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SUMMARY

The economics and performance of advanced pressurized fluidized bed (PFBC) cycles
developed for utility applications during the last 10 years (especially the 2nd-Generation
PFBC cycle) are projected to be favorable compared to conventional pulverized coal
power plants. However, the improved economics of 2nd-Generation PFBC cycles are
accompanied by the perception of increased technological risk related to the
pressurized carbonizer and its associated gas cleanup systems. A PFBC cycle that
removed the uncertainties of the carbonizer while retaining the high efficiency and low
cost of a 2nd-Generation PFBC cycle could improve the prospects for early
commercialization and pave the way for the introduction of the complete 2nd-Generation
PFBC cycle at some later date.

One such arrangement is a PFBC cycle with natural gas topping combustion, referred to
as the 1.5-Generation PFBC cycle. This cycle combines the advantages of the 2nd-
Generation PFBC plant.with the reduced risk associated with a gas turbine burning
natural gas, and can potentiglly be part of a phased approach leading to the
commercialization of utility 2nd-Generation PFBC cycles. The 1.5-Generation PFBC may
also introduce other advantages over the more complicated 2nd-Generation PFBC
system.

This report describes the technical and economic evaluation of 1.5-Generation PFBC
cycles for utility or industrial power generation.

Technical Approach

The objective of this project is to develop a reference plant design and cost estimate for
a pressurized fluidized bed combustor (PFBC) system that uses oil or natural gas to fire
the topping combustor. The project was divided into three main activities: development
of plant design; development of cost estimates; and sensitivity studies. The emphasis in
this study was on thermal performance, which involved extensive computer modeling,
while budgetary costs were estimated using various scaling techniques.

Selected Plant Sizes
Because the 1.5-Generation PFBC concept has the potential to satisfy a wide range of
applications, therefore the study cases were selected to cover a wide range of
capacities. Three plant sizes were chosen.
e The large plant was assumed to be an alternative to conventional gas-fired
combined cycles and integrated gasification combined cycles, which are
nominally sized around 250 MW.

» The medium plant is about half the size of the large plant, in the range of 100 to
150 MW.

» The small plant was configured around the energy needs of remote rural areas

not connected to central power stations. A size of 4 MW was chosen to represent
a typical electrical demand of such a community. Although the thermodynamic

page 1




configuration and performance of this small plant is similar to that of the medium
and large plants, the physical design would probably be different, reflecting
specific siting, transportation, and construction constraints of a remote
community.

In this type of power cycle, about 40 percent of the power is generated by the gas
turbine, so the nominal gas turbine sizes for the large, medium, and small plants are
about 100 MW, 50 MW, and 2 MW, respectively. This selection was the result of a four-
step process: -

1. Define the approximate sizes of the large, intermediate, and small plants.
2. Define the critel.'ia for evaluating the candidate combustion turbines.

3. Identify candidate combustion turbines for each size plant.

4. Use the criteria in Step 2 to select a combustion turbine.

The combustion turbine that is best suited to the large 1.5-Generation PFBC system is
the 501D5 by Westinghouse. The Westinghouse 251B12 was selected as the gas
turbine for the nominal 100-MW plant because it is the only domestic turbine that can
generate about 50 MW of power without steam injection. The Nuovo Pignone PGT-2
was selected as the gas turbine for the nominal 4-MW plant because it has no domestic
counterparts in that size range.

Major Equipment
The heart of the 1.5-Generation PFBC power plant is a coal-burning PFBC that
generates heat to make steam and hot gas for the gas turbine. The PFBC uses
compressed air from the gas turbine compressor to fluidize and provide combustion air
to the bed. Vitiated air from the PFBC exhaust is used as the oxidant in a natural-gas-
fired gas turbine-generator. Energy in the gas turbine exhaust is used to heat feedwater
in an exhaust heat recovery steam generator (HRSG), and heat from the PFBC is used to
evaporate, superheat, and reheat the steam in a fluid bed heat exchanger (FBHE).
Finally, a steam turbine-generator in a Rankine cycle generates power using the PFBC
and HRSG as its heat sources.
The major subsystems of the 1.5-Generation PFBC power plant are:

+ Coal and Limestone Preparation Systems

« Girculating PFB Combustors (CPFBC)

« Fluid Bed Heat Exchangers (FBHE)

o Compressed Air Systems

» Combustion Turbine-Generator Systems (Westinghouse W501D5, the
Westinghouse 251B12, and the Nuovo Pignone PGT-2)

» Heat Recovery Steam Generators (HRSG)

 Steam Turbine-Generator Systems (1800 psig/ 1000°F/ 1000°F; 1450 psig/
1000°F/ 1000¢F; and 600 psig/ 750°F)
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o Feedwater Systems
« Ash Disposal Systems
Conceptual Designs

The conceptual design and performance of large, intermediate, and small 1.5-Generation
PFBC combined cycle power plants are compared in Table 1.

Table 1
Thermal Performance Comparison

Large Intermediate Small

Plant Plant Plant
ENERGY INPUT
Coal Feed, Ib/h 128,861 61,581 3,031
Coal HHV, Btu/Ib 12,452 12,452 12,452
Nat. Gas Feed, Ib/h 19,257 7,781 492
Nat HHV, Btu/Ib 21,799 21,799 21,799
Coal Energy, MW 470.268 227.734 11.061
Coal Drying Energy, MW 1.887 0.902 0.044
Nat. Gas Energy, MW 123.026 49.710 3.142
Plant Energy Input 595.181 275.345 14.247
ENERGY OUTPUT
Gas Turbine, MW 87.501 38.107 1.512
Steam Turbine, MW 169.369 77.408 2.648
Auxiliaries, MW (10.590) (4.774) (0.201)
Plant Net Power, MW 246.272 110.741 3.860
Thermal Efficiency, % 41.4% 40.2% 27.8%

The reduced efficiency of the small plant is caused by the reduced efficiency of its non-
reheat steam cycle and smaller gas turbine, and increased losses of smaller
components.

The thermal efficiency of the 1.5-Generation PFBC plant ranks between the 1st- and
2nd-Generation PFBC plants, higher than IGCC but lower than gas-fired combined
cycles, as shown in Table 2.




Table 2
Combined Cycle Efficiency Comparison

Combined Cycle Plant Type HHV Efficiency
GTCC Gas Turbine Combined Cycle 49%
PFBC-2 2nd-Generation PFBC Plant 45%
PFBC-1.5 1.5-Generation PFBC Plant 41%
PFBC-1 1st-Generation PFBC Plant 40%
IGCC Dry-fed oxygen-blown IGCC 38%

A design sensitivity study was performed to determine the effects of PFBC excess air on
the design, capital cost, and COE of the intermediate (111-MW) 1.5-Generation PFBC
plant. PFBC excess air has only a minor effect on overall efficiency, but a profound
effect on plant generating capacity. Using the same gas turbine, plants with lower PFBC
excess air have smaller vessels and generate more power.

Plant Operation

The operational concept for the 1.5-Generation PFBC plant is a base-loaded plant with
the capability for significant turndown. About 24 percent of the generated power is
fueled by natural gas, to which the plant responds quickly, and the other 76 percent
fueled by coal, to which the plant responds more slowly. This combination of fuels
allows rapid adjustments between 76 and 100 percent of load by adjusting the natural
gas flow to the gas turbine. . :

Plant load following assumes that the PFBC/FBHE system is capable of a 50-percent
turndown, an assumption that seems to be supported by recent operating experience.
(See Section 2.1) With a 50-percent turndown, plant load levels between 38 and
76 percent can be attained by adjusting the coal feed rate. As a result, the effective
turndown ratio of a single-train 1.5-Generation PFBC plant is almost 3:1, compared with
the 2:1 turndown of a 1st- or 2nd-Generation PFBC plant.

Plant capacity is expected to range from full-load (design flows of natural gas and coal)
down to 38-percent load (zero natural gas and 50-percent coal flow). The operation of a
1.5-Generation PFBC plant under various steady-state, start-up, and emergency -
conditions is feasible.

An operational sensitivity study was performed to determine the effects of load change
on the intermediate (111-MW) 1.5-Generation PFBC plant. The plant can be reduced to
76-percent load by reducing natural gas flow without disturbing the coal feed to the rest
of the plant. Thermal efficiency over this range is constant to within three percentage
points. By reducing coal instead of natural gas, the plant can be reduced to 38-percent
load, at which point the PFBC becomes adiabatic bed.

