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1.0 INTRODUCTION

Early in the twenty-first century it is anticipated that new electricity generating plants will be
needed. These plants will be required to meet continuing increases in demand for electric
power, and to replace generating stations that will have reached the end of their useful life.
Because of its abundance and low cost, coal will be an important option for powering new
plants; however, environmental concerns could suppress its use.

To address the entire spectrum of environmental concerns associated with coal use, the
Pittsburgh Energy Technology Center (PETC) began a three-phase program for the
development of Coal-Fired High Performance Power Systems (HIPPS). A major objective of
the HIPPS program is to achieve significant increases in the thermodynamic efficiency of coal
use for electric power generation. Through increased efficiency, all airborne emissions can be
decreased, including emissions of carbon dioxide. Moreover, higher efficiency will provide
environmental benefits throughout the entire fuel cycle, including coal mining and
transportation, reduced solid wastes, reduced water requirements and reduced thermal
loadings to rivers and other water bodies.

High Performance power systems as defined for this program are coal-fired, high efficiency
systems where the combustion products from coal do not contact the gas turbine. Typically, -
this type of a system will involve some indirect heating of gas turbine inlet air and then topping
combustion with a cleaner fuel. The topping combustion fuel can be natural gas or another
relatively clean fuel. Fuel gas derived from coal is an acceptable fuel for the topping
combustion. The ultimate goal for HIPPS is to-have a system that has 95 percent of its heat
input from coal. Interim systems that have at least 65 percent heat input from coal are
acceptable, but these systems are required to have a clear development path to a system that
is 95 percent coal-fired.

A HIPPS plant must have an efficiency of at least 47-percent on a higher heating value basis. It
must also have very low emissions. SOx and NOx emissions must each be less than 0.06
Ib/MMBtu and particulates must be less than 0.003 Ib/MMBtu. The cost of electricity (COE)
from a HIPPS plant must be 10 percent less than a modern coal-fired power plant conforming
to current New Source Performance Standards (NSPS).

A three phase program has been planned for the development of HIPPS. Phase 1, reported
herein, includes the development of a conceptual design for a commercial plant. Technical
and economic feasibility have been analysed for this plant. Preliminary R&D on some aspects
of the system were also done in Phase 1, and a Research, Development and Test plan was
developed for Phase 2. Work in Phase 2 includes the testing and analysis that is required to
develop the technology base for a prototype plant. This work includes pilot plant testing at a
scale of around 50 MMBtu/hr heat input. The culmination of the Phase 2 effort will be a site-
specific design and test plan for a prototype plant. Phase 3 is the construction and testing of
this plant.




This report contains the results of Phase 1 of the HIPPS project that is being done by the
Foster Wheeler Development Corporation (FWDC) team. The other team members for Phase
1 were:

AlliedSignal
Bechtel!

General Electric
Research Cottrell
TRW

Some of the testing done in Phase 1 was done by subcontract to other Institutions. Some of
the laboratory testing on char combustion was done by Brigham Young University. Some
pyrolyzer testing was done at Southern lllinois University. )

Volume | of this report is the main body of the report. It fully describes our HIPPS plant and
includes the technical and economic analysis of the plant. Volume 1l and Il contain appendices
that include more detail on specific tests and analyses that were done during Phase 1.




2.0 PRELIMINARY COMMERCIAL GENERATING PLANT DESIGN

INTRODUCTION/SUMMARY

The HIPPS concept presented in this report will achieve all the program objectives including 47
percent efficiency, 0.06 Ib/MMBtu SO,, 0.06 Ib/MMBtu NO, and 0.003 Ib\MMBtu particulates. A
plant of this design will fulfill the ultimate goal of having a system that uses only coal as fuel.
This can be achieved within Phase 2 and Phase 3 of this project, eliminating the need for an
intermediate, hybrid natural-gas/coal-fueled system.

The base case system will not depend on the successful development of ceramic heaters since
we are confident of meeting the efficiency goals with our proposed design. Also, It is uncertain
if the state of the art in ceramic technology development will support the development schedule
stipulated for Phases 2 and 3. However, recognizing the enhancements ceramic heat
exchangers can bring, we have included further ceramic heater development as part of our
RD&T plan for Phase 2. Should this development succeed in time, ceramic heat exchangers
can be incorporated into the demonstration unit. Such a design has been conceptually
developed in Phase 1 and was shown to be feasible provided the ceramic air heater is
sufficiently reliable.

In addition to the base case, a greenfields HIPPS plant, our concept can be used as a
repowering option that will significantly increase the overall efficiency of U.S. power
production—economically and in the short term. Unlike other coal-fired repowering options that
involve scrapping the existing boiler, this concept will retain the existing pulverized coal-fired
boiler while increasing capacity and efficiency. Because our approach can be economical, even
with relatively new boilers, improvement in the nation's overall power generation efficiency can
be greatly accelerated.

The simplified process flow diagram shown in Figure 1 illustrates the basic concept of the base-
case HIPPS plant. The heart of the system is the high-temperature advanced furnace (HITAF),
which is a combination boiler/air heater that transfers heat to the topping and bottoming cycles.
A key component of the system is the pyrolyzer, which converts the coal into a low-Btu fuel gas
and char. The HITAF and the pyrolyzer are combined to obtain a system that meets the project
goals with coal as the only fuel.

Coal, sorbent, and air are fed to the pyrolyzer. It is operated at about 240 psia/1700°F under
substoichiometric conditions that produce a low-Btu fuel gas and char. After leaving the
pyrolyzer, the fuel gas is cooled to about 1100°F to remove alkalies, and the char is separated
from the fuel gas. The char is burned in the HITAF, which contains both steam and air heat-
transfer surface. In the HITAF, the gas turbine air is heated in metal alloy tubes to 1400°F.
Evaporation and superheating for the steam cycle also take place in the HITAF.
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Figure 1 Simplified HIPPS Process Flow Diagram

The gas turbine air leaving the HITAF is heated further by firing the cleaned fuel gas in the
topping combustor. The gas temperature entering the first stage of the gas turbine is 2350°F.
The exhaust from the gas turbine goes through a recuperator, where heat is transferred to the
compressor discharge air. A portion of the vitiated air from the gas turbine is used as
combustion air for the HITAF. The unused vitiated air goes through a heat-recovery steam
generator. ’

Emission control can be accomplished by a variety of methods, depending on the sulfur content
of the fuel and the required emissions levels. For the high-sulfur coal and very low emissions
levels specified for this project, cleanup systems will be required for NO,, SO, and particulates.
The base-case HIPPS system uses a wet lime scrubber system to remove SO, from the HITAF
and gas turbine exhaust streams. NOy will be controlled by low NO, combustion and a
selective catalytic reduction system.

