propulsion systems :
and for all commercially available stationary applications. ;o

i e

Air Cocling {

Turbine cooling systems in current aircraft engines have progressed from
single convective cooling configurations incorporating cast, round, radial
passages, for vanes (Fig. 1.2.1.2-4) and single cavities for blades to
advanced convective heat transfer designs utilizing impingement cooling of
the inside surface of the leading edge (riy. 4.c.lec=b) LU il COLLCU wtSlpus
where a layer of coolant is injected in hollow blades through radial slots
to form an insulating air blanket for the outside blade surface (Fig. 1.2.1.2-6),
These designs were used in the state of the art FTS50/GT200.

PR

In tranapiration cooled blades, coolant is bled through a porous material
which may be formed by a series of small drilled holes along the airfoil sur-
face or a mesh-like material may be used for blade construction. These designs
are in the early stages of development and, when applied to 1990 time period
turbines, could offer operation at turbine inlet temperatures approaching

2600 F-2800 F.

Another advanced cooling concept currently being demonstrated in test
rigs involves the construction of turbine blades and vanes from many thin
wafers. A series of radial wafers is fabricated with complex cooling holes
(see Fig. 1.2.1.2-7 for a vane and Fig. 1.2.1.2-8 for a blade) glued together

to form an aerodynamic shape. The complex cooling passages allow very effective
cooling.

Each of the cooling concepts have advantages and drawbacks. For the con-
cepts outlined gbove, these are as follows:

Radial Holes
. Low cost
. Llow effectiveness due to difficulty in accurate hole placement

. Poor low-cycle fatigue life due to poor distribution of coolant

1 . 2-20
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VANE CONVECTIVE COOLING
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Convective Multipass
. Moderate to low cost
. Moderate effectiveness

. For high temperature (2000 F plus) applications, showerhead or impingement
cooling required for leading edge.

Impingement

. Moderate cost

. Moderate effectiveness

. Manufacturing problems

. Tube insert subject to failure
Transpiration

. High cost

. Righ effectiveness

. Poor structural properties

. Reduced aerodynamic performance
Wafer Blade

. Moderate cost

. Allows design of intricate cooling scheme
. Subject to cold rib problems

. High effectiveness

The optimum design will probably be a combination of techniques and
fabrication methods.

In aircraft engines, the air used to cool the turbine blades and vanes

is at an elevated temperature, 800 to 1200 F, even before it is introduced
into the turbine, since it is bled from the compressor discharge airstream.

1.2-26
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; Precooling the compressor bleed air to fairly low levels before it is used
' to cool the turbine has not been a general practice in these aircraft applica-
tions because the added cooling system woight detracts from the potential gains
in performance that might otherwise be achieved by reducing the turbine cooling
flow. However, as industrial turbine inlet temperatures and compressor pres-
sure ratios continue to rise and approach the limits established for proven
turbine blade cooling techniques, precooling of the compressor bled air to
400 F or lower will be considered.

For stationary industrial power plants, air-, water-, or even possibly
fuel-cooled heat exchangers could be used to reduce the temperature or com-
pressor discharge cooling air to fairly low levels since in these stationary
applications weight is not an important criteria. Therefore, with this
technique it should be possible to achieve desirable gas temperature levels
on a continuous basis in base-load plants with presently available combinations
i of impingement-convection cooling techniques.

Water Cooling

The high effectiveness of water cooling turbine components greatly reduces
the cooling air requirements for the gas turbine and offers an opportunity for
overall cycle efficiency improvement. 1f all the turbine airfoils and static
structures are water cooled, only a very small percentage of engine airfiow will
be needed to cool other components such as disks and seals,

There are two types of water cooling to be considered for stationary and
rotating components, namely the use of supercritical water and subcooled boiling
water as coolants (Fig. 1.2.1.2-9), Cooling by subcooled boiling water will be
accomplished in a closed loop. Therefore, the heat transferred in cooling the
turbine can be used in the steam portion of the combined cycle. Initially,
supercritical water cooling of the blades will not be a closed loop system.
There will be a high recirculation rate in the blade and a small amount of steam
exiting from the blade trailing edge. However, this will have a negligible
per formance impact. Further development of the system may produce a closed-
loop cooling scheme with water recovery; however, the recovered water must be
cleaned before being reused as a coolant.

Materials

The improvements in the temperature capability of turbine materials, with
time, for aircraft gas turbines is stowa in Fig. 1.2.1.2-10. The gains have
been most significant for the nickei-base alloys, with an improvement of more
than 200 F in temperature capability over the past decade. Presently, nickel-
L base cast blade alloys, such as Inconel 718, B1900, and IN-100, have in some

aircraft turbine designs replaced forged Udimet 700 (U-700) for high-temper-
ature applications and, at the same time, decreased thermal fatigue failures
| by a factor of five.