Economic Performance

The estimated capital cost (TPC, 12/92 dollars) and cost of electricity (COE) for the 1.5-
Generation PFBC plants compare favorably with conventional pulverized-coal steam
power plant with flue gas desulfurization, as shown in Table 3. The 1.5-Generation PFBC
plant is more efficient than the PC plant (41.9% vs. 35.2%), but much of this efficiency
advantage is offset when calculating COE by its smaller size (246 MW vs. 560 MW) and
the assumed higher price of natural gas compared to coal fuel ($2.50/MBtu vs.
$1.80/MBtu).
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Table 3
Economic Performance - Plant Type Comparison

Conventional Large

PC/FGD PFBC-1.5

Plant Plant

Net Power, MW 559 246.3
HHYV Efficiency 35.2% 41.4%
Total Plant Cost, $/kW  1291.5 1119.7
COE, $/MWh 90.3 83.4

The smaller plants suffer more from the electrical economy of scale. Table 4 and
Figure 1 show this cost effect of scale.

Table 4
Economic Performance - Plant Size Comparison
Large Medium Small
PFBC-1.5 PFBC-1.5 PFBC-1.5
Plant Plant Plant
Net Power, MW 246.3 110.7 4.0
HHV Efficiency 41.4% 40.2% 27.8%
Total Plant Cost, $/kW 1118.7 1553.1 5136.4
COE, $/MWh 83.4 108.4 349.0

Economic Evaluation Methods

The economics of the 1.5-Generation PFBC plant cost estimates were developed by
consistently evaluating the capital and operating costs for each plant and subsequently
performing an economic analysis based on the cost of electricity (COE) as the figure of
merit. The conceptual cost estimates for each plant were determined on the basis of
previous evaluations of utility-sized PC and 2nd-Generation PFBC power plants [G/C,
6/92] and smaller industrial sized-power plants [FWDC, 7/92].

Estimated costs for the major components were established by a variety of methods.
In-house cost data and support data from previous PFBC reports were supplemented by
vendor budgetary pricing for major items as required.

As a general approximation, the capital costs and COEs of these plants have economies
of scale, as shown in Figure 1.




1000 —

Costs, $

| ] | ] |
4 10 25 40 100 250

Net Power, MW

Figure 1 - Economies of Scale

Operation and maintenance (O&M) cost values were determined on a first-year basis
and subsequently levelized over the 30 year plant life. Consumables were evaluated on
the basis of the quantity required and individual commodity unit prices. Operation cost
was determined on the basis of the number of operators, and maintenance was
evaluated on the basis of maintenance costs required for each major plant section.
These operating ‘costs were then converted to unit values of $/MWh or mills/kWh.
Operating, maintenance, and consumable costs were based on the plant design
conditions listed in Table 5.
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Table 5 -
Plant Design Conditions

Large Medium Small

Plant Plant Plant
Net Plant Output, MW 246.3 110.7 4.0
Plant Heat Rate, Btu/kWh 8,246 8,484 12,277
Coal Type Pgh. 8 Pgh. 8 Pgh. 8
Coal HHV Btu per Ib 12,450 12,450 12,450
Coal Cost $/MBtu $1.80 $1.80 $1.80
Natural Gas Cost $/MBtu $2.50 $2.50 $2.50
Coal (as rec’d), Ib/h 128,861 61,581 3,031
Natural Gas, Ib/h 19,257 7,781 492
scfm 7,014 2,834 179
Dolomite, Ib/h 51,117 24,428 1,202
Construction Time, yrs 3.5 25 1.5

In addition, the following economic assumptions were made:

o Plant book life is 30 years,

» Capacity factor is 65 percent, and

e Plantin-service date is January 1993. 4
The capital and operating costs of the plant are combined with plant performance in the
comprehensive evaluation of cost of electricity (COE). Table 6 presents the 30-year
levelized costs of electricity for the three 1.5-Generation PFBC cases.

Table 6
Cost of Electricity Comparison

Large Medium Small
(246-MW) (111-MW)  (4-MW)
Plant Plant Plant
Capital Charges, mills/kWh 36.5 49.8 157.6
Fixed Oper & Maint, mills/kWh 9.4 16.4 - 920
Variable Oper & Maint, mills/kWh 5.1 8.8 49.5
Consumables, mills/kWh 5.2 5.5 8.0
Fuel, mills/kWh 27.3 27.8 41.9

Levelized COE, mills/kWh ($/MWh) 83.

oS
-y
Q
0
K-S

349.0

As a comparison, the COE for the 246-MW 1.5-Generation plant is lower than the
$80/MWh for a 560-MW conventional PC/FGD plant, but higher than the $75/MWh for a
536-MW 2nd-Generation PFBC plant [G/C, 1993].
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Economic Sensitivities

Sensitivity studies were performed to determine the effects of design, operating, and
market conditions on capital cost and COE.

o Fuel Flow: Because of reduced efficiencies, the performance penalty for
operating at below-design conditions makes it uneconomical to run at reduced
load.

o PEBC Excess Air: Plants designed with lower PFBC excess air use more coal,
which increases equipment capital costs (in dollars), but the increased generating
capacity results in lower costs per kilowatt. Plants designed with higher PFBC
excess air have higher levelized costs of electricity because of their reduced
power generating capacity.

o Fuel Prices: The largest fuel-price influence on COE was coal price
(0.201-percent increase in COE for each 1-percent increase in coal price),
followed by oil price (0.106 percent per percent increase) and natural gas price
(0.083 percent per percent increase).

Conclusions and Recommendations

The conceptual design and analysis of the 1.5-Generation PFBC plant leads to the
following conclusions.

1. The 1.5-Generation PFBC plant provides a reasonable bridge to the
commercialization of 2nd-Generation PFBC technology, and it is the.logical
alternative to 2nd-Generation PFBC.

2. By eliminating the carbonizer and its associated hot-gas cleanup system, the
1.5-Gen|eration PFBC plant has less technological risk than a 2nd-Generation
PFBC plant.-

3. The 1.5-Generation PFBC plant has excellent load-following potential, and is
probably more responsive than a 2nd-Generation PFBC plant. Power output can
be reduced by 24 percent by adjusting the natural gas, with stable operation
down to 38-percent load by reducing the coal feed rate. Plant operation is well
within commercial equipment and controls design capability.

4, The projected turndown in a 1.5-Generation PFBC plant is about 3:1, since 1/3 of
the power supplied by natural gas, and the rest is supplied by coal in a PFBC that
can be turned down by 50 percent.

5. The gas turbine operating conditions in a 1.5-Generation PFBC cycle are relatively
close to “standard" gas turbine design conditions, allowing fairly “"standard”
turbines to be considered as candidates.

6. The 1.5-Generation gas turbine/steam turbine power split is about 34 /66%, which
places it between the 1st-Generation plant (23%/77%) and the 2nd-Generation
plant (45%/55%). ‘

7. The HHV efficiency of a large 1.5-Generation PFBC plant is about 41%, which also
plac;a)s it between the 1st-Generation plant (40%) and the 2nd-Generation plant
(45%).




10.

11.

The 1.5-Generation PFBC plant follows classical economy of scale over the range
of sizes studied -- 4 to 250 MW.

The greatest fuel-related COE sensitivity is the sensitivity to coal price
(0.201-percent increase in COE for each 1-percent increase in coal price),
followed by the sensitivity to oil price (0.106 percent per percent increase) and to
natural gas price (0.063 percent per percent increase).

Plants designed with less PFBC excess air have lower capital costs (per kW) and
lower COESs than plants designed with more PFBC excess air.

The design of the small plant should be reviewed to include consideration of less
complex configurations, such as the steam-injected Cheng cycle.
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1.0 INTRODUCTION

The PFBC cycles developed for utility applications during the last 10 years have been
shown to have favorable economics and performance, compared to conventional
pulverized coal power plants. However, the pressurized carbonizer and its associated
gas cleanup systems are perceived to have the most technological risk in the 2nd-
Generation PFBC cycle. A PFBC cycle that removed the uncertainties of the carbonizer
while retaining the high efficiency and low cost of a 2nd-Generation PFBC cycle would
improve the prospects for early commercialization and pave the way for the introduction
of the complete 2nd-Generation PFBC cycle at some later date.

One such cycle is a PFBC cycle with natural gas topping combustion, referred to as the
1.5-Generation PFBC cycle. This cycle combines the advantages of the 2nd-Generation
PFBC plant with the reduced risk associated with a gas turbine fueled by natural gas,
and can potentially provide a shorter path toward the commercialization of utility 2nd-
Generation PFBC cycles with carbonizers.




2.0 TECHNICAL APPROACH

The objective of this project is to develop a reference plant design and cost estimate for
a pressurized fluidized bed combustor (PFBC) system that uses oil or natural gas to fire
the topping combustor. This system is called a 1.5-Generation PFBC.

The project was divided into three main activities: development of plant design;
development of cost estimates; and sensitivity studies.

The emphasis in this study was on thermal performance, which involved extensive
computer modeling, while budgetary costs were estimated using various scaling
techniques. The tasks are described as follows.

1 Development of Plant Design
Develop a reference plant design for a 1.5-Generation PFBC power plant.

1.1 As part of the conceptual design process, use approximated data in a
cursory screening study to select a gas turbine, considering load-following
capability, and the gas turbine need of at least 10 percent excess O,.