The repowering application provides a means for rapidly changing the nature of power
production in the U.S. It is applicable to a wide range of existing pulverized coal-fired boilers,
and it should provide an economic incentive for increasing efficiency while maintaining coal as
the fuel. A simplified process flow diagram of the repowering application is shown in Figure 2.

The pyrolyzer subsystem is the same as the greenfields plant. The fuel gas is fired in a gas tur-
bine. The char from the pyrolyzer and the gas turbine exhaust go to the existing boiler. The
char and coal fuel the boiler, and the turbine exhaust is the combustion air. This system is
similar in concept to "hot windbox" repowering schemes that have been used in Europe. The
main difference is that HIPPS repowering will be applied to a coal fired boiler, and it will
eliminate the need for oil or gas as a fuel for the gas turbine. With repowering, plant electrical
output can be increased by up to 50 percent, and plant efficiency will increase by 4 to 6
percentage points. The repowering option can therefore be applied in a wide range of ‘sizes
encompassing the spectrum of existing pulverized coal-fired boilers.
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Figure 2 Simplified HIPPS Repowering Process Flow Diagram

The major development area for the HIPPS plants is the integrated operation of a pyrolyzer and
char combustor. Both of these components have been tested separately in other projects;
integrated operation requires both the physical transport of char and a matching of the process
requirements of both components. This development work started during Phase 1. Laboratory
testing determined the combustion characteristics of the char, and computer modeling of both
the char combustor and pyrolyzer evaluated relevant parameters.

The Phase 2 development effort for these subsystems will essentially be done in two steps.

First, the components will be tested separately in pilot plants. A pyrolyzer with a coal input of
approximately 600 Ib/h will be run in conjunction with a char transport system. Separately, a
40 MMBtu/h char combustor will be tested on both commercially generated char and then with
char from the pyrolyzer pilot plant. These initial tests will allow us to develop the design and
operation of these components and more accurately establish the required input and output
parameters. Next, an integrated system will be tested where the pyrolyzer, char transport
system, char combustor, and furnace are operated together. The coal input to the integrated
system will be approximately 6500 Ib/h. This pilot plant will be sufficiently complete and of a
large enough scale to provide the necessary design information and to demonstrate the system.

The Commercial Plant HIPPS is based on a Westinghouse 501F gas turbine. The gas turbine
research done as part of the second-generation Pressurized Fluidized Bed (PFB) project, is
directly applicable to the HIPPS, so only minimal R&D is required in this project. Likewise, the
emissions systems that are used are either commercial or being demonstrated as part of other
projects.




21 PROCESS OVERVIEW

Our HIPPS concept is a combined-cycle system that is totally coal-fired. It is based on PC firing
and is amenable to a variety of emissions systems. Because of the type of firing and the
flexibility afforded by the conversion of coal into fuel gas and char, the system can be
configured in a variety of arrangements. A block diagram of the base case HIPPS plant is
shown in Figure 3. The block diagram includes the plant subsystem numbers that match the
code of accounts. Other arrangements include repowering systems and operation without
topping combustion when air heaters with sufficiently high outlet temperatures are developed.
A general overview of the system follows. Each subsystem is described in more detail in
Section 2.3.

Coal and sorbent are received at the site and stored with conventional equipment (70.7 and
10.2). These feedstocks are then fed to the coal and sorbent preparation and feeding
subsystems (1.1 and 1.2) where they are sized. Coal and sorbent for the pyrolyzer are
processed in a commercial pulverizer/bin system and then combined with water to form a paste.
This paste is pumped into the pyrolyzer. Coal for the char combustor precombustor is
pulverized and direct fired like a conventional pulverized coal boiler.

The pyrolyzer (5.1) is a circulating fluidized bed that is operated under conditions that convert
the coal into fuel gas and char. It is operated under pressure, and the fuel gas is fired in the
gas turbine topping combustor (6.0). Before the fuel gas is fired, it is cooled to 1100°F to
remove alkalies by condensation, and the char is separated for use in the HITAF (5.2/5.3/5.4).
Sorbent in the pyrolyzer will remove over -90 percent of the sulfur that is released in the
pyrolyzer. This removal efficiency combined with the HITAF back end cleanup, will be sufficient
to meet emissions requirements well below current NSPS. For the SO, emissions required in
this project, additional sulfur removal will be required in this stream. The fuel gas can be
cleaned before it is fired in the gas turbine or in the gas turbine exhaust stream. Because a
FGD system is required in the HITAF flue gas stream, the same type of system will be used in
the gas turbine exhaust stream (8.2).

The char that is separated from the fuel gas is fed to the HITAF with the char transport
subsystem (5.5). This subsystem lowers the char pressure to a level compatible with the
atmospheric pressure char combustor/HITAF subsystems. It also meters and pneumatically
transports the char. The char combustor (2.2) receives the char from the pyrolyzer (5.1) and
coal from the coal preparation and feeding system (1.1). These fuels are burned in the char
combustor and the hot gas enters the HITAF furnace. Vitiated air from the gas turbine exhaust
stream is used as combustion air in the char combustor and in the HITAF furnace where
combustion is completed.

In the HITAF (2.1), the flue gas heats air and generates steam. The air and steam are
contained in tube banks and tube walls. The design and construction of the HITAF is very
similar to a conventional pulverized coal boiler. SO,, NO, and particulate removal are
accomplished downstream of the HITAF in the HITAF emissions system (8.1/8.2). The cleaned
flue gas then goes to the stack (2.4). The ash handling and disposal subsystem (10.3)
removes the fly as and slag from the HITAF.
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The fuel gas from the pyrolyzer (5.1) is fired in the gas turbine topping combustor (6.0). In the
topping combustor, the hot air from the HITAF is heated up to the gas turbine inlet temperature.
This vitiated air then goes through the gas turbine which is the prime mover for the combustion
air. Part of the gas turbine exhaust goes through a recuperator (3.0) where heat is transferred
to the compressor discharge air. Additional heat is extracted from the gas turbine exhaust
stream in the gas turbine Heat Recovery Steam Generator (HRSG) (2.3). This heat goes to the
steam cycle. For the base case emissions requirements, NO, reduction is required in the gas
turbine exhaust stream. This cleaning is done in the gas turbine emissions subsystem (8.3)
before the vitiated air is sent to the stack.