»
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Figure 1.2.1.2-11 shows the stress-to-rupture strength of the nickel-base
alloy IN-100 for a range of material temperatures. Curves for 1000-, 10,000-,
and 100,000-hr litetimes are shown and illustrate the sharp reduction in allow-
able stress as the desired operating time is increased. The 1000-hr life curve
io based on experimental data while the 10,000~ gnd 100,000-hr curves arc extra-
polated data from cthort duration test results. Although these materials were
developed :initially for relatively short time (1000 hr) high-strength aircraft
turbine applications, modifications to the heat treatment cycle have permitted
their use f~r long time operation (approaching 100,000 hr) as requiri.d in base-
load power generation. 1t is anticipated that similar modifications for the
aforementioned high-temperature nickel-base allovs will allow the eventual
replacement of such alloys ss wrought Udimet 5000 and M252 presently used in
industrial turbines and, thus, permit hiph operating temperature.

Turbine blade materials for industrial designs anticipated by the 1390's
will be the superalloys currently under development for advanced aircraft gas
turbines; these inciude unidirectionally solidified eutectic alloys such as
Nk3Al-Ni3Cb and particle or fiber dispersion-strengthened metals. On the
basis of efforts currently underway it is reasonable to expect a continuation
of at lcast 20 F-per-vear improvement in material temperature. OChromium-base
alloys, for inszance, with potential firing temreratures to 2000 F, are being
investigated. While recent breakthroughs in the abiiity to cou«t columbium-
base alloys also offer a possibility for the use of these alloys, it is cur-
rently f2lt that advanced cooling schemes could, however, allow relatively low
metal temperatures which, in turn, could allow the use of current, less =xpen-
sive materials.

Ceramic materials such as silicon nitride and silicon carbide composites
are under intensive studv for automotive gas turbine applications and offer
firing temperatures on the order of 2500 to 2600 F. The quality and reliability
of ceramic materials have been grea®ly improved during the past docade. The
benefits of ceramics include intrinsicallv low cost, abundant material, low
density, corrosion resistance, and high tempersture strength. Both silicon
nitride and silicon carbide are heing studied. The use of ceramics in gas
turbines can be expected when the industrv's design systems can accommodate
materials thai exhibit low ductility, large thermal expansion differences, and
when stress concentiations can be eliminated by design and subsequent fabrication.

Coatings

Costings have been developed which provide adequate oxidation-corrosicn
resistance for blades and vanes in aircraft turbines. These coatings ure
aluminide types, applied by pack or slurry techniques. These coatings have
eliminated intergranular oxidation atteck (which could cause a thermal fatigue
failure) and have provided some protection against sulfidation sttack (corrosion
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due to the presence of sodium sulfate compounds in the combustion products of
distillate fuels). However, coating life decreases rapidly with increases in
allcwable metal temperatures. For instance, at a metal temperature of approx-
imately 1500 F, a coating life of 50,000 hr may be achieved. A 200 F increase
in metal temperature reduces coating life to less than 10,000 hr. Consequently,
coating life rather than creep strength properties as determined by peak
temperatures in the first-stage turbine vanes will be an important criterion
used to specify turbine inlet gas temperature for different power plant operating
mode. Adequate coating life could be especially critical when the fuel used in
the engine contains quantities of ash, wmetals, or sulfur that coul: cause
erosion and corrosion problems. Natural gas o:r low heating value c>al gas, in
this respect, would Le ideal fuel for high performance gas turbines. Meanwhile,
new coating materials and application techniques including nondiffusion-type
coatings are being developed which, when applied in sufficient thicknesses,
should provide uninterrupted service for period exceeding 25000 hr.

Ceramics

Ceramics will offer the advantage of large reductions in cooling heat 1load
throughout the turbine system as reliable methods in incorporating brittle
materials are developed. Early application would include stationary structures
such as vanes, platforms and outer air seals. Because of the requirement in
industrial machinery for long life, l¢w cost systems, maximum metal temperatures
must be kept iow. While development of advanced cooling schemes will make this
possible, additional advantage can result to the cycle if the heat loss could
be avoided in part by the use of materials with higher surface temperature
capability. Ceramics of various types offer this potential.

The fundamental problem to solve in realizing this potential is adapting
design procedures to an unforgiving brittle material. Two approaches have
been followed in recent years to use ceramics in gas turbines: (1) the use of
insulating graded ceramic coatings bonded to metal members which carry the
structural loads, and (2) the use of bulk ceramics as high-temperature structural
members. The problem in the first approach is to develop bonding methods and
cooling systems which ensure that large differential thermal strains do not
occur throughout the operating range. These strains could impose excessive
stresses on the ceramic or its bond, resulting in spalling of the coating or
crack propagation into the substrate metal. The cuccessful application of such
ceramic coatings have used sprayed or sintered powder ceramics bonded to the
metal substrate . hrough a ceramic/metal intermediate layer which is graucd
form pure ceramic at the interface with the ceramic surface layer to pure metal
at the substrate interface.