1.2 Dlevelop heat and material balances for the a 1.5-Generation PFBC power
plants.

1.3  Develop equipment lists for the 1.5-Generation PFBC power plants.

2 Development of Cost Estimates

2.1 g.s'lclimate the capital cost, for a 1.5-Generation PFBC power plant, in 1992
oliars.

2.2  Estimate the operating and maintenance (O&M) costs for a 1.5-Generation
PFBC power plant, in 1992 dollars.

2.3 Estimate the cost of electricity (COE) for a 1.5-Generation PFBC power
plant, in 1992 dollars.

3 Sensitivity Studies

Develop a reference plant design, estimate of capital cost, O&M cost, and
COE in 1892 dollars for two smaller plants:

3.1 anti)ntermediate-sized (~80-100 MW) plant with an intermediate gas
turbine

3.2 asmall (less than 10 MW) plant, using a small gas turbine with a
turbine inlet temperature around 1900°F and a requirement for at
least 4 percent excess O,.

4 Evaluate the effects of gas turbine topping combustor temperature on
power output and COE for a medium-sized 1.5-Generation PFBC plant.




The study includes the full range of natural gas feed rates from 100 percent
of design to zero.

5 Evaluate the effects of PFBC excess air (excess O,) on the design,
performance, capital cost, and COE of a medium-sized 1.5-Generation
PFBC plant.

6 Determine the effects of changes in oil, natural gas, and coal prices on the
operating costs and COE of a medium-sized 1.5-Generation PFBC plant.

2.1 DERIVATION OF THE 1.5-GENERATION PFBC

The PFBC cycles developed for utility applications during the last 10 years have been
shown to have favorable economics and performance, compared to conventional
pulverized coal power plants. .

Sized for utility applications, 2nd-Generation PFBC (PFBC-Hl) plants utilizing conventional
steam cycles are projected to have HHV efficiencies of 45 percent, with capital costs and
costs of electricity lower than the costs associated with a pulverized coal steam power
plant [FWDC, 1989]. The efficiency of 2nd-Generation PFBC cycles utilizing advanced
steam cycles may approach 50 percent [G/C, 1992].

Figures 2-1 and 2-2 compare the 1st- and 2nd-Generation PFBC cycles. In the 1st-
Generation PFBC cycle (Figure 2-1), the PFB combustor burns coal to produce steam
and heat air for a gas turbine. The gas turbine generates electricity, and its waste heat is
used by a gas turbine heat recovery steam generator (HRSG) to produce more steam.
The steam is used in a condensing steam turbine cycle to generate additional power.

In the 2nd-Generation PFBC cycle (Figure 2-2), the pressurized carbonizer converts part
of the coal into fuel gas and the rest into char. The PFB combustor burns the carbonizer
char to produce steam and heat air for the gas turbine. The carbonizer gas is burned in
the topping combustor of the gas turbine to produce power. The gas turbine heat
recovery steam generator (HRSG) produces more steam, and a condensing steam
turbine cycle uses the steam to produce additional power.

Currently, the pressurized carbonizer and its associated gas cleanup systems are
perceived to have the most technological risk in the 2nd-Generation PFBC cycle. A
PFBC cycle that removed the uncertainties of the carbonizer while retaining the high
efficiency and low cost of a 2nd-Generation PFBC cycle would improve the prospects for
early commercialization and pave the way for the introduction of the fully carbonized
2nd-Generation PFBC cycle at some later date. One such cycle is referred to as the
1.5-Generation PFBC (PFBC-1.5) cycle because it combines the advantages of the 2nd-
Generlation PFBC plant with the reduced risk associated with a gas turbine fueled by
natural gas.

page 12




SORBENT r
1600°F

COAL __p.! CIRCULATING
PFBC

A

AR
GTC
Figure 2-1 - 1st-Generation PFBC Cycle
SORBENT FUEL 2400 P
—> GAS 1000 F
COAL —] 1600°F (1700°F) |
_._» CARBONIZER
" l CHAR o | |HPST IPST |
1600°'F |

CIRCULATING
PFBC

LY
W
W3

;

Figure 2-2 - 2nd-Generation PFBC Cycle

page 13




The 1.5-Generation PFBC cycle is shown in Figure 2-3. This cycle is similar to the 2nd-
Generation PFBC cycle, except that the topping combustor is fueled by natural gas
instead of by carbonizer fuel gas, eliminating the need for a carbonizer. This cycle was
identified and briefly investigated as part of an evaluation of industrial cogeneration
applications of 2nd-Generation PFBC systems [FWDC,7/92]. In its cogeneration
-application, the 1.5-Generation PFBC cycle had a lower cost of steam and higher
thermal utilization than comparably sized 2nd-Generation PFBC units.
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Figure 2-3 - 1.5-Generation PFBC Cycle

The 1.5-Generation PFBC plant also has potential operational benefits compared to
single-fuel plants. About 24 percent of the generated power is fueled by natural gas, so
rapid adjustments can be made between 76 and 100 percent of load by adjusting the
natural gas flow to the gas turbine.

Plant load following assumes that the PFBC/FBHE system is capable of a 50-percent
turndown, an assumption that seems to be supported by recent operating experience.
Tests by von Wedel and others (1993) reported test results on a 15-MWt PFBC from
100% load to 50% load; A 350-MWe design by Anderson and Nilsson (1993) includes
part-load performance values down to 50% load; and Anders (1993) includes test
results from 100% down to 25% load for the 135-MWe PFBC plant in Vartan, Stockholm.
With a 50-percent turndown, plant load levels between 38 and 76 percent can be
attained by adjusting the coal teed rate. As a result, the effective turndown ratio of a
single-train 1.5-Generation PFBC plant is almost 3:1, compared with the 2:1 turndown of
a 1st- or 2nd-Generation PFBC plant.

Because the 1.5-Generation PFBC cycle has the potential for high efficiency and low
cost, and with its enhanced load-following capabilities, this cycle can potentially provide
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a shorter path toward the commercialization of utility 2nd-Generation PFBC cycles with
carbonizers.
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2.2 SELECTED PLANT SIZES

The 1.5-Generation PFBC is a new concept that has the potential to satisfy a wide range
of applications, so the study cases were selected to cover a wide range of capacities.
The three approximate plant sizes reflect this span of potential applications.

o The large plant was studied as an alternative to conventional gas-fired combined
cycles and integrated gasification combined cycles, which are nominally sized
around 250 MW.

« The medium plant was evaluated as a possible repowering application and also
evaluated for the ability to follow load technically and economically.

» The small plant was conceived to address the energy needs of remote rural areas
not connected to central power stations. A size of 4 MW was chosen to represent
a typical electrical demand of such a community. Although the thermodynamic
configuration and performance of this small plant is similar to that of the medium
and large plants, the physical design would probably be different, reflecting
specific siting, transportation, and construction constraints at the remote
community.

About 40 percent of the power is generated by the gas turbine in a 1.5-Generation PFBC
power cycle, so the nominal gas turbine sizes for the large 250-MW, medium 150-MW,
and small 4-MW plants are about 100 MW, 50 MW, and 2 MW, respectively.

2.3 SELECTED GAS TURBINES

The selection of the gas turbine for the large (nominal 250-MW) plant is explained below.
The Westinghouse 251B12 was selected as the gas turbine for the nominal 100-MW
plant because it is the only domestic turbine that can generate about 50 MW of power
without steam injection. The Nuovo Pignone PGT-2 was selected as the gas turbine for
the nominal 4-MW plant because it has no domestic counterparts in that size range.

The combustion turbine that is best suited to the large 1.5-Generation PFBC (PFBC-1.5)
system is the 501D5 by Westinghouse, although similar turbines, such as the ABB 11N
or the GE 7EA, were evaluated and would be compatible with the system. The rationale
behind the gas turbine selection is described below in four steps:

1. Define a range of gas turbine sizes for the Large Plant.

2. Define the criteria for evaluating the candidate combustion turbines.

3. Identify candidate combustion turbines for the selected range of plant
sizes.

4, Use the criteria in Step 2 to select a combustion turbine.

1. Define a range of gas turbine sizes for the Large Plant.

In a conventional gas-fired combined cycle plant, about 1/3 of the power is
generated by the steam turbine and about 2/3 of the power is generated by the
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combustion turbine. The allocation of power is different in a 1.5-Generation PFBC
plant; because of the coal energy that the PFBC adds to the steam cycle, about
80-70 percent of the power is generated by the steam turbine and about 30-
40 percent of the power is generated by the combustion turbine.

Using the assumption that the gas turbine generates about 30-40 percent of the
power, a 1.5-Generation PFBC plant with a nominal capacity of 250 MW, would
use a combustion turbine that generates approximately 75 to 100 MW.

2. Define the criteria for evaluating the candidate combustion turbines.

The gas turbine for the 1.5-Generation PFBC plant is chosen based on its ability
to meet the special requirements of the plant, such as load-following, turndown
capability (including running without natural gas), and performance at low
ambient temperatures. Combustion turbine selection criteria have been divided
into primary (must) and secondary (want) categories.