The steam turbine/Boiler Feed Water System (BFW) subsystem (7.0) operates in conjunction
with the HITAF (2.1), gas turbine HRSG (2.3) and the water supply and treatment subsystem
(11.2) to form the Rankine bottoming cycle. The electrical switchyard and distribution system
(12.3) performs all the required functions for the control of the generated power.




2.2

2.2.1

PLANT DESIGN AND DESCRIPTION

Design Bases

The major design criteria used for the commercial plant are described below:

The plant is a grassroots facility designed for base-load operation.

All systems are based on 60°F ambient temperature.

All equipment is designed for a 30-year plant life.

The entire plant is to be erected at one time, without consideration for phased
construction.

The HIPPS plant sizing is based on a single Westinghouse 501F gas turbine with a
nominal output of 160 MW at ISO on natural gas; additional power generation capacity
is provided by a single reheat steam turbine with a nominal output of 170 MW.

The HIPPS boiler is designed to incorporate two TRW slagging combustors. The air
heater is designed to achieve a minimum outlet air temperature of 1400°F.

Fuel gas temperature is 1100°F.

Plan efficiency must be 47 percent or greater based on HHV.

Cost of electricity (COE) must be at least 10 percent lower than a comparable
pulverized coal-fired plant.

The plant uses a Pittsburgh No. 8 bitumirious coal feedstock with the analysis shown in
Table 1 and limestone feed with minimum of 95.5 percent calcium content.

The plant air emissions must not exceed 0.06 Ib/MM Btu for sulfur dioxide, 0.06 Ib/MM
Btu for NO,, and 0.003 Ib/MM Btu for particulates. Solids discharged from the plant are
non-hazardous and are either disposed of off site or sold as byproducts. Wastewater
discharged from the plant must meet the EPA Effluent Guidelines and Standards.

Other criteria, guidelines and data related to site, resources, and plant services include the
following: :

Site location is assumed to be in Pennsylvania, and the site area is assumed to be clear
and level with road and rail access and a nearby source of water.

Design dry and wet bulb temperatures are 60°F and 52°F, respectively, with
corresponding maximum of 95°F and 75°F, and atmospheric pressure is 14.7 psia.

Coal is delivered by rail and limestone by truck.

Mechanical draft cooling towers are used, with cooling water supplied at 63°F.

Power voltages are assumed to be 230 kV to line, 13.8 kV to switchyard, 480 V to
motors less than 250 hp, and 4.16 kV to motors larger than 250 hp.

Coal and limestone preparation equipment, gas and steam turbines, and water treat-
ment facilities are all located indoors.

The criteria and assumptions used in developing the plant cost estimates are given in Section
2.6 Plant Cost.




2.2.2 Process Flow Diagram

The envisioned HIPPS commercial plant will be a grassroots, coal base-load facility exporting
310 MWe of net power to the grid at full load. The plant size was set based on using one
advanced heavy-frame industrial gas turbine train with a nominal output of 160 MW. Additional
power generation capacity is provided by a single reheat steam turbine, with steam inlet
temperature/pressure/reheat conditions of 1075°F/2615 psia/1075°F. At full load, the plant
consumes about 2,170 tons per day of Pittsburgh No. 8 bituminous coal feedstock, 195 tons
per day of limestone and about 2,216 gallons per minute of raw water. The plant is projected to
achieve an overall thermal efficiency of 47.2 percent (HHV basis) at full load and to meet the
emission limits of 0.06 Ib/MMBtu for SO, and NO, and 0.003 Ib/MMBtu for particulates. Two
main gaseous streams are produced in the plant: one stream is a clean gas turbine exhaust
that is mostly air, and the other stream is a dirty flue gas exhausted from the furnace. Separate
emission control and heat recovery systems are used for the clean and dirty gas streams
although they share a common FGD system. The solid waste from the plant consists mostly of
slag, ash, and FGD waste. The liquid waste consists mainly of treated wastewater discharge.

Table 1 Design Coal Analysis (Pittsburgh No. 8 Bituminous)

Constituent As Recei\;ed Percent
Ultimate Analysis:
Carbon 69.36
Hydrogen 5.18 -
Nitrogen ) 1.22
Sulfur 2.89
Ash ‘ 9.94
Oxygen 11.41
TOTAL .~ o7 -+ 100.0D
Proximate Analysis:
Moisture . . 6.00
Ash 9.94
Volatile Matter 35.91
Fixed Carbon. 48.15
TOTAL - Coaelde o e T 100.00
Higher Heating Value 12,450 Btu/lb
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Table 1 Design Coal Analysis (continued)

Ash Analysis
Description Percent

Silica, SiO, 481
Aluminum Oxide, Al,O5 223
Iron Oxide, Fe,04 . 242
Titanium dioxide, TiO, 1.3
Calcium Oxide, CaO ’ 13
Magnesium Oxide, MgO 06
Sodium Oxide, Na,0 0.3 (0.9% in Coal)
Potassium Oxide, K;O 1.5 (0.15% in Coal)
Sulfur Trioxide, SO, 0.8
Phosphorous Pentoxide, P,O5 0.1

TOTAL : ~180.60

Ash Fusion Temperature °F

Description Reducing Atmosphere | Oxidizing Atmosphere
Initial Deformation 2015 2570
Spherical - 2135 2614
Hemispherical 2225 2628
Fluid 2450 2685

Figure 4 shows the process flow diagram for the HIPPS commercial plant, and Table 2 lists the
flow rates, composition, and conditions for the major streams indicated on the flow diagram.

11
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223 Mass and Energy Balance

Table 3 shows the overall mass and energy balance for the HIPPS commercial plant for plant

operation at full load and 60°F ambient.