While bulk ceramics potentially offer minimum performance penalty and low
cost, the problems to be overcome are: (1) obtaining uniformity of material
properties, and (2) developing design technology to »-.ovide transmittal of
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loading throughout the ceramic and from the ceramic-to-metal structure without
excessive stresses, even locally. A fundamental of brittle material design is
that failure initidted at a point of weakness or stress concertration is

not absorbed by ductile flow but leads to a fracture. Considerable progress
has been made toward acquiring the required materials strengths and design
technology, however, the appearance of bulk ceramics is expected to be several
years after that of graded ceramics.

Combustors

All of the currently offered large industrial gas turbines from U.S.
manufacturers have the in-line, can-type combustor (see Fig. 1.2.1.2-12). This
combustor has a long history of development in aircraft use and has manv
advantages: high volumetric heat release, ease of cooling, and low cost, for
example. These advantages, however, are dependent on burning clean, high
calorific value fuels such as natural gas or distillate. Several European
manufacturers such as Stal-Lava’, Brown Boveri and KWU use off-base combustors.
They are usually tall cylindrically shaped devices sometimes called silos (Fiz.
1.2.1.2-13). The requirement to burn coal-derived fuels, beth liquid and
gaseous, and to meet new stringent environmental regulations (discussed in Task
2) has led to development of alternative burner configurations.

The major problem to be faced is that of reducing the emissions of nitrogen
oxides (NOx). There are two types of NO, emissions, thermal NO, due to the
fixation of atmospheric nitrogen during high-temperature combustion; and fuelbound
nitrogen caused NO  due to combustion of fuel containing nitrogen bearing com-
pounds. Unfortunately, there is not a simple way to handle both problems.

Thermal NO, production is a strict function of combustion temperature
(Fig. 1.2.1.2-14). By modifying the combustion process to reduce peak temper-
ature, thermal NO, can be reduced. One method of doing this is to premix
fuel and air to the desired stoichiometric ratio prior to combustion, i.e.,
burn lean (@ = 0.6-0.7 for example). This type of combustor modification
affects only the combustor "head" and can be used with any type of combustor.

A significant amount of testing on the fuel gas from a Texaco gasifier has been
carried out by UTC using a modified can-type burner using a premix combu.tor
head (Fig. 1.2.1.2-15). This premixed tvpe burner has shown that it can easily
meet NO, standards using coal-derived fuel gases.

To reduce fuel-bound nitrogen caused emissions, a different type of
m.lification is required. By burning rich (#>1), the formation of NO, from
fuel-bound nitrogen is suppressed. The resulting partially burned mixture is
then quickly cooled by mixing with excess air and the combustion completed at a
reduced temperature to ensure low thermal NO, emissions. Testing of this
rich-burn/quick quench burner (showr schematically in Fig. 1.2.1.2-16), again
by UTC, has shown great promise.
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The major development trend in combustor technology is, then, the low
pollution burner. A second consideration is the reduction of maintenance
and increased component lifetime. The use of the off-base, silo-type burner
appee-s to be a method of attaining this goal. The large size means that the
volumetric heat release is reduced, thereby reducing the cooling necessary to
maintain reasonable combustor wall temperature. The use of ceramic liners,
usually segmented into tiles or other smuller shapes, further reduces burner
wall cooling requirements. The large volume also ensures complete combustion
of low heating valve fuels. The shape is also conducive to two-stage burning,
i.e., the rich burn/quick quench approach. The major disadvantage is the
increased manufacturing and erection costs.

Steam System Development

To this point, the steam system technology has been essentially ignored.
This is because the steam systems used with combined cycles have generally
lower operating parameters than the large central station systems. For example,
nearly all of the fossil-fircd steam stations installed in the past two decades
opera-e at 1000 F and 2400 psi or higher thrortle conditions with reheat to
1000 F. There is no single combined-cycle operating level although most are
limited by gas turbine exhaust temperatures to throttle conditions of 800-900 F
with a corresponding pressure of 1450 psi or less.

As turbine inlet temperatures increase, there is a corresponding increase
in exhaust temperature and, thus, steam conditions will increase. One way of
indicating the trend in steam cycle equipment is to examine the relationship
between turbine exhaust temperature and amount of heat transferred to the steam
system. This is usually done through the use of temperature-heat or T-Q
curves. In Fig. 1.2.1.2-17, a T=Q curve for a combined cycle system using a
typical currently availabi: bottoming steam system is shown. A minimum pinch
(smallest temperature difterence between the gas side and the steam side) of 50
F is usually deemed reasonable and a maximum stack temperature of 300 F is
desirable. While this type of combined cycle is attractivc, system eff.ciency
can be increased by better utilizing the turbine exhausi heat. For example, a
dual-pressure system (Fig 1.2.1.2-18) which has a high-pressure and a low-pressure
boiler section allows more steam turbine power to be generated while meeting
the various pinch temperature constraints.

As turbine inlet temperatures increase, and the turbine exhaust temperatures
become higher, it is possible to use steam cycle technology comparable to that
used in central stations. 1In Fig. 1.2.,1.2-19, a 2400 psi, 1000 F/1000 ¥ steam
system is shown. This would bottom a gas turbine having a turbine inlet
temperature over 2400 F (the exact value is a function of engine pressure
catio).
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The trend in steam equipment is such that no new technology need be
developed. However, varistions on waste heat boiler design will be necessary.