Primary Criteria

1. Low ratio of natural gas to coal mass flow rates running at the
design capacity of the 1.5-Generation PFBC system.

2. Good performance of the gas turbine under partial load conditions,
including lower mass flow and lower temperatures, down to the
design temperature of the PFBC.

Secondary Criteria
3. Ability of the turbine to control NO, emissions.

4. Ability of the turbine to adapt to the addition of a carbonizer that
- makes the system into a 2nd-Generation PFBC system.

5. Ability of the turbine to use steam as a power augmentation method.

3. Identify candidate combustion turbines for the selected range of plant sizes.

The operating conditions (particularly the turbine inlet temperature) of the gas
turbine in a 1.5-Generation PFBC cycle are relatively close to its design
conditions, allowing fairly "standard” turbines to be considered as candidates. By
contrast, the gas turbine inlet temperature in a 1st-Generation cycle is 2500 to
700°F lower than its design temperature, limiting the number of applicable
turbines. This compatibility of operating conditions with turbine design conditions
is a potential advantage of the 1.5-Generation cycle over the 1st-Generation PFBC
cycle, with its special low-temperature turbine inlet conditions.

For the range of plant size defined in step 1 above, five combustion turbines were
identified, as listed in Table 2-1.
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Table 2-1
Candidate Combustion Turbines

(ISO Ratings)

ABB ABB
Company Power General Siemens Westing- Power

Generation Electric house Generation
Frame 11N 7EA vg4.2 501D5 11N2
Simple Cycle
Output, kW 82,660 82,370 101,640 105,090 107,700
Simple Cycle 32.5% 32.2% 32.8% 32.8% 33.7%
Efficiency (LHV)
Pressure Ratio 13.3 12.4 10.7 14.2 14.6
Air Flow, Ib/s 699 644 770 803 827
Rotor Inlet Temp, °F 1975 2020 1924 2045 2100
Exhaust Temp, °F 941 986 1004 987 977
Comb. Turbine 118 128 132 131 130

Sp. Power, kW-s/Ib

4. Use the criteria in Step 2 to select 2 combustion turbine.

The primary criterion is the ratio of natural gas-to-coal mass flow rates running at
the design capacity of the 1.5-Generation PFBC system. Since this criterion must
be evaluated before any cycle calculations are performed, the gas-to-coal ratio
was estimated using a simplified procedure to approximate plant performance.

The simplified procedure is based on turbine performance specifications
published by Gas Turbine World. The inlet air flow for each candidate turbine
(reduced by an assumed fraction for cooling flow) is used to determine the coal
feed rate, based on Pittsburgh 8 coal burned in the PFBC with 100-percent
excess air. After an assumed 1.3-percent thermal loss in the PFBC (as in 2nd-
Generation -PEBC plants), about 40 percent of the remaining coal energy was
used to generate 1600°F PFBC exhaust gas for the topping combustor. The
remaining coal energy was used by the steam turbine cycle. Combustion turbine
performance -parameters were adjusted for mixed fuel properties and pressure
loss through the PFBC system.

The thermal input from the PFBC to the topping combustor is less than the
specified combustion turbine thermal input (rated power multiplied by heat rate).
Nhat?trfalll gas flow is estimated as the amount required to satisfy the energy
shortfall.

Characteristics of candidate turbines relating to the criteria previously defined are
compared in Table 2-2.
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Table 2-2
Combustion Turbine Evaluations

Company ABB Power General Westin  ABB Power
Generation Electric  Siemens g- Generation
house
Frame 11N 7EA ve4.2 501D5 11N2
CT Output, KW(ISO) 82,660 82,370 101,640 105,080 107,700
Gas/Coal, 0.215
ib/Ib 0.169 0.205 0.209 0.207
Btu/Btu 0.295 0.359 0.367 0.362 0.376
Load following ability Good Very Best Best Better  Better
(part-load efficiency
Performance at low Good Good Good Good Good
ambient temperature
Adequate turndown Better Good Worse Best Good
capability including no
natural gas
Proven low NOx Good Better Best Good Better
emission control "[Note 1] [Note2] |[Note3] [Note [Note 5]
capability 4]
Adaptable to PFBC-I Yes Yes Yes Yes Yes
systems
Steam injection for . Yes Yes Yes No Yes
power augmentation
Notes:

[1]
[2]
[3]

[4]

[5]

ABB 71N uses dry low-NOx "EV" combustor meeting 25 ppm(v) as 11N2.
GE 7EA uses dry low-NOx combustor meeting 25 ppm(v) as 7FA.

Siemens V84.2 equipped with hybrid burner may provide emission as low
as 9 ppm(v) without steam or water injection.

Westinghouse 501D5 presently uses steam injection for NOx control. Dry
low NOx combustor of the 501F type will be available later. A considerable
amount of research and development has been directed at the
Westinghouse combustor to ensure low NOx operation when applied to
2nd and 1.5-Generation PFBC applications. Efforts also include designs
for air takeoff and reinjection requirements.

ABB 11N2 has external silo combustor, uses dry low-NOx "EV" combustor
meeting 25 ppm(v). A 9-ppm(v) version will be available in 1994.

Although the ABB 11N has the lowest gas-to-coal ratio, the Westinghouse 501D5 was
selected because of better load-following ability and best turndown capability down to
the level where no natural gas is being added to the topping combustor. The other
candidates in Table 2-2, however, could also be used in 1.5-Generation PFBC-

applications.
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3.0 DESCRIPTIONS OF MAJOR EQUIPMENT

As shown in the simplified flow diagram of Figure 3-1, the 1.5-Generation PFBC power
plant centers around a coal-burning PFBC that generates heat to make steam. The
PFBC uses compressed air from the gas turbine compressor to fluidize and oxidize the
bed. Vitiated air from the PFBC exhaust is used as the oxidant in a natural-gas-fired gas
turbine-generator. Energy in the gas turbine exhaust is used to heat feedwater in an
exhaust heat recovery steam generator (HRSG), and heat from the PFBC is used to
evaporate, superheat, and reheat the steam in a fluid bed heat exchanger (FBHE).
Finally, a steam turbine-generator in a Rankine cycle generates power using the PFBC
and HRSG as its heat sources.

The performance parameters of major subsystems are described in this section; the
performance parameters of the complete plants are presented in Section 4. The large
plant was used as the basis for designing the intermediate and small plants, but other
design approaches should be considered for the other plants, especially the small plant
as was done in the Foster Wheeler (1892) study.

The major subsystems described in this section are:

Sect Subsystem

3.1 Coal and Limestone Preparation Systems
3.2 Circulating PFB Combustors (CPFBC)
3.3 Fluid Bed Heat Exchangers (FBHE)

3.4  Compressed Air Systems

3.5 Combustion Turbine-Generator Systems

3.6 Heat Recovery Steam Generators (HRSG)

3.7 Steam Turbine-Generator Systems
3.8 Feedwater Systems
3.9 Waste Disposal Systems
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Figure 3-1 - 1.5-Generation PFBC Simplified Flow Diagram

3.1 COAL AND LIMESTONE PREPARATION SYSTEMS

For the purposés-bf this study, feedstock preparation refers to coal handling and
dolomite handling. Natural gas is assumed to be delivered by pipeline, without need for
further equipment. . .

The coal-handling system unloads coal from barges and conveys it to the coal storage
pile area; piles, reclaims, crushes, and samples it; conveys it to the in-plant storage silo
(bunker); and from there, conveys it to the Petrocarb injection system that feeds the
CPFBC unit. Portions of the coal-handling system equipment are also used for dolomite
handling. Primarily, these include the barge unloader, bucket-wheel stacker/reclaimer,
and associated conveyors.

The main functions of the dolomite-handling system are to unload dolomite from barges;
convey it to the dolomite storage pile area; pile, reclaim, crush, and sample it; and
convey it via the in-plant dolomite storage silo (bunker) to the Petrocarb injection system
that feeds the CPFBC units.
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3.2 CIRCULATING PFB COMBUSTORS (CPFBC)

The Circulating Pressurized Fluid Bed Combustor (CPFBC) uses coal as fuel. The air
from the gas turbine compressor is partially vitiated (heated to 1600°F while some of the
oxygen is used for combustion) in the CPFBC. A 93.3-percent sulfur capture is assumed
in the PFBC and is equal to the sulfur capture in the PFBC of 2nd-Generation plants. All
three plant cycles use the same general type of CPFBC design, although the sizes and
duties vary. General parameters of the CPFB combustors are listed in Table 3-3.