Table 3 Overall Mass and Energy Balance (Full Load- 60°F Ambient)

"Based on 60°F liquid water and 3413 Btu/kWh

Description Energy Flow, million Btu/h’
Mass Flow
Ib/h
HHV Latent & | Power Total
Sensible

Input
Coal 180,807 2,251.1 —_ 2,251.1
Sorbent 16,265 — 0 0.0
FGD lime reagent 10,080 —_ 0 0.0
Raw water intake 1,107,874
Air to GT Compressor 3,307,300

- | Total Input 4,622,326 2,251.1 0.0 VO] 22511
Output
Net power output 1,059.4| 1,059.4
Flue gas to stack 3,702,398 372.9 372.9
Ash/slag to disposal ' 26,957 0.9 0.9
FGD solid waste to disposal 30,000 12 12
Cooling tower evaporation & drift 647,500 789.0 789.0
Treated wastewater discharge 211,000 1.0 1.0
Water loss in ash wetting 4,471 0.0 0.0
Miscellaneous heat losses 26.7 26.7
Total Quiput - - ST T e - 4,622,326% 01 41917 ..1,0584 22511
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224 Complete Plant Description
Plant Layout

The site is estimated to be on approximately 37 acres of clear and level land. Figure 5 shows a
preliminary layout of the overall plant; Figure 6 shows a conceptual plan view of the major
equipment in the plant. The location of the major equipment was based on minimizing the
distances of those lines that have special process considerations like the hot char transfer lines,
or lines that were relatively large and costly, like the hot gas lines running to and from the
HITAF furnace. For ease of construction and to minimize the distances between equipment, a
single main equipment train is used that includes the solids handling, pyrolyzers, HITAF furnace
with char combustors and air heater, dirty economizer, FGD system, and stack. Many of the
large hot gas lines will be located in trenches to allow better maintenance and access to major
equipment during operation.

Plant Electrical Distribution

The plant-wide electrical distribution system controls and delivers the generated power to a 230
KV distribution grid and provides auxiliary power for the in-plant loads. Figure 7 shows an
electrical single line diagram for the plant. A more detailed description of the electrical
distribution system is given under section 2.3 Subsystem Design.

Offsites

The offsites consist of balance-of-plant components and systems that support the operation of
the power island. The offsites include the facilities listed below; a detailed description of these
facilities is given in section 2.3 Subsystem Design.

Coal receiving and handling
Sorbent receiving and handling

Ash and slag handling and disposal
Cooling water system

Raw water supply and treatment
Service and instrument air system
Interconnecting piping
Instrumentation and controls-system
Fire protection

General services and mobile equipment
Miscellaneous buildings

19
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2.3 SUBSYSTEM DESIGN
2.31 Solids Feeding and Removal (Plant Section 1)

This subsystem is part of the boiler island. It contains equipment in three process sections that:
(1) Prepare and feed coal into the pyrolyzers and the slagging combustors; (2) Prepare and feed
the sorbent into the pyrolyzers; and (3) Remove and cool the molten slag produced by the
slagging combustors.

Coal Preparation and Feeding (Plant Subsection 1.1). This subsection withdraws coal from the
mill feed bins in the coal receiving and handling plant section (Subsection 10.1), simultaneously
dries and pulverizes the coal to specifications, and feeds the prepared fuel into the pyrolyzers and
slagging combustors. The subsection comprises four trains, two serving the two pyrolyzers and
the other two serving the two slagging combustors. Figures 8 and 9 are process flow diagrams of
this subsection. Major equipment used in this plant is listed in Table 4.

The pyrolyzer coal preparation and feed subsection pulverizes and dries the coal in a gas stream,
separates the coal from the gases, stores the pulverized coal, and injects it as a water paste into
the pressurized pyrolyzer reactors. In the slagging combustor coal preparation and feed
subsection, the pulverized coal is blown directly from the pulverizers into the combustor, avoiding
the solids/gas separation and pulverized coal storage steps.

As shown in Figure 8, the pyrolyzer coal preparation subsection receives the coal from a feed bin
in the coal receiving and handling plant. Two roller mills grind the coal to 2-in. x 0; the ground coal
is then swept from the grinding chamber by a stream of hot gases delivered from a natural gas-
fired heater. The gas-bomne coal particles then pass through an adjustable motor-driven spinner
separator. Coal particles that are smaller than the product size specification are carried by the
gas stream leaving the spinner separator; oversize particles drop back into the grinding chamber
for additional grinding. The exiting coal particles are separated from the gases in a cyclone and
then fed to a surge bin, while the separated gases are split into two streams. One small stream is
passed through a baghouse before venting to the atmosphere; a second larger gas stream is
recycled to the roller mill along with hot combustion gases. Pulverized coal and limestone are
withdrawn from their surge bins, weighed accurately, and mixed to form a water paste containing
75 percent solids. The paste is discharged to a holding tank with about 1.5 hours of storage
capacity. An agitator and a circulating loop keep the solids in suspension. The paste is then fed
by a high-pressure pump to the pyrolyzer.

As shown in Figure 9, the combustor coal preparation and feed subsection receives the coal from
a feed bin in the coal receiving and handling plant and delivers it to a hammer mill-type crusher for
processing to a top size of 1/2 in. The crushed coal is fed to the pulverizer. A roller mill with-an
integral spinner pulverizes and dries the coal; its design and operation are similar to that of the
pyrolyzer coal preparation system. The mill uses preheated air to sweep the grinding chamber
and pneumatically transports the ground coal to the slagging combustors.
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Figure 9 Flow Diagram: Coal Preparation and Feeding-Slagging Combustor Section
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Table 4 Major Equipment List: Solids Feeding and Removal (Plant Section 1)

Equipment Name/ Description Unit Value Total
Quantity Required HP
Subsection 1.1: Coal Preparation and Feeding
Pyrolyzer Coal Surge Bin/2 Active Capacity ton 90
Paste Storage Tank/2 Capacity gal 20,000
Size 15'ID x 30'H
Pyrolyzer Fired Heater Package |Capacity 10Btu/h |12
"(including Fan)/2 Motor HP 30 60
Pyrolyzer Paste Pump (High-  [Capacity gpm 225
Pressure Diaphragm Type)/ Discharge Pressure |psia 315
2 operating/1 spare A Pressure psi 200
Motor HP 200 400
Paste Recirculation Pump (Pro- |Capacity gpm 600
gressive Cavity)/ Discharge Pressure |psia 20
2 operating, 1 spare A Pressure psi 75
Motor HP 100 200
Pyrolyzer Coal Main Fan/2 Motor HP 475 950
Pyrolyzer Vent Fan/2 Motor HP 40 80
Burner Air Blower/2 Motor HP 5 10
{Precombustor Coal Main Fan/2 [Motor HP 200 400
"Pyrolyzer Coal Weigh Feeder/2 |Capacity t/h 50
Motor - |HP 15- 30
Pyrolyzer Pulverizer With Motor HP 275 550
Spinner (20 HP) and
Pocket Feeder (7.5 HP)/2
Pyrolyzer Circuit Cyclone With  [Motor HP 1.5 3
I Rotary Valve/2
Pyrolyzer Circuit Baghouse With |Motor HP 10 20
Screw Conveyor (3 HP) and .
Rotary Valve (1 HP)/2
Precombustor Pulverizer With  [Motor HP 180 300
Spinner (5 HP)/2 )
Coal Crusher With Screw Motor HP 10 20