Current Research and Development Efforts

Several resesarch ¢nd development programs are currently underway on turbine
cooling and materials for advanced gas turbines. The two major sponsoring agen-
cies are the U.S. Department of Energy (DOE), and the Electric Power Rescarch
Institute (EPRI), the central research organization of the U.S. electric
utility industry.

DOE Programs

The major DOE-sponsored program currently underway is the "High-Temperature
Turbine Technology Program." This program has as the objective, the development
and demonstration of the technology to allow operation at a turbine inlet temper-
ature of 2600 F on a coal-derived fuel, specifically low calorific value gas.
Although the technology demonstration does not have to be at full scale, all
technology must be applicable to machines of a nominal 100-MW capacity.

This program has three phases. Phase I, vhich commenced in June 1976,
defined an overall power plant concept and identified the spproach to attaining
the 2600 F goal. In Phase 11, a two-vear program started in September 1977,
testing of components and cooling schemes in rig scale units was to be carried
out. The third and final phase, which was originally scheduled to iast from
September 1979 to September 1982, would result in the demonstration of a
turbine hot section (combustor, diffusers, vanes and blades) operating on
gasified coal. The third phase has not yet been sent to procurement.

The four major U.S. gas turbine manufacturers, Curtis Wright, Generel
Electric, United Technologies and Westinghouse participated in Phase 1. Their
proposed schemes are as follows:

Curtis Wright - transpiration cooling of both vanes and blades by air

General Electric - water cooling of both vanes and blades

United Technologies - water cooling of static structures and vanes with
air cooled blades (film cooling)

Westinghouse (with the assistance of the Allison Division of General
Motors) - transpiration and film cooling by air of vanes and blades

Only the first two manufacturers w:re refunded in Phase 11; a new competition
will be heid for Phase III contractors. The results tn date in these programs
will be discussed in Sectionm 1.2.2.2, Demonstration Engine Characteristics.

e ——
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A second program currently being carried out under DOE sponsorship
which has applications to advanced gas turbines is the so-called "Fireside
Corrosion" program being performed by Geners! Elactric and Babcock & Wilcox.
The objective of this program is to identify the corrosion characteristics of a
variety of materials suitable for use in gas turbines and in boilers when
exposed to the combustion products of coal or coal-derived fuels.

Under DOE sponsorship, the United Technologies Corporation developed a
technology for a low-cost, high performance gas turbine for peaking services,
This machine of nominal 10-MW capacity uses a combined axial/centrifugal com-
pressor, patented diffuser concepts and a "wafer" blade turbine operating in
the 2200-2400 F range.

Specific goals for this program were to demonstrate the turbine cooling
and high~pressure compressor technologies required to achieve thermal efficien-
cies of 34 to 36 percent simple cycle while reducing the number of compressor
and turbine parts 80 percent over state-of-the-art units. Heat transfer
cascade testing of the first-stage turbine wafer airfoil cooling derigns has
exceeded design goals (1500 F maximum metal temperatures at 2500 F combustor
exit temperature) and demonstrated cooling effectiveness levels higher than
current production aircraft engine airfoils. Additionally, the all~-convective
cooling design eliminates the leading edge showerhead holes which would be
susceptable to plugging in an industrial fuel enviromment.

The advanced single-spool compressor employs low aspect ratio axial com=-
pressor blading and a certrifugal back end stage to achieve 18:1 pressure ratio
at 90 percent polytropic efficiency in only 7 stages. The compressor rig tests
results were expected during the last half of 1980,

ARPA Programs

The major program on advanced non-metallic materials for gas turbines was
that carried out under the sponsorship of the Advanced Projects Research Agency
(ARPA) of the U.S. Government. A multivear program was car:iied out by Westing-

house and the Ford Motor Company on the development of ceramic turbine components,

Westinghouse was to develop ceramic stators for large industrial engines while
Ford was to develop ceramic components for automatic gas turbine epplications.

Although Westinghouse developed the technology to fabricate large ceramic
vanes, successful long term application has not been demonstrated. The maior
difficulty appears to be the dissimilar thermal growth of the ceramic vane end
of the metallic mounts holding the vanes. Failure occurs after only a few
cycles.

Y o
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Ford, however, appears to have developed the technology required to
fabricate smaller ceramic components and utilize them successfully in the
several hundred horsepower~size engines,

Currently, Cairett Air Resegrch is continuing this program with the
objective of developing ceramic technology for industrial turbines of 2
to 10 MW,

EPRI Programs

Additional research efforts have also been carried out under tie sponsorship
of EPRI. A multiyear program beginning in 1975 on water cooling of static and
rotating turbine parts has been performed by General Electric. This program
has as its goal, the development of gas turbines able to sperate at 2800 to
3000 ¥ on coal-derived liquid fuels. A small rotating test rotor with blades
operating at 2800 F has been demonstrated by General Electric during this
program,

A test program on erosion/corrosion of turbine materials in coal combustion
products and particulate-laden streams is being carried out by United Tcchnologies
under EPRI funding.