Table 3-3
CPFBC Characteristics

Large Intermediate Small

Plant Plant Plant
Operating Pressure, atm 14 15 12
Operating Temp, °F 1600 1600 1600
Excess Air, % 100% 100% 100%
Ca/S, molar ratio 24 24 24
Sulfur Capture 93.3% 93.3% 93.3%

Particulate carryover of combustion products from the CPFBC are removed first by
cyclones and then by ceramic barrier filters. Solids captured by the cyclones are
recirculated to the fluid bed heat exchangers (FBHES), while solids from the barrier filters
are combined with the ash and spent sorbent in solid waste stream for disposal.

3.3 FLUID BED HEAT EXCHANGERS (FBHE)

Energy from coal combustion is used in the Fluid Bed Heat Exchanger (FBHE) to
generate a large portion of the steam, and to superheat the high-pressure steam for the
steam turbine. The FBHE transfers sensible heat from the particulates and solids
captured by the CPFBC recycle system to the water/steam circuitry that generates
steam to power the steam turbine.

Feedwater preheating and a portion of the steam generating and primary superheating
are accomplished in the gas turbine heat-recovery steam generator (HRSG). The
balance of the plant steam generating and superheating, along with all reheating, is
performed in the FBHE.

Superheater and reheater steam temperatures are controlled primarily by regulating the
solids flow rates through their respective passes; motionless "J" valves or loop seals
control the solids circulation rates. Additional steam temperature control.and faster
response are obtained by injecting atomized water directly into the steam in spray
attemperators. These attemperators are located between primary and finishing
superheaters, between primary and finishing LP reheaters, and between secondary and
finishing HP reheaters:
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The performance characteristics of the fluid bed heat exchangers are tabulated in Table
3-4,

Table 3-4
Fluid Bed Heat Exchanger Characteristics

Large Intermediate Small

Plant Plant Plant

Solids Inlet Temp, °F 1600 1600 1600
Solids Exit Temp, °F 1050 1050 1050
Throttle Steam:

Pressure, psia 1815 1465 615

Exit Temp, °F 1000 1000 750
Reheat Steam:

Pressure, psia 421 341 -

Exit Temp, °F 1000 1000 -
Steam Inlet:

Pressure, psia 1995 1611 614

Inlet Temp, °F 656 626 750
Water Inlet:

Pressure, psia 2016 1627 683

Inlet Temp, °F 637 607 500

3.4 COMPRESSED AIR SYSTEMS

Except for turbine cooling flows required by the gas turbine, all of the air produced by the
gas turbine compressor is collected from the compressor discharge and ducted to the
coal feed and CPFBC area. This pressurized air supplies three subsystems:

o CPFBC primary combustion air.

» Boost compressors, which provide pressurization and atomizing air above the
CPFBC entry pressure. The air is cooled and dried before being compressed by
the boost compressors.

« Fluidized Bed Heat Exchanger fluidizing air.

Table 3-5 shows the exit conditions of the compressed air systems used in the study.




Table 3-5
Compressor Discharge Pressures and Temperatures

Large intermediate Small

Plant Plant Plant
Main Compressor
Discharge Press, psia 202 218 171
Discharge Temp, °F 712 737 - 857
Boost Compressor
Discharge Press, psia 250 266 219
Discharge Temp, °F 151 150 149

3.5 COMBUSTION TURBINE-GENERATOR SYSTEMS

Combustion turbine systems include the gas turbine-generator, compressed air piping
from the compressor to the CPFBC and FBHE (see "Compressed Air Systems"), and hot
gas piping from the PFBC to the gas turbine. The turbine is connected to a generator
that supplies power through an isolated-phase bus duct and dedicated step-up
transformer to an overhead connection to a high-voltage transmission line. The
combustion turbine-generator unit is supplied as a package.

Three gas turbines were selected for analysis: the Westinghouse W501D5, the
Westinghouse 251B12, and the Nuovo Pignone PGT-2. The nominal exit temperatures
of the topping combustors in the three PFBC cycles are listed in Table 3-6 along with
other design parameters. The "T-G" efficiencies are based on commercial heat rates for
simple-cycle turbine-generator units using natural gas with an LHV/HHV ratio of 0.91.

Table 3-6
Gas Turbine Performance Parameters

Large Intermediate Small
Plant Plant Plant

Vendor Westing- Westing- Nuovo
house house Pignone
Performance Basis W501D5 251B12 PGT-2

Inlet Air Flow, Ib/s 807 374 22
Firing Temp, °F 2038 1965 2054
Turbine Exit Temp, °F 987 950 1011
T-G Efficiency (HHV),% 30.3 20.7 22.7

In 1.5-Generation applications, the combustion characteristics of natural gas are similar
to the design characteristics of the turbine, but air off-take and re-injection requirements
are different. In a 1.5-Generation application, some of the compressed air is ducted
away from the turbine compressor to the CPFBC and FBHE (see "Compressed Air
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Systems"), while hot, vitiated air from the CPFBC is ducted back into the topping
combustor. These air off-take and re-injection requirements require modifications to the
transition piece between the compressor and the combustor.

Ceramic-lined piping is used to transport compressed air and vitiated air to and from the
PFBC. Compressed air from the compressor is conveyed to the PFBC and FBHE by
ceramic-insulated hot gas piping. Hot, vitiated air produced by the CPFBC is conveyed
to the gas turbine by ceramic-insulated hot gas piping with metallic liners on the inner
diameter to protect the turbine from eroded ceramic material. Carbon steel outer liners
provide structural strength to these pipes.

3.6 HEAT RECOVERY STEAM GENERATORS (HRSG)

Exhaust gas leaving the gas turbine flows through a heat recovery steam generator
(HRSG), where it is cooled while producing steam and heated feedwater. Gas leaving
the HRSG is ducted to the stack. Together, the FBHE and HRSG provide about
99 percent of the required steam energy. The remaining one percent of steam cycle
thermal input is provided by the ash screw coolers in the form of condensate heating.

The large and intermediate plants use the same general heat exchanger arrangement, in
which the HRSG is the only component between the gas turbine and the stack. In the
small plant, however, exhaust gas leaving the HRSG provides heat for a low-temperature
economizer before entering the stack. The main characteristics of the heat exchangers
are tabulated in Table 3-7.
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Table 3-7
Heat Recovery Steam Generator Characteristics

Large Intermediate Small

Plant Plant Plant

Exhaust Gas:
HRSG:

Inlet Temp, °F 987 950 1011

Exit Temp, °F 280 - 280 385
Low-Temp Econ:

inlet Temp, °F - - 385

Exit Temp, °F - - 280
Water to HRSG:
Pressure, psia 2316 1927 983
Inlet Temp, °F 245 244 242
Water to FBHE:
Pressure, psia 2016 1627 683
Inlet Temp, °F 637 607 500
Steam to FBHE:
Pressure, psia 1926 1610 614
Inlet Temp, °F 656 626 750

3.7 STEAM TURBINE-GENERATOR SYSTEMS

The basic steam turbine-generator cycle configuration is identical for the large and
intermediate plants. The turbine is a 3600-rpm, tandem-compound reheat unit with a
double-flow low-pressure section. The small plant turbine-generator is a single-flow,
non-reheat unit. Determination of the preferred speed (rpm) of the smalll plant turbine will
require consultation with designers and manufacturers. In all cases, the low-pressure
turbine stage exhausts to a single pressure, water-cooled condenser.

The steam turbine throttle pressures in this study are representative of commercial
steam turbine-generators in corresponding size ranges: 1800 psig for 100 to 200 MW;
1450 psig for 50 to 100 MW; and 600 psig below 50 MW. While these pressures are
lower than the conventional 2400 psig of larger steam turbines, they are more conducive
to part load operation. The steam expansion lines from these turbines tend to remain in
the slightly "wet" region at the LP turbine exhaust even at low loads, while the part-load
expansion lines from 2400-psi turbines often exhaust slightly superheated.

The turbine is connected to a generator that supplies power through an isolated-phase

bus duct and dedicated step-up transformer to an overhead connection to a high-
voltage transmission line.
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All steam turbine cycles in this study are condensing Rankine cycles that convert energy
from the FBHE, HRSG, and ash cooler into electric power. All steam cycles use
commercially available equipment. The principal design characteristics of the cycles are
tabulated in Table 3-8.

Table 3-8 .
Steam Cycle Design Characteristics

Large Intermediate Small

Plant Plant Plant
Throttle press, psig 1800 1450 600
Throttle temp, °F 1000 1000 750
First Reheat, °F 1000 1000 -
Deaerator press, psia 25 25 25
Condenser press, "Hg 2.5 2.5 2.5
Feedwater Heaters 1 1 -

" 3.8 FEEDWATER SYSTEMS

Condensate leaving the condenser is heated in a series of shell-and-tube heat
exchangers before being converted to steam for the steam turbines.

Because of the feedwater heating capability of the HRSG, PFBC plants have fewer
feedwater heaters than do PC plants. Heating and deaeration of low pressure
condensate is provided primarily by extraction steam. The deaerator operates at 240°F
and a pressure of 25'psia. A fraction of the condensate is diverted around the feedwater
heater to cool the ash screw coolers. The hot water leaving the screw coolers is
discharged directly into the deaerator.