Conveyor and Rotary Valve/2
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Table 4 (Cont) Major Equipment List: Solids Feeding and Removal (Plant Section 1)

“Equipment Name/ Description Unit Value Total
Quantity Required HP
Paste Mixer/2 Motor HP 200 400
Subsection 1.2: Sorbent Preparation and Feedings
Pulverized Limestone Surge Active Capacity ton 20
Bin/2 ft’ 665
hours = |4
[Limestone Main Fan/2 Motor HP 75 150
[Limestone Vent Fan/2 Motor HP 10 20
| Limestone Circuit Fluidizing Motor HP 5 10
Blower/2
Pyrolyzer Limestone Weigh Capacity t/h 5
“Feederlz Motor HP 5 20
Limestone Pulverizer With Motor HP 100 200
Spinner (3 HP) and
Pocket Feeder (3 HP)/2
ILimestone Circuit Cyclone With [Motor HP 0.75 1.5
Rotary Valve/2
Limestone Circuit Baghouse Motor HP 3.75 7.5
ith Screw Conveyor (3 HP)
and Rotary Valve (0.75 HP)/2
Spinner (20 HP) and
Pocket Feeder (7.5 HP)/2

Sorbent Preparation and Feeding (Plant Subsection 1.2). This subsystem receives lime-
stone crushed to a 1/2-in. top size from the limestone mill feed bins in Plant Subsection 10.2.

The limestone is pulverized, dried, stored, and then added to the coal/water paste before it is
injected into the pressurized pyrolyzer reactors. Figure 10 is a flow diagram of this subsection.

Major equipment specifications are listed in Table 4.

Roller mills are proposed to pulverize the limestone. The system configuration, similar to that
for the pyrolyzer coal, has a surge storage bin for the pulverized product. Unlike the coal
preparation system for the pyrolyzer, no hot gas/combustion gases are needed for drying; heat
generated in the mill and fan is adequate for drying it from 2- to 1-percent moisture.
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Figure 10 Flow Diagram: Sorbent Preparation and Feeding S J

Ash and Slag Removal (Plant Subsection 1.3). This subsection is designed to receive slag
from the slagging combustors, cool it, crush the oversized lumps, and deliver it (partially de-
watered) to the conventional solids material handling subsection in Plant Subsection 10.3 (ash
handling and disposal). Molten slag from each of the two slagging combustors flows through
lined transition chutes into pools of water for quenching. Each unit incorporates a partially
submerged chain conveyor to dredge solidified slag from the bottom of the pool and bring it out
and over an inclined "beach” area of the unit. The partially dewatered solids are deposited over
an inclined grizzly. Lump-sized slag sliding over the bars of the grizzly are fed into a slag
crusher. Fine-sized slag passes through the opening of the grizzly and lands in a fully enclosed
slag-collecting conveyor, which also receives slag from the crushers. The conveyor delivers the
dewatered slag to a storage bin in Plant Section 10 (solid materials handling). After sluice
water moves the rejects from the pulverizers, they are collected in the submerged chain
conveyors.

Design Specifications and Features

Two equal-capacity equipment trains prepare and feed coal to the two slagging combustors.
Each train has adequate capacity for meeting the full demand of both combustors. Normally,
both trains are operated—each at 50 percent of full capacity. With a partial or complete outage
of one train, the output from the other is increased to meet the full demand of both combustors.
Since this coal is only used for the precombustors, coal finess is not very critical. There should
not be any problem in using commercial pulverizers over this range of operation.

Design and operation of the "storage system" in the pyrolyzer coal feed section calls for a
greater degree of caution during both design and operation to minimize risks of coal fires and
explosions. Although storage systems are not as common as those of the direct-firing type,
several industrial plants use the storage system to meet their special needs. In addition to
instruments for constantly monitoring oxygen content, the system has automatic fire detection
and extinguishing systems. Two equal-capacity equipment trains prepare and feed limestone
sorbent to the two pyrolyzers. As the design capacity of each train at 5 t/h is more than the
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maximum demand of each pyrolyzer (4.4 t/h), partial shortfall from one train can be made up by
operating the second at full capacity. The submerged chain conveyor unit for solids removal is
designed for a peak load of about 6 t/h per train.

Table 5 lists the key parameters and engineering data used in designing the solids preparation,

feeding, and removal subsystem.

Table 5 Key Design Parameters and Data: Solids Preparation,
Feeding, and Removal (Plant Section 1)

[Coal Preparation
Total Coal Consumption
Pyrolyzer 77.5 t/h
Combustor 7.9 th
Number of Operating/Spare Trains 2/0
Feed Coal Size 2in.x0
Design Feed Rate/Train
Pyrolyzer 46.3 t/h
Combustor 9.5th
Hardgrove Grinding Index 57
Product Size
Pyrolyzer 50% <100 microns
Combustor 50% <74 microns
Feed/product Moisture Content . 6.0/1.0 wt%
oal/Limestone/Water Paste Surge Storage Capacity
Paste Solids Concentration 2 hours
Paste Pump Discharge Design Pressure 75 wt%
' 315 psia
Sorbent Preparation
otal Sorbent Consumption 8.0 th
perating/Spare Trains . 2/0
Limestone Feed Size 12in.x0
Product Size 50% <300 microns
Feed/Product Moisture Content 2.0/1.0 wt%
Slag and Ash Removal
Slag Production Rate 13.5th
Molten Slag/Cooled Slag Temperature 2400/180°F
Feed Slag Material Size 12in.x0

Operating Characteristics

The coal preparation and feeding plant subsection uses conventional procedures for start-up,
shutdown, and emergency stops; they are generally similar to those used in commercial power
plants. Instrumentation and sequence controls ensure safety for personnel and equipment.
This subsection'can be operated between 33 percent and full design load using variable-
capacity feeders at the head end of each pulverizer train. Important requirements for start-up
are:

m System inerting so that oxygen in the system is below the permitted level before

fresh coal is introduced.
m Availability of combustion gases at the required temperature.
B Availability of nitrogen for blanketing.
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These prime requirements must be met before coal is introduced. Thus, other than utility
systems, the operating status of other systems in the power generation plant do not affect start-
up and operation of this subsection. The pulverized coal surge bin and paste holding tank
provide adequate on-line storage time, but a prolonged lack of demand for the product from the
pyrolyzer will prompt subsection shutdown.