The latest research program supnorted by EPRI is the "High Reliability Gas
Turtine Combined Cycle Development' program. Recognizing the benefits offered by
the gas turbine for future utility nower plants, EPRI has asked the gas turbine
manufacturers to create a new engine design especially tailored to fill that role.
It is envisioned that the gas turbtine can be used advancageously in combined-cycle
power plants to satisfy base/intermediate~load generating requirements. This
represents a shift in emphasis from the current use of gas turbines principally 4
for peakers; and, it presents a more dems .ding set of requirements. The gas f
turbine of the next generation must be designed primarily to operate dependably !
and reliably. The new design must do this while fulfilling the overall need to
produce electric power at a iow cost sand exhibit increased reliability over the
current market offering as a prceminent requirement. Thir .- *o be achieved
with minimum use of hardware development process. Rather, tli¢ new . high reliabil-
ity machine must reprezent the spplication of perfected and c-edible analytical
design procedires. Westinghouse and UTC was funded by EPRI for this program. j
At thie time, no release has been made of Westinghouse results. i

The proaram has been mated with the joint venture design study that jis being
considered by UTC and the Kraftwork Union Company of West GCermany. This new 60-
¢vcle engine design, designated the V84.3 is an improved version of the KWl pro-
duction model V94.2, The changes to the compressor section include an optional
variable inlet guide vane for improved combined-cycle vart-load performance., The
first four stages were redesigned for a 10 percent increase in airflow and & 20
percent increase in pressure ratio. The turbine hot section was also redesigned

l. 2-{‘5
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by increasing the turbine diameter, increasing the firing temperature and
reducing the airfoil metal temperatures. These changes significantly in~
creased the turbine output while improving the hot section durability. This
program was funded througt the end of 1980 with most of the effort devoted
to the evaluation of the UTC/KWU engine design.

1.2.2 Develop Data Base on Commercial and Demonstration/Pilot Systems

A data base cn commercially available gas turbines and combined-cycle
systems is presented for the major U.S. and foreign turbine manufacturers.
A second set of data is presented for state-of-the-art systems that are
proposed for operation within the next several years.

1.2.2.1 Commercially Available Systems

Data on commercially available gas turbine and combined cycles systems
are given in Tables 1.2.2,1-1 and 1.2.2.1-2, respectively. Only turbines of
10,000 kW or larger are listed. Machinery from Eastern-bloc countries have
been omitted.

1.2.2.2 Demonstration/Pilot Systems

Projections of operating characteristics of advanced gas turbines which
could result from various DOE- and EPRI-sponsored programs are given in
Table 1.2.2.2-1. Also included are the characteristics of an advanced Westing-
house turbine which is to be offered commercially in 1981-82.

1.2.3 Evaluate Requirements for Operational System/Subsystem Development and
Testing

The technology required for the advanced gas turbine is already under
development. Both DOE- and EPRI-sponsored efforts previously discussed will
provide component technologies which could be used in advanced turbines. A
brief description of the status of these programs follows.

1.2.3.1 High Temperature Turbine Technology Program

The High Temperature Turbine Technology Program (HTTTP) is a three-phased
program initiated in 1976 to develop to a technology readiness state the requi-
site hot section,i.e., combustor or turbine, components needed to operate at
2600 F and asbove. The three major U.S. turbine manufacturers plus Curtis Wright
were awarded Phase I contracts. In the fall of 1977, Curtis Wright and General
Electric were selected to carry out Phase 1l development and testing.

T~ v
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Curtis Wright

The technology path chosen by Curtis Wright uses the transpiration cooling
by air of both blades and vanes to achieve operating temperatures of 2600 F and
above.

A two-shaft, 17:1 pressure ratio engine with free turbine (Fig. 1.2.3.1-1),
a scaled version of the C-W 6515 turbine was selected for the basic layout.
Cooling air from the compressor discharge is used to cool the turbine blade and
vanes (Fig. 1.2.3.1-2). The air foils (Fig. 1.2.3.1-3) consist of a structural
spar with spanwise radial channels to which are electron beam welded porous metal
skins. Cooling air from the hub is fed through each of the channels and then
through the skin. The structural spars are kept to reasonable temperatures
(1300 F - 1500 F) and the skin, which is non-load carrying, is protected by a
film of relatively cool air.

Tests to date have demonstrated the capatility to operate at 2600 F to 3000 F.
These tests have been carried out using test cascades (not full engine configura-
tions) for limited times. Only clean, liquid fuels have been used, although a
blended fuel gas resembling low=-Btu gas will be iested.

The results to date have been encouraging as far as the capability of attaining
high temperature operation is concerned. Problems with over temperature on struc-
tural members has been resolved.

The combustor arrangement anticipated for use with the multi-spool engine is
annular wrap-around combustor (Fig. 1.2.3.1-4). (An annular configuration
resembles a torous. There are no individuzi cans, just a continuous section.)
Cooling air keeps the wall temperatures to a 1600 F maximum level. No significant
testing has been done on this combustor concept using low-Btu fuel.