Water from the deaerator is pressurized by electrically-driven booster pumps and
feedwater pumps, then heated by the HRSG economizer sections to a temperature
10 degrees lower than the saturation temperature.

Feedwater leaving the HRSG economizers is split into two streams: one to the HRSG
evaporator, and the other to the FBHE evaporator. The water in the HRSG steam drum
is evaporated and slightly superheated, then piped to the FBHE to be mixed with steam
produced there. The feedwater piped to the FBHE evaporator is also heated to steam.
The combined steam flows are superheated to the steam turbine throttle temperature.

3.9 ASH DISPOSAL SYSTEMS
Excess solids from the FBHE are extracted from the heat exchanger at 1050°F and

de-pressurized through a Restricted Pipe Discharge (RPD) vessel, then cooled to 300°F
in a screw cooler. RPD vessels utilize the waste solids as a pressure let-down device, in
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place of an extra valve. Solids collected by the cross-flow filters are also de-pressurized
in the RPD vessels, and then cooled in screw coolers.

The type and amount of waste produced by the study plants are tabulated in Table 3-8.
The solid waste includes small amounts of unburned carbon, giving the waste stream a
small heating value. The energy in the waste stream represents less than 0.6 % of the
thermal input to each plant.

Table 3-9
Waste Production Summary

Large Intermediate Small

Plant Plant Plant
Coal Ash, Ib/h 12,808 6,121 301
Spent Sorbent, Ib/h 43,820 20,941 1,031
Solid Waste, Ib/h 56,628 27,062 1,332
Plant Net Power, MW 246 111 4
Total Solids, Ib/MWh 230 244 333
Waste HHV, Btu/Ib 156 156 156
Waste Energy, MW 3.4 1.6 0.08
Plant Input, MW 595.18  275.35 14.25

Waste/Input, MW/MW 0.57%  0.58% 0.56%

page 28




4.0 CONCEPTUAL DESIGNS

This section compares the conceptual design and performance of large, intermediate,
and small 1.5-Generation PFBC combined cycle power plants. The thermal performance
of the plants are compared in Table 4-1 below. Plant flowsheets and detailed
performance parameters for each plant are given in their individual sections.

- Table 4-1
Thermal Performance Comparison

Large Intermediate Small

Plant Plant Plant

ENERGY INPUT

Coal Feed, Ib/h 128,861 61,581 3,031
Coal HHV, Btu/Ib 12,452 12,452 12,452
Nat. Gas Feed, Ib/h 19,257 7,781 492
Nat HHV, Btu/Ib 21,799 21,799 21,799
Coal Energy, MW 470.268 227.734 11.061
Coal Drying Energy, MW 1.887 0.202 0.044
Nat. Gas Energy, MW 123.026 49.710 3.142
Plant Energy Input 595.181 275.345 14.247
ENERGY OUTPUT

Gas Turbine, MW 87.501 38.107 1.512
Steam Turbine, MW 169.362 77.408 2.648
Auxiliaries, MW 10.590 4.774 0.201
Plant Nét Power, MW 246.272 110.741 3.960
Thermal Efficiency, % 41.4% 40.2% 27.8%

The large and intermediate plants have similar efficiency levels, while efficiency of the
small plant is significantly lower. The reduced efficiency of the small plant is caused by
thebgeduced efficiency of its smaller gas turbine and non-reheat steam cycle, as shown in
Table 4-2.

The relative power contributions of the gas turbine and steam turbine place the 1.5-
Generation plant between the 1st- and 2nd-Generation plants, as shown in Table 4-3 and
Figure 4-1. Gas turbine power plus steam turbine power equal 100 percent of gross
power, from which auxiliary power is subtracted to get net power. The net power ranges
from 87 to 99 percent of gross power for the six types of combined cycles shown.
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Table 4-2
Gross Efficiency Comparison

Large Intermediate Small

Plant Plant Plant
Toppin cle Efficienc
Plant Energy Input, MW 595.181 275.345 14.247
FBHE to Steam Cycle, MW 253.296 122.814 5.573
Net Energy Input, MW 341.885 152.531 8.674
Gas Turbine, MW 87.501 38.107 1.512
Topping Cycle Efficiency, % 25.6% 25.0% 17.4%
Bottoming Cycle Efficiency
FBHE Input, MW 253.296 122.814 5.573
HRSG Input, MW 164.139 71.835 4.557
Ash Cooler Input, MW 3.393 1.621 0.079
Bottoming Cycle Input, MW 420.828 186.271 10.210
Steam Turbine, MW 169.369 77.408 2.648
Bottoming Cycle Efficiency, % 40.2% 39.4% 25.9%
Plant Efficiency
Plant Energy Input, MW 595.181 275.345 14.247
Gas Turbine, MW 87.501 38.107 1.512
Steam Turbine, MW 169.369 77.408 2.648
Auxiliaries, MW 10.580 4.774 0.201
Plant Net Power, MW 246.272 110.741 3.960
Net Plant Efficiency, % 41.4% 40.2% 27.8%
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Table 4-3
Combined Cycle Power and Efficiency Comparison
(Power as percent of gross power)
(Efficiency as percent of plant heat input)

Cycle Type PFBC-1 PFBC-1.5 PFBC-2 GTCC IGCC(e) IGCC(H)
Gas Turb Power 18% 34% 45% 65% 65% 69%
Stm Turb Power 81% 66% 55% 35% 35% 31%
Gross Power 100% 100% 100% 100% 100% 100%
Auxil Power -2% -4% -3% -1% -13% -9%
Net Power 98% 96% 97% 99% 87% 91%
HHV Efficiency 40% 41% 45% 49% 39% 39%

PFBC-1 1st-Generation PFBC Plant: ~230 MW [Aggregate of McKinsey, Booras,
and McClung, 1891; Provol and Ambrose, 1993; Carpenter and others,
1991; Wheeldon and others, 1993; Sugiura and others, 1993; and EPRI,
1993]

PFBC-1.5  1.5-Generation PFBC Plant: 246 MW [this report]

PFBC-2 2nd-Generation PFBC Plant: 496 MW [FWDC, 10/92]

GTCC Gas Turbine Combined Cycle: 340 MW [Farmer, 1992]
IGCC(e) \I?vrg-fed1g>g<ygen-blown IGCC with entrained bed: 454 MW [Ahn, Chen, and
ite, 2]
IGCC(f) Dry-fed oxygen-blown IGCC with fluidized bed: 440 MW [Ahn, Chen, and
White, 1992]
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Figure 4-2 - Gas Turbine Power and Efficiency Comparison

The remainder of this section contains the assumptions used and the performance
characteristics of each of the three study plants:

4.1  Assumptions

4.2  lLarge 1.5-Generation PFBC Power Plant

4.3 Intermediate 1.5-Generation PFBC Power Plant
4.4 Small 1.5-Generation PFBC Power Plant

4.5 Desigri Sensitivity to Excess Air
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41 ASSUMPTIONS

Thermal performance results in this study were based on consistent boundary
conditions and calculation software. All cases had the same plant boundary conditions:
ISO ambient conditions, Pittsburgh No. 8 coal, and Plum Run dolomite for the PFBC
process. Thermal performance for all cases were calculated by the same integrated
program -- ASPEN/SP -- to ensure consistent results.

ASPEN/SP is the modular computer program used to model the fluid bed combustor,
gas turbine, HRSG, and steam turbine cycle in a single, integrated calculation stream.
Performance coefficients for the gas turbines and steam turbines were based on data
published by Westinghouse. The performance calculations for the remaining items of
equipment were based on accepted practices and in-house calculation procedures.

The following sections present assumptions for the selected site conditions, coal and
sorbent.

4.1.1 Plant Site Conditions

For purposes of consistency, all plant sites are considered to be identical with
regard to the following parameters:

. 'g};e; location is the Ohio River Valley of southwestern Pennsylvania/eastern
io. :

« The site encompasses 300 acres within 15 miles of a medium-sized
metropolitan area.

« The surrounding area is a mixture of agriculture and light industry.
e The s.ité"is served by a navigable river.

o Arailroad line is located within 2-1/2 miles of the site.

» There is a well-developed road network in the vicinity of the site.

« The site contains relatively flat land with a 30-ft elevation differential within
its boundaries.

+ The site is classified as Seismic Zone 1.

« Average ambient air conditions are:

- Pressure 14.4 psia
- Dry bulb temperature 60°F
- Wet bulb temperature 52.5°F
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4.1.2 Coal Properties

Pittsburgh No. 8 coal is used as the feed coal for all cases in this study The ultimate and
proximate analyses for this coal are tabulated in Table 4.1-1.