The sorbent receiving and handling subsection is similar in operation/turndown to that for coal
preparation and handling except that operations are simpler because the sorbent subsection is
smaller. It uses conventional procedures for start-up, shutdown, and emergency stops—
generally similar to those for commercial power plants.

The ash and slag removal subsection is designed with adequate margins above calculated
production rates for ash materials when the generating plant operates at the maximum burn
rate. The subsection will operate satisfactorily at any rate below this maximum. Start-up, shut-
down, and emergency plant stops are relatively simple, with no special requirements because
the equipment used is conventional and commercially proven.

Maturity of Technology

The solids feeding and removal subsystem uses the largely conventional and commercially
proven equipment common to coal-based power plants for similar duties. Conventional
equipment, coupled with a careful selection of plant design parameters, should minimize
operating uncertainties once an adequate level of scheduled and routine maintenance is
ensured. A coalllimestone/water paste has been common practice in pressurized fluidized bed
combustion systems, and the high pressure paste pumps used in the design have been used
over the last 20 years for pumping pastes with solids concentration up to 75 wt percent.
Industry experience indicates that the presence of limestone in the paste may reduce the paste
viscosity and hence improve its pumping characteristics. Pilot-scale testing may still be
needed, however, to confirm paste feed system performance and operation. Pulverized coal
and limestone fed to the pyrolyzers will be coarser than what is normally used in PC-fired
boilers. Phase 2 testing will determine what the size distribution needs to be, but the current
estimate is about 50% less than 100 microns. Experience in large-scale pulverizing of coal at
such coarse sizes is limited in industry. The capabilities of the pulverizer integral classifier at
the required coarse product size must be confirmed in pilot-scale testing. The coal size
distribution to the precombustors is the same as is generally used in PC boilers. The
precombustor coal is pulverized in separate mills so there are no technology issues in that coal
preparation.

Possible alternatives to the bin pulverizer system and paste feed system will be investigated in
the Phase 2 review of the Commercial Plant design. High compression roller mills may be
better suited for the HIPPS than pulverizers. These devices will not require a gas phase for
classification of the particles which will significantly simplify the coal preparation system. They
also may be better suited to achieve the required size distribution. The use of dry feed instead
of paste feed will also be investigated. Paste feeding puts more constraints on particle size
than dry feeding because the particle size effects for both the process and the feed system
need to be considered. Dry feeding will significantly reduce particle size distribution restraints
for the feed system. Lock-hopper systems are commercial, and a recently developed solids
pump may offer a simplified, more reliable dry feed system.
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23.2 Steam Generator Island (P/ant Section 2)
2.3.21 High Temperature Advanced Furnace (Subsection 2.1)

The HITAF is a combined boiler/air heater that is the central feature of the HIPPS plant. This
subsystem is designed and constructed very much like a conventional boiler. A sectional side
view of the HITAF is shown in Figure 11.

Although most of the combustion is done in the char combustors, a furnace with overfire air is
used to complete combustion and lower the gas temperature to a reasonable level for the
subsequent tube banks. The furnace is constructed of both evaporator surface and
superheater surface. The rear wall and screen tubes are evaporator surface. Of the four
furnace walls, the rear wall is subject to the highest and most uneven heat transfer. The very
good inside heat transfer coefficient of evaporation is therefore used to advantage in the rear
wall. The thermodynamic efficiency of the cycle is enhanced if some superheating is done in
the furnace walls. The first stage of superheating is done in the side walls and front wall of the
furnace. These tube walls are coated with Blu-Ram HS plastic refractory on the inside of the
furnace, and three passes in series are provided with mixing between the passes. The steam
outlet temperature from the furnace enclosure is 800°F at full load.

The pendant superheater surface is located in the upper furnace. This tube bank provides the
final superheating for the steam cycle by heating the steam to 1075°F. ‘After passing through
the final superheater and the rear wall screen tubes, the flue gas enters the air heater tube
bank. In this tube bank, the gas turbine inlet air from the recuperator is heated from 1053°F to
1400°F. Because the air outlet temperature is relatively high as compared with boiler steam
temperatures, the air heater tube bank is located immediately downstream of the furnace. This
surface is not located in the furnace, however, because the high and uneven heat fluxes could
more easily overheat these tubes. Reheater and economizer tube banks are located
downstream of the air heater tube bank.

besign Specifications and Features

The design of the HITAF is, for the most part, based on proprietary Foster Wheeler models and
standards for pulverized coal boilers. The main areas of difference are the air heater tube bank
and the superheater enclosure wall of the radiant furnace, but these components were
incorporated into existing models. '

A summary of the HITAF tube specifications is included in Table 6. The steam circuit material
selection is typical of a utility steam boiler and is governed by the high-temperature strength
and the steam side and fireside metal wastage considerations. The use of materials and
allowable stresses are covered by proven FW and ASME design standards. They incorporate
the consideration of tensile, yield, and creep strength. The ASME Code does not address
corrosion. Therefore, FW has performed its own research on steam side and fireside wastage.
These tests have included laboratory and field exposures using air-cooled, retractable corrosion
probes of multiple alloys for multiple years of exposure. We have studied the pyrosulfated and
alkali-iron-trisulfate corrosion mechanism and developed the materials selection guidelines for
where to use carbon steel, Cr-Mo, and stainless steel alloys.
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Table 6 HITAF Tube Specifications
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"Item Dimensions Material
Furnace Enclosure .
Front and Side Walls 1-1/4in. 0.D. x 0.12 in. wall SA-213-T2
Rear Wall 3:in. 0.D. x 0.314 in. wall SA-210-C
Pendant Superheater
Pass 1 and 2 |2 in. 0.D. x 0.300 wall SA-213-T22
Pass 3 2 in. 0.D. x 0.300 wall SA-213-TP304H
ir Heater 3 in. O.D. x 0.180 wall SA-213-TP316H
[A 3 in. 0.D. x 0.180 wall SA-213-TP304H
Reheater 3 in. 0.D. x 0.165 in. wall SA-213-TP304H
3 in. 0.D. x 0.165 in. wall SA-213-T22
13 in. O.D. x 0.165 in. wall SA-213-T11
3 in. 0.D. x 0.165 in. wall SA-213-T2
3 in. 0.D. x 0.165 in. wall SA-178-A
Heat Recovery Area Enclosure 1-1/4 in, O.D. x 120 in. wall SA-213-T2
l