General Electric

The technology pat: chosen by G.E. is the use of water to cool the vaucs
and blades to achieve operating temperature of 2600 F,.

A single shaft 12.1:1 pressure ratio engine approximately the same size
as the current Frame 6 was selected for the basic layout (Fig. 1.2.3.1-5).
Cooling water is circulated in a closed loop for vane cooling. Water enters
the vene from the bottom (Fig. 1.2.3.1-6) and exits at the top after making one
more downward pass.
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The airfoils are of two different constructions. The initial vane and
blade are of composite construction (Fig. 1.2.3.1-7 shows the first-stage
blade) using copper alloy inserts with nickel alloy skins. Coolant flows
through nickel alloy tubes. The copper alloy inserts are supported by nickel
alloy spars. This use of the copper is to assure even heat transfer through
the blade/vane.

The blades and vanes tor the second stage and beyond are of monolithic
structure and are being considered as a backup rfor the composite first-stage
vanes (Fig. 1.2.3.1-8). Water flows up the blade under the influence of a
centrifugal field. Approximately 65 percent of the blade coolant is dumped
overboard.

A sectoral combustor has been selected by G.E. (Fig. 1.2.3.1-9). This
type of combustor is a compromise between the can-type and full annular combus-
tor in that the torus is made up of a number of sectors, each with its own fuel
system. In the G.E. system, the combustor is equipped with oil nozzle for
startup and part load assistance.

General Electric has had good success with the water cooling. The vanes
present no problems from the cooling view point although there have been
structure problems. Water cooling of the blades has been demonstrated, but it
appears that the monolithic structure is structural supzsrior to the composite
structure. Water purity requirements are high (deionized boiler feed water)
and the water is lost overboard. None of these are unsurmountable problems.

1.2.3.2 High Reliability Gas Turbine Program

The High Reliability Gas Turbine Program (HRGT) was initiated by EPRI
in 1978 with the objectives of defining those areas in gas turbine and combined-
cycle design that have had poor records for reliability and identifying design
changes to increase the system reliability to levels as least as good as steam
turbine system. Three contractors, GE, United Technologies and Westinghouse, were
selected. This program is an ongoing program, and no reports have been released
by EPRl1 to date. Discussion centers on the UTC contribution.

The engine selected as the starting point of the HRGT program was the
V84.3, the engine which would result from the UTC/KWU joint venture. This
engine is a single shaft, two bearing engine with a pressure ratio of 12:.1
(Fig. 1.2.3.2-1). In line with the EPRI philosophy of high reliability through
extension of state-of-the-art technology, the turbine rotor inlet temperature
of this machine would be 2120 F (combustor exit 2210 F) and the output will be
120 MW. Compressor discharge air is used to convectively cool the vanes and
blades. The first stage vane cooling is shown in Fig. 1.2.3.2-2. The leading
edge of the blade is cooled by air tlowing radially in a channel formed by an

1.2-63
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insert and the airfoil wall. Trip strips enhance the heat transfer. Tne
trailing section of the blade is cooled on the suction side in the same manner
except the flow is chordwise. The pressure side is cooled partially by impinge-
ment and partially by channel flow. There are no holes in the blade to plug up
due to dirty fuels. The first stage blade is also convectively cooled by
radially flowing air (Fig. 1.2.3.2-3).

Two types of combustors ha-': been considered for this engine; the conventional
(by U.S. standards) in-line can-type combustor and the off-base silo-type combus-
tor. The silo-type combustor (Fig. 1.2.3,2-4), while initially more expensive
offers advantages of high reliability, both for the combustor and for downstream
elements and ease of tailoring for different fuels and for emission control.

All the elements of the HRGT program are either state-of-the-art or limited
extensions thereof. These design features could be incorporated into engines
which could appear in the 1984-85 time frame.

1.2.3.3 Potential Problem Areas

The major problem facing the use of gas turbines for base-load utility
systems is a perceived lack of reliability. Thus, programs aimed at quantum
jumps in technology may not achieve their goal of producing technology accept-
able to the market. It must be understood that it is the market, and not
technology, which will make the concept of advanced power systems a reality.
Unless the industry accepts the product and furnishes enough money through
purchases to amortize the hundreds of millions of dollars required to develop
technology, the rate of progress will be very slow.

This problem is excebated by the fact that the quantum jumps in technology
do not necessarily result in gquantum jumps in performance. For example, Fig.
1.2.3.3-1 shows the performance for three levels of technology. The 2400 F and
3000 F performance levels differ by less than two percent; however, the 2400 F
level of technology is only a modest extension of the state-of-the-art whereas
the 2600 F/3000 F technology, as currently structured, requires quantum advances.