Table 4.1-1
Pittsburgh No. 8 Coal Analysis
(weight percent, as received)

Constituent Ultimate Analysis Proximate Analysis
Carbon 69.36
Hydrogen 4.51
Nitrogen 1.22
Sulfur 2.89
Ash 9.94 9.94
Oxygen 6.08
Moisture 6.00 6.00
Volatile Matter - 35.91
Fixed Carbon 48.15
Total 100.00 100.00
HHV, Btu/Ib 12,452 12,452

4.1.3 Sorbent Properties

Plum Run Dolomite is used as the in-bed sulfur sorbent for all of the 2nd-Generation
PFBC cycles evaluated in this study. Dolomite is utilized in 2nd-Generation PFBC
applications due to its superior performance at higher pressures.

The composition of Plum Run Dolomite is tabulated in Table 4.1-2.

Table 4.1-2
Sorbent Composition
(weight percents)
Calcium Carbonate, CaCO3 54.4%
Magnesium Carbonate, MgCO3 43.3%
Moisture, H20 0.5%
Inert Material 1.7%




42 LARGE 1.5-GENERATION PFBC PLANT

The large (~250-MW) 1.5-Generation PFBC system uses a Westinghouse 501D5 gas
turbine, with a 1800/1000/1000 steam turbine bottoming cycle. The plant flowsheet is
shown in Figure 4.2-1, and the major systems of the plant are described in more detail in
Section 3.

The plant performance is summarized in Table 4.2-1.

Table 4.2-1

Large PFBC Plant Performance Summary
Gas Turbine Power 87.501 MW Westinghouse 501D5
Steam Turbine Power 169.369 1800/1000/1000/2.5"Hg
Plant Gross Power 256.862
Plant Auxiliary Power 10.580
Plant Net Power 246.272 MW
Coal HHV 470.268 MW 128,861 Ib/h @ 12,452 Btu/lb
Coal Drying Energy 1.887
Natural Gas HHV 123.026 19,257 Ib/h @ 21,799 Btu/Ib
Plant Thermal Input 595.181 MW
Net Electric Efficiency 41.38%
Net Heat Rate (HHV) 8,246 Btu/kWh

The auxiliary power requirements are listed in Table 4.2-2, and the plant heat and
material balance is shown in Table 4.2-3.

Table 4.2-2
Large PFBC Plant Auxiliary Power Requirements

Transport Compressor 0.261 MW
Feedwater Pumps 2.745
Condensate Pumps 0.148
Cooling Tower Fans 0.572
Circ Water Pumps 1.494
Ash Cooling & Handling 0.323
Coal Feeding 0.244
Coal Handling 0.027
Sorbent Handling 0.422
Rail Unloading, etc. 0.059
Service Water System 0.045
Sorbent Feeding 0.097
Transformer Losses 3.853
Miscellaneous 0.300

Total Auxiliaries 10.580 MW
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Table 4.2-3
Large PFBC Plant Heat and Material Balance

ENERGY INPUTS Energy Flow Temp Enthalpy HHV
(MW) (b/h)y (¢ Btu/lb Btu/Ib
Coal (as received) 470.576 128,861 60 8.16 12,452
Coal Drying Energy 1.887
Natural Gas 123.046 19,257 60 3.48 21,799
Sorbent 0.389 51,117 60 5.62 20
Compressor Inlet Air 11.680 2,905,200 60 13.73
Transport Compressor 0.261
Feedwater Pumps 2.745
Condensate Pumps 0.148
Pump & Fan Motor Losses -0.067
TOTAL INPUTS 610.674 3,104,435
ENERGY OUTPUTS Energy Flow Temp Enthalpy HHV
(MW) (b/h) (eF) (Btu/Ib) (Btu/Ib)
Gas Turbine Net Power 87.501
Gas Turbine Losses 1.971
Steam Turbine Net Power 169.362
Steam Turbine Losses 3.043
Dried Water from Coal 0.108 4626 170 80.41
Air Leakage 0.197 22,172 151 30.30
Air to Ash Blowdown 0.026 500 711 174.62
Air Dryer Condensate 0.000 275 100 -0.15
Ash to Disposal 3.397 56,627 300 49.11 156
HRSG Stack Gas 89.748 3,020,036 280 101.40
Purge Air 0.002 200 151 30.30
Coal Dryer Losses 0.538
Transport Air Cooler 3.222
FBC System Losses 0.912
FBC Filter/Cooler Loss 1.186
Air and Gas Line Losses 1.463
Gas Turb Combustor Losses 0.778
HRSG Heat Losses 0.449
Condenser Heat Rejection 250.271
TOTAL OUTPUTS 614.174 3,104,436
Variances (Out - In) 3.500 1
0.57% 0.00%
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4.3 INTERMEDIATE 1.5-GENERATION PLANT

The intermediate (~110-MW) 1.5-Generation PFBC system uses a Westinghouse
W251B12 gas turbine with a 1450/1000/1000 steam turbine bottoming cycle. The plant
flowsheet is shown in Figure 4.3-1, and the major systems of the plant are described in
more detail in Section 3.

The plant performance is summarized in Table 4.3-1.

Table 4.3-1

Intermediate PFBC Plant Performance Summary
Gas Turbine Power 38.107 MW Westinghouse 251B12
Steam Turbine Power 77.408 1450/1000/1000/2.5"Hg
Plant Gross Power 115.515
Plant Auxiliary Power 4.774
Plant Net Power 110.741 MW
Coal HHV 224.734 MW 61,581 1b/h @ 12,452 Btu/Ib
Coal Drying Energy 0.902
Natural Gas HHV 49.710 7,781 1b/h @ 21,799 Btu/Ib
Plant Thermal Input 275.345 MW
Net Electric Efficiency 40.22%
Net Heat Rate (HHV) . 8,484 Btu/kWh

The auxiliary power requirements are listed in Table 4.3-2, and the plant heat and
material balance is shown in Table 4.3-3.

Table 4.3-2
Intermediate PFBC Plant Auxiliary Power Requirements

Transport Compressor 0.121 MW
Feedwater Pumps 1.138
Condensate Pumps 0.074
Cooling Tower Fans 0.270
Circ Water Pumps 0.712
Ash Cooling & Handling 0.154
Coal Feeding 0.117
Coal Handling 0.013
Sorbent Handling 0.202
Rail Unloading, etc. 0.028
Service Water System 0.021
Sorbent Feeding 0.046
Transformer Losses 1.733
Miscellaneous 0.143
Total Auxiliaries 4774 MW
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Table 4.3-3
intermediate PFBC Plant Heat and Material Balance

ENERGY INPUTS Energy Flow Temp Enthalpy HHV
(MW) (lb/h) _(eF) (Btu/lb) (Btu/Ib)

Coal (as received) 224.881 61,581 60 8.16 12,452

Coal Drying Energy 0.802

Natural Gas 49.718 7,781 60 3.49 21,799

Sorbent 0.186 24,428 60 5.62 20

Compressor Inlet Air 5.418 1,346,400 60 13.73

Transport Compressor 0.121

Feedwater Pumps 1.139

Condensate Pumps 0.074

Pump & Fan Motor Losses -0.028

TOTAL INPUTS 282.410 1,440,190

ENERGY OUTPUTS Energy Flow Temp Enthalpy HHV
(MW) (b/h) (eF) (Btu/lb)  (Btu/lb)

Gas Turbine Net Power 38.107

Gas Turbine Losses 0.910

Steam Turbine Net Power 77.408

Steam Turbine Losses 1.542

Dried Water from Coal 0.052 2211 170 80.41

Air Leakage 0.092 10,565 150 29.71

Air to Ash Blowdown 0.027 500 736 181.10

Air Dryer Condensate 0.000 137 100 -0.10

Ash to Disposal 1.633 27,062 300 50.25 156

HRSG Stack Gas 41.077 1,399,517 280  100.15

Purge Air 0.002 200 150 29.71

Coal Dryer Losses 0.257

Transport Air Cooler 1.607

FBC System Losses . 0.607

FBC Filter/Cooler Loss 0.721

Air and Gas Line Losses 0.745

Gas Turb Combustor Losses 0.808

HRSG Heat Losses 0.254

Condenser Heat Rejection 118.251

TOTAL OUTPUTS 284.101 3,104,436

Variances (Out - In) 1.691 2

0.60% 0.00%
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4.4 SMALL 1.5-GENERATION PLANT

The small (~4 MW) 1.5-Generation PFBC system uses a Nuovo Pignone PGT-2 gas
turbine and a 600/750 non-reheat steam turbine bottoming cycle. The 27.8-percent
efficiency is low compared to the 40- and 41-percent efficiencies of the larger plants due
to érpe rec):iuced efficiency of its smaller gas turbine and non-reheat steam cycle (see
Table 4-2).

The fuel flexibility and load-following capability of the small plant show promise for
remote locations, but its design should be reviewed to include consideration of less
complex configurations, such as the steam-injected Cheng cycle.

The plant flowsheet is shown in Figure 4.4-1, and the major systems of the plant are
described in more detail in Section 3. Plant performance is summarized in Table 4.4-1.