Metal temperatures in the air heater are considerably higher than in the boiler tube banks. With
1400°F air outlet, the maximum tube metal temperature will be around 1500°F. At this point, a
detailed analysis of temperature upset conditions has not been done, so the maximum tube
metal temperature may be a little above or below this level. For temperatures up to 1500°F,
austenite stainless steels such as 304H, 347H, and 316H alloys can be used. One of these
alloys will be used for the majority of the air heater. Depending on the result of the upset
analysis, it may be necessary to use another alloy for the last loop or two of the tube bank.
Tubes of 800HT, RA330, Alloy X, 253MA, 556, 230, and 617 have established allowable

stresses at temperatures up to 1650°F.
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Operating Characteristics

The HITAF is operated in a manner similar to a conventional coal-fired boiler aithough there are
some differences that result from the inclusion of the air heating function. These differences
are discussed in more detail in Section 2.5 where the operating procedure for the complete
plant is described.

Maturity of Technology

Basic construction techniques and operating procedures used in commercial boilers are used
for the HITAF. The all up-flow, multi-pass furnace circuit design is similar to what has been
used for domestic once-through boilers. Applying refractory to tubewalls has become very
prevalent in refuse-fired boilers and fluidized bed boilers where it is used to protect tubes from
erosion and corrosion. Studs are welded to the tubes, and these studs hold the refractory in
place.

Refractory coated superheater tubes have not been used as furnace enclosures in the past, but
the use of the TRW slagging combustor upstream of the furnace makes it possible to use
enclosure walls of this design. The use of these combustors reduces the amount of ash
entering the furnace and also resuits in lower heat fluxes in the furnace. The ash removal
reduces the potential of slag accumulations on the furnace walls. The lower heat fluxes also
reduce the severity of the design conditions for the furnace wall as compared to a conventional
PC furnace. Because of these considerations, it is possible to pick up some superheat duty in
the furnace and thereby shift some evaporator duty to lower gas temperature zones.

The tube banks are of conventional design, and gas temperatures through the HITAF are
representative of pulverized coal boilers. Final superheater tube banks are not normally located
in the upper furnace, but this tube bank has been designed with three intermediate headers to
mix the steam so the cooling of the tubes will be uniform. Conventional air or steam soot-
blowers are used to clean ash from the tubes, and since 70 to 90 percent of the ash is
removed in the char combustors, maintaining surface cleanliness should not be a problem.
This area will be investigated in the integrated system test, however, by analyzing ash deposits
that form on simulated HITAF tubes located at various points in the flue gas stream.

Choosing the proper tube alloys is an important aspect of the HITAF design. Existing data can
be used for the steam cooled tubes and to narrow down the selection of alloys for the air heater
tubes and headers. Because there is less available information on the corrosion of alloys at the
air heater temperatures, laboratory tests will be run to evaluate the corrosion of several alloys
with the ash deposits and atmosphere expected in the air heater. These tests are described in
Section 4.4. The average air temperature leaving the HITAF has been established at 1400°F in
the commercial plant design. We believe that this is a reasonable upper limit considering
several factors. Temperature unbalances and upsets are always present within tube banks,
and boilers are designed with tube metal temperatures that consider these conditions. Also,
another factor that limits the indirect heating of the air is the availability of reliable safety valves
to protect the gas turbine. A discussion of the gas turbine safety valve requirements is included
in Section 2.5. At present, we do not know of any gas turbine manufacturer that will accept
temperatures of more than 1400°F at a safety valve.
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Alternative Designs

For the most part, the HITAF is designed with proven conventional boiler technology. As
discussed, the two areas where we have extended this technology are the refractory coated
superheater walls and the location of the final superheater in the upper furnace. Similar
designs have been used, and because of the operating characteristics of the TRW combustor,
we feel that the risk in these areas is low. However, if there should be problems, the HITAF
.could be redesigned to move the affected superheater into more conventional areas. This
could affect the efficiency, but probably only a fraction of a percent. If this should happen, there
are other parts of the cycle that could be modified to make up the difference. For instance, the
furnace is currently negative pressure. It could be positive pressure, which would reduce
auxiliary power. Also the exit flue gas temperature could be lowered further with redesign of the
economizer. It is not expected that the changes would have much affect on the capital cost.

23.2.2  Char Combustor (Subsection 2.2)

The primary function of the char combustor is to generate a high temperature gas stream to
provide heat for both the metallic air heater and steam circuits within the HITAF. Within the
char combustor, low-volatile char from the pyrolyzer is burned with gas turbine exhaust air
under substoichiometric conditions to minimize NO, emissions. Additional air is added within
the HITAF to complete combustion of gaseous species (primarily CO). The char combustor
also removes the majority of ash remaining within the char in the form of vitrified slag, in order
to significantly reduce the ash loading within the gas and allow for a more compact furnace
design. ’
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Figure 12 Char Combustor Functional Schematic
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General Description

A simplified schematic of the char combustor is shown in Figure 12. The char combustor
assembly includes a precombustor, a char-fired slagging stage, and a slag recovery section.
The overall char combustor design is similar to that successfully tested as part of the Healy
Clean Coal Project [1]. The combustor general arrangement is shown in Figure 13.

Exhaust to Furnace

Precombustor

Slag Recovery
Section

Slagging
Stage

Slag Tank

Figure 13 Char Combustor General Arrangement
Precombustor The precombustor, which can be fired with either coal or char, is used to boost
the combustion air temperature to 1800-2200F before entering the slagging stage. When char

is used in the precombustor, a small amount of fuel gas from the pyrolyzer may be added for
flame stabilization.

The precombustor conists of four major elements:
e Primary coal / char burner and windbox.

o Combustion chamber with integral baffle, which are actively cooled, and secondary air
windbox.