The combined -cycle systems using advanced technology gas turbines will compete
against conventional steam stations with flue gas desul furization (FGD) having
per formance levels of 35 percent or less, and against nuclear plants having
per formance of 32-33 percent. Thus, extracting the last bit of performance out
of the system at the expense of very high R&D costs and potential reliability
problems does not appear an attractive scenario.
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The path appearing most attractive would increase turbine temperatures
through modest excensions of state-of-the-art techniques. Thus, one could en-
vision air-cooled 2200 F turbines in the 1984-85 time frame followed by air-
cooled 2400 F turbines in the 1988 time frame and, ultimately, air-cooled 2600 F
turbincs in the 1995 time frame. The use of air cooling throughout would allow
updating of already installed machines at relatively low cost. The substitution
of a different cooling medium would increase any retrofit ccsts substantially.
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2.2 Description of Advanced Combined-Cycle Systems

P The operating characteristics of advanced gas turbine systems and combined-
cycle systems are described and, where pertinent, system design schemes presented.
‘ The baseline technology to be used in subsequent tasks is described.

-y W

2.2.1 Establish Operational Characteristics

The operational characteristics of commercially available and projected engines
have been tabulated in Section 1.2. 1In addition to these characteristics, the require-
ments for fuel in terms of cleanliness will be presented and the environmental
standards which currently have to be met by gas turbines will be discussed.

2.2.1.1 Gas Turbine/Combined Cycle Operational Characteristics

Based upon the results of Task 1.2, the ranges of probable operating charac-
| teristics for advanced gas turbine and combined cycle power plants are given in
Table 2.2.1.1-1.

The operation of combined-cvcle systems is routinelvy accomplished with no
hazards bevond those associated with rotating machinery and high-temperature steam.
Potential air pollution problems can be avoided by meeting the EPA standards for
gas turbine operation described in Section 2.2.1.3.

2.2.1.2 Fuel Requirements

The gas turbine has often been touted as being able to run on nearly any fuel
i from peanut oil to blast furnace gas. While it is true that these fuels may be
burned, the reliability and lifetime of the turbine are direct consequences of fuel
characteristics.

Because of severe corrosion problems encountered when alkali metals, vanadium,
sulfure, etc., are present in the fuel, there are strict requirements for fuel clean-
liness. Erosion due to ash or other particulate carryover can also be a problem
and thus, there is a limit on particulates.

r Specifications for liquid and gaseous fuels are given in Tables 2.2.1.2-1 and
{ -2, respectively. It must be noted that there are no actual specifications for

‘ coal-derived gaseous fuels. The values in Table 2.2.1.2-2 are based upon extrapo-
lation of high Btu requirements or maximum allowable concentrations to meet pollu-
tion regulations.

re 2.2.1.3 Emission Standards for Gas Turbines

The emission standards for gas turbines are given in Table 2.2.1.3-1. Included
& for comparison are the steam station regulations. Combined-cycle plants must meet
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TABLE 2.2.1.1-1

RANGE OF OPERATING CHARACTERISTICS CF ADVANCED
GAS TURBINE AND COMBINED CYCLE SYSTEMS

Gas Turbine

Output, MW 75 - 140
Flow rate, lb/sec 300 - 900
Pressure ratio 12 - 17
Turbine Inlet Temp, F 2200-3000
Metal Temp., F 1100 - 1600
Exhaust Temp., F 1000 - 1150
Heat Rate, Etu/kWh 9500-10500

Steam Turbine

Output, M 100 - 400(1)
Pressure, psi 1000 - 2400(2)
Temp., F 850 - 1000
Type Reheat, multi-
pressure

Combined Cycle

(1)

(2)

(3)

(%)

Output, M. 300 - 1000(3)
Heat Rate, Btu/kWh 6200 - 7500(%)

Not limited by technology. One to four gas turbines will provide waste
heat to generate steam for one steam turbine.

Pressure level fixed by optimizing overall system.
Multiple engines and one steam turbire.

Based on clean fuel delivery to gas turbine.
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TABLE 2-2-102-1

LIQUID FUEL SPECIFICATIONS

Property Distillate(l) Heavy Qil(z)
Net Heating Value, Btu/lb 18400 18400
Sulfur, wt % 13) 1(3)
Metal Contaminants, ppm
Vanadium 0.5 0.5
Sodium plus Potassium 1.0 1.0
% Calcium 2.0 2.0
Lead 1.0 1.0
l Initial Ash Sticking Pt., F 1652 1652
: Ash, ppm 50 50
| Carbon-Hydrogen Ratio No Limit(a) No Limit(a)

(1) All JP-type fuels, diesel 1 and GT-1, diesel 2 and GT-2, GT-3 and distil-
late-type cuts of coal derived liquid fuels.

‘ (2) GT-3, residual No. 5 and 6, Bunker C and heavy cracks or heavy oil-type
cuts of coal derived liquid fuels.

(4 (3) Air pollution requirements reduce this to a maximum of 0.8% S content.

(4) The lowest C/H ratio is recommended.