Table 4.4-1
Small PFBC Plant Performance Summary

Gas Turbine Power 1.512 MW Nuovo Pignone PGT-2
Steam Turbine Power 2.648 600/750 /2.5"Hg

Plant Gross Power 41671

Plant Auxiliary Power 0.201

Plant Net Power 3.960 MW

Coal HHV 11.061 MW 3,031 Ib/h @ 12,452 Btu/Ib
Coal Drying Energy 0.044

Natural Gas HHV 3.142 492 Ib/h @ 21,799 Btu/lb
Plant Thermal Input 14.247 MW

Net Electric Efficiency 27.79%

Net Heat Rate (HHV) 12,277 Btu/kWh

The auxiliary power"‘requirements are listed in Table 4.4-2, and the plant heat and
material balance is shown in Table 4.4-3.

Table 4.4-2
Small PFBC Plant Auxiliary Power Requirements

Transport Compressor 0.007 MW
Feedwater Pumps 0.030
Condensate Pumps 0.004
Cooling Tower Fans 0.017
Circ Water Pumps 0.045
Ash Cooling & Handling 0.008
Coal Feeding 0.006
Coal Handling 0.001
Sorbent Handling 0.010
Rail Unloading, etc. 0.001
Service Water System 0.001
Sorbent Feeding 0.002
Transformer Losses 0.062
Miscellaneous 0.007
Total Auxiliaries 0.201 MW
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Table 4.4-3

Small PFBC Plant Heat and Material Balance

ENERGY INPUTS Energy Flow Temp Enthalpy HHV
(MW) (b/h) (eF) (Btu/ib) (Btu/Ib)

Coal (as received) 11.068 3,031 60 8.16 12,452

Coal Drying Energy 0.044

Natural Gas 0.143 492 60 3.49 21,799

Sorbent 0.009 1,202 60 5.62 20

Compressor Inlet Air 0.319 79,200 60 13.73

Transport Compressor 0.007

Feedwater Pumps 0.030

Condensate Pumps 0.004

Pump & Fan Motor Losses -0.001

TOTAL INPUTS 14.622 83,925

ENERGY OUTPUTS Energy Flow Temp Enthalpy HHV
(MW) (lb/h) _(eF) (Btu/Ib) (Btu/Ib)

Gas Turbine Net Power 1.512

Gas Turbine Losses 0.057

Steam Turbine Net Power 2.648

Steam Turbine Losses 0.052

Dried Water from Coal 0.003 108 170 80.41

Air Leakage 0.005 521 149 30.36

Air to Ash Blowdown 0.023 500 654  160.13

Air Dryer Condensate 0.000 6 100 -0.24

Ash to Disposal 0.080 1,332 300 49.11 156

HRSG Stack Gas 2.338 81,256 280 88.17

Purge Air 0.002 200 149 30.36

Coal Dryer Losses 0.013

Transport Air Cooler 0.076

FBC System Losses . 0.152

FBC Filter/Cooler Loss 0.114

Air and Gas Line Losses 0.074

Gas Turb Combustor. Losses 0.014

HRSG Heat Losses 0.057

Condenser Heat Rejection 7.487

TOTAL OUTPUTS 14.705 83,924

Variances (Out - In) 0.083 1

0.57% 0.00%




4.5 DESIGN SENSITIVITY TO EXCESS AIR

A design sensitivity study was performed to determine the effects of PFBC excess air on
the design, capital cost, and COE of the 1.5-Generation PFBC plant. This sensitivity
study considered three cases, based arbitrarily on the intermediate, 111-MW plant:
Low Excess Air - The intermediate plant previously calculated,
. except that the coal flow is increased to reduce
the PFBC excess air to about half its design
value.
Base Excess Air An intermediate plant with a nominal excess air
value of 100 percent in the PFBC.
High Excess Air An intermediate plant in which the coal fiow is
reduced until the PFBC becomes adiabatic. No
steam is generated or heated in the FBHE, so
heat for the steam cycle is provided by the
HRSG and the ash cooler.

Reducing the excess air increases the power output while slightly decreasing efficiency.
Plant flowsheets for the low-excess-air case and the high-excess-air case are shown in
Figures 4.5-1 and 4.5-2, respectively. Key performance results for all three cases are
compared in Table 4.5-1. .

Table 4.5-1
Sensitivity to PFBC Excess Air

Case Low Base High

Excess Air Excess Air Excess Air
PFBC Excess Air 63% 107 % 414%
Plant Excess Air - . 57% 80% 268%
Topping Combustor Temp 1949 oF 1965 °F 2005 °F
Natural Gas Flow 7,576 Ib/h 7,7811b/h 8,272 Ib/h
Coal Feed . 77,080 Ib/h 61,581 Ib/h 24,725 Ib/h
Gas Turbine Power 38,144 kW 38,107 kW 38,110 kKW
Stm Turbine Power 97,990 kW 77,408 kKW 18,832 kW
Plant Auxil Power 5,847 kW 4,774 KW 1,760 KW
Plant Net Power 130,287 kW 110,741 kKW 55,182 kW
Plant HHV Efficiency 39.39% 40.22% 38.47%
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The effect of PFBC excess air on plant net power is shown in Figure 4.5-3. PFBC excess
air has only a minor effect on overall efficiency, but a profound effect on plant generating
capacity. Plants with lower PFBC excess air use smalier vessels to generate more
power, and are therefore more cost-efficient. The economic effects of PFBC excess air
on capital cost and COE are discussed in Section 6.4.2.
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Figure 4.5-3 - Effect of Excess Air on Performance
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5.0 PLANT OPERATION

The operational concept for the 1.5-Generation PFBC plant is a base-loaded plant with
the capability for significant turndown. The actual duty cycle of the plant will vary
according to the installation. For the purposes of this conceptual design, plant capacity
was assumed to range from full-load (design flows of natural gas and coal) down to
38-percent load (zero natural gas and 50-percent coal flow).

The purpose of this analysis was to explore the operational aspects of the 1.5-
Generation PFBC plant in a general way. Because the power from this plant can be
controlled by adjusting either natural gas flow or coal feed rate, it is logical to assume
that the 1.5-Generation PFBC plant should be more responsive to load changes than the
2nd-Generation PFBC plant.

The 1.5-Generation PFBC plant has excellent load-following potential. About 24 percent
of the generated power is fueled by natural gas, to which the plant responds quickly, and
the other 76 percent fueled by coal, to which the plant responds more slowly. This
combination of fuels allows rapid adjustments between 76 and 100 percent of load by
adjusting the natural gas flow to the gas turbine. The PFBC/FBHE system is expected
to be capable of a 50-percent turndown, so plant load levels between 38 and 76 percent
can be attained by adjusting the coal feed rate. As a result, the effective turndown ratio
of a single-train 1.5-Generation PFBC plant is almost 3:1, compared with the 2:1
turndown of a first- or 2nd-Generation PFBC plant.

A complete analysis involving plant/component dynamic analysis and a rigorous
controls design were not the intent of this study. However, sufficient information is
available to conclude that operation of a 1.5-Generation PFBC plant is feasible, probably
more responsive than a 2nd-Generation PFBC plant, and well within commercial
equipment and controls design capability.
This section describes the general characteristics of four areas of plant operation:

5.1  Steady-State Control

5.2  Plant Start-up

5.3 Emergencies and Upsets

5.4  Sensitivity to Topping Combustor Temperature

5.1 STEADY-STATE CONTROL

Plant power generation is delivered by one combustion turbine-generator and one steam
turbine-generator. Each generator supplies power through an isolated-phase bus duct
and dedicated step-up transformer to an overhead connection to a high-voltage
transmission line. From a control standpoint, the 1.5-Generation PFB combustion plant
can be designed to operate in any of the following modes:

« Gas turbine leading--steam turbine following
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« Steam turbine leading--gas turbine following
« Coordinated/integrated gas turbine/steam turbine control.

To determine which of these control modes is optimum for a 1.5-Generation plant would
require detailed transient and steady-state analyses and synchronizing strategies, all of
which are beyond the scope of this study. Since the coordinated approach has proved
the best means for controlling the Coo! Water Integrated Coal Gasification Combined
Cycle Plant, the 1.5-Generation plant is expected to use coordinated/integrated gas
turbine/steam turbine control.

Control approaches for the turbines, PFB combustor, and HRSG/FBHE units are
discussed in the following subsections.

Turbine Control Signals. The plant control system responds to a either an
external megawatt demand signal from dispatch or an internal, manually entered
load signal. Both the steam turbine and gas turbine megawatts develop the
necessary steam turbine and steam generation system demand signals. These
signals are modified by any steam turbine megawatt and steam pressure errors,
and are then used to develop demand signals that are applied to the CPFBC
module (a PFB combustor section and a steam generator section).

PFB Combustor Control. The plant master controller is networked with the
CPFBC module and the steam turbine and gas turbine control subsystems,
directing them to either increase or decrease load.

Assuming normal module operation near full load