¢ Round to rectangular transition section which is also water—cooled and which connects the
precombustor to the slagging stage.

o Swirl damper blades to control slagging stage inlet gas velocity.
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An oil or natural gas pilot burner is provided at the center of the precombustor main burner to
provide assistance during start-up, shut-down, or load changes, if required. The combustion
chamber and transition section cooling circuits are hydraulically connected to the boiler drum.
To reduce cooling loads, the combustion chamber inner surface and the transition section are
covered with refractory.

Slagging Stage. The high temperature, oxygen-rich gases from the precombustor enter the
slagging stage tangentially, as shown in Figure 13, generating a highly turbulent, confined
vortex flow. Char from the pyrolyzer is injected through a multiport fuel injector in the headend
region of the slagging stage, along with a small amount of fuel gas used as a transport gas.
The high air preheat temperature provided by the precombustor promotes the existence of a
hot slag surface in the slagging stage, which, combined with strong flow recirculation patterns,
provide stable ignition and combustion of low volatile chars. The multiport fuel injector ensures
good fuel distribution and hence good fuel/air mixing and combustion. The slagging stage is
operated fuel rich at equivalence ratios varying from 0.7 to 0.95. Control of mixing and
stoichiometric conditions within the slagging stage provides high combustion efficiencies while
minimizing NO, emissions.

The main stage of the char combustor is operated in a wet, or slagging, mode. Operating
temperatures within the combustor are high enough such that the majority of residual ash from
the char is fused in-flight. The resultant molten ash droplets are centrifuged to the walls of the
combustor, forming a self-replenishing slag layer. This slag coating protects the hardware from
both erosion and corrosion and reduces the heat transfer rate and cooling loads. The slag is
transported along the walls of the combustor by shear and gravity forces.

The overall dimensions of the slagging stage are indicated in Figure 14. The slagging stage is
comprised of a headend section, a tangential inlet section, and a mixing section down to and
including a concentric baffle. The slagging stage walls and baffle are made of tube-membrane
elements with studs for slag retention. The tube and membrane material is a low alloy steel (2
Cr, 2 Mo). The slag retention pins (approximately %" long) are made of stainless steel. The
presence of slag reduces peak thermal loads on ‘the combustor wall to approximately 10
Wicm?2. The slagging stage cooling circuit is also connected to the boiler drum circuit for better
heat utilization. A circulating pump is provided in the combustor cooling loop to assure the
required flow velocity.

Slag Recovery Section. The baffle separates the slagging stage from the slag recovery
section. Slag flows to the slag recovery section via a key slot opening along the bottom. The
slag recovery section is sized so as to preclude shearing of the slag up to the furnace opening.
The majority of slag, 70 to 90%, is tapped (external to the furnace) by gravity out of the system.
The slag is quenched in a water tank, forming a granular, vitrified product that is amenable for
use as a construction material or for disposal in a landfill. The remaining small flyash particles,
nominally 2 to 4 microns, which enter the furnace, are fused and therefore less erosive and less
prone to fouling than conventional flyash.

The slag recovery section, is of construction similar to that of the slagging stage. The slagging
stage circular geometry is carried through to the back wall of the slag recovery section. The'slag
tap region and exit duct are designed with a rectangular cross-section. A slag tap dipper skirt is
used to interface with the slag quench tank and removal system.
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Figure 14 Char Combustor Physiéal Dimehsions

Design Specifications and Features

The char combustor operation and performance characteristics are summarized in Table 7 Two
combustors are required to handle the total firing rate of just over 800 MMBtu/hr. The baseline
fuel is Pittsburgh # 8 pyrolyzed char, although the combustors are capable of operating with a
wide variety of coal-derived fuels. Pittsburgh #8 parent coal is fired in the precombustors, while
the pyrolyzed char is fired in the slagging stage of each combustor, along with a small amount
of fuel gas used to transport the char to the combustors. High temperature exhaust gas from
the gas turbine is used as combustion air. The combustors are operated fuel rich to minimize

NO, emissions. The combustors are cooled with saturated water from the boiler drum.’

Table 7 Char Combustor Operation and Performance Characteristics

Parameter Value
Fuel Pittsburgh No. 8 Pyrolyzed Char
Median Particle Size 50 microns
Char Firing Rate 597 MMBtu/hr
Coal Firing Rate 205 MMBtu/hr
Total Firing Rate 802 MMBtu/hr
Combustion Air Temperature 1125F
Combustion Air Oxygen Content 14.8 % O, (by weight)
Precombustor Exit Temperature 1860 F
Overall Combustor Stoichiometry 0.85
Cooling Water Pressure 2835 psia
Cooling Water Temperature 669 F
Number of Combustors 2
Slagging Stage Diameter 132in.
Slagging Stage Length 207 in.
Carbon Burmout >99%
Relative Pressure Drop <3%
Slag Recovery >70%
NOx Emissions '<0.3 Ib NO,/ MMBtu
Relative Cooling Load

< 15% of fuel thermal input
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The design of the proposed char combustor is based on TRW's extensive sub-scale slagging
coal combustor experimental and operational data, as well as on full-scale precombustor design
and development test data obtained during Phase | of the on-going Healy Clean Coal Project [1].
The combustor development status and maturity of the technology is discussed in more detail in
Section 3.4.

The basic design approach for the char combustor was to utilize as much of the Healy combustor
design as possible, while making modifications to combustor design and operation as needed in
order to efficiently burn char with high slag recovery and minimum NO, emissions. For the
commercial plant design, in which a coal-fired precombustor was assumed, the slagging stage
combustor diameter is 25 percent larger than the Healy combustor, at 132 inches. For the case of
a char-fired precombustor, the coal stream can be eliminated and the overall combustor firing rate
would be reduced from 401 to 305 MMBtu/hr (per combustor). This would allow Healy-sized
combustors to be utilized in the commercial HIPPS plant, thus reducing combustor design costs.

The most critical operating parameters in determining the combustion system size and its
performance are the firing rate, the stoichiometric ratio and the fuel split to the precombustor. For
the HIPPS char combustor, which is fan-driven, the pressure drop is one of the key parameters
used in determining the size of the combustor. For a given combustor size, the pressure drop
increases with firing rate, stoichiometric ratio and swirl number. High swirl numbers are found to
increase slag capture efficiency.

When sizing the combustor, an equally important parameter is the effective residence time, as
char burn-out is greatly influenced by residence time and temperature / stoichiometry as well as
particle size. Increasing stoichiometry improves char combustion efficiency but at the expense of
NO, emissions so that a trade-off between size and operating stoichiometric