N

bF 4

Poazs 20 F
— e

2.2-3
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TABLE 2.2-1.2-2

GASEOUS FUEL SPECIFICATIONS

. . amme o Bed | heas oo o Beatiie, i il

Ptogertz High Btu(l) Low Btu(z)
Heating Value, Btu/ft3 950 - 1200 100--350(3)
Sulfur 1.8 mol, z(“) < 0.075 mol % or less

than amount required
to form 0.6 ppm alkali
metal sulfates(>)

|
l
i
L Metals '
| Vanadium < 0.2 ppm (wt) <0.03 ppm |
[ Sodium plus < 0.6 ppm (wt) See sulfur spec.
! Calcium <0.1 ppm (wt) < 0.012 (wt)
Lead <0.1 ppm (wt) < 0.012 (wt)
r Copper <0.2 ppm (wt) < 0.025 (wt)
; Particulates <0.08 1b/10° £¢3 0-3u  <0.025 gr/ft3 \

4-52 <0.03 gr/ft3

>50  <0.0036 gr/ft>

; (1) P&WA Specification 527

(2) There are no definitive specifications for low-Btu fuel gas. The values
i listed are sugpested values based upon extrapolation from natural gas or |
other considerations. '

(3) Fuel gas with heating values less than 100 Btu/ft> and greater than 350 Btu/ft~ ~
have been successfully combusted. The range listed encompasses the majority
of coal-delivered fuels.

(4) Does not meet pollution requirement of 0.45 mol %.

(5) Based on typical 150 Btu/ft> fuel.

202"‘0
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TABLE 2-2'1-3-1

e S e et —

EMISSIONS REGULATIONS

! .
|
it Pollutant Gas Turbine Coal-Fired Steam
I Sulfur 0.015 mol % sog 1.2 1b S0./106 Btu max with
(0.9 1b 502/10 Btu) 90% reducgion over uncontrolled
or 0.8% (wt) S in level
[' fuel
Nitrogen Oxides 0.0075 to 0.0125 mol % 0.5 1b/106 Btu for snb-bituminoug
- 0.31 to 0.52 1b/106 or coal-derived fuels; 0.6 1b/10
Btu for other coals
Particulates No standard 0.03 1b/106 Btu

|
T‘
]
E’
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the gas turbine regulations unless the steam portion is supplemently fired. Then
the gas turbine must meet the turbine specifications while the steam portion must

be treated as ' a fired system and meet the required regulations for oil- or gas-fired
steam stations.

2.2.2 Summarize System/Subsystem Design

The gas turbine-based combined-cycle power system is shown in schematic form
in Fig. 2.2.2-1. A range of operating parameters is included in Fig. 2.2.2-1
corresponding to the values given in Table 2.2.1.1-1.

Subsystem drawings for the gas turbi.es have been shown in Section 1.2.3, while
a front view giving combustor details is shown in Fig. 2.2.2-2. A subsystem draw-
ing of the steam bottoming cycle is shown in Fig. 2.2.2-3 while details of the steam
turbine are shown in Fig. 2.2.2-4.

2.2.3 Describe System Baseline Technology

The data presented in Tasks 1 and 2 on gas turbines and combined-cycle systems
have a wide range from which to select a baseline technology. There are, however,
guide lines for selection which can be used. These are:

date of appearance
. likelihood of technology attainment
acceptance by utility market place

All of these are interrelated and are, unfortunately, subjective in nature.

The advanced gas turbines are being developed, for the most part, as power
systems for use with coal-derived fuels. While there will continue to be a market
for petroleum-fired systems in several parts of the world, the major manufacturing
nations are anticipating the need for synthetic fuels. At this time, only one
demonstration combined-cyvcle plant using coal-derived fuels is in operation although
several more are planned. Thus, it appears that it will be the end of the 1980
decade before there will be a market for these engines.

With a target date of 1988, it is possible that the goals of the HTTTP will be
met, i.e., turbine inlet temperaturcs of 2600 F or higher will have been demonstrated.
Given, however, the state of the present government and industry R&D funding and the
state of the markoetplace, it is improbable that such technologies will be deemed
commercial. Thi: means that there could be demonstration plants (or units) operat-
ing at these advanced levels but no deliveries of equipment with warranted perfor-
mance.

According to the R&D p:th being followed by EPRI, the most important require-
ment for utility acceptance of gas turbine is reliability. The utility industry
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appears convinced that combined-cycle power plants couid offer superior performance
compared to conventional alternatives. Their widespread acceptance, however, even

at modest technology levels is predicated on the demonstration of reliability similar
to that of alternative plants.

With the foregoing discussions in mind, it would appear that the selection of
technology for the gas turbine should be a compromise between the HTTTP levels and the
EPRI HRGT levels. This would be an engine using technology which is a logical pro-
gression from that in the HRGT towards that possible in the HTTTP. Based on this,
an uprated version of the UTC engine proposed for the EPRI HRCGT program has been
projected. The operating characteristics of this engine are:

Flow rate - 860 1b/sec

Pressure ratio - 12

Turbine inlet - 2400 F

Power output - 140 MW (nominal)

To achieve these overatine characteristics will require an increase in the
turbine cooling effectiveness previously discussed in Section 1.2.3.2. It will also
require a low-emission combustor to meet strin<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>