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ABSTRACT

A High Performance Power System (HIPPS) is being developed.  This system is a coal-fired, combined
cycle plant with indirect heating of gas turbine air.  Foster Wheeler Development Corporation and a
team consisting of Foster Wheeler Energy Corporation, Bechtel Corporation, University of Tennessee
Space Institute and Westinghouse Electric Corporation are developing this system.  In Phase 1 of the
project, a conceptual design of a commercial plant was developed.  Technical and economic analyses
indicated that the plant would meet the goals of the project which include a 47 percent efficiency (HHV)
and a 10 percent lower cost of electricity than an equivalent size PC plant.

The concept uses a pyrolysis process to convert coal into fuel gas and char.  The char is fired in a High
Temperature Advanced Furnace (HITAF). The HITAF is a pulverized fuel-fired boiler/air heater where
steam is generated and gas turbine air is indirectly heated.  The fuel gas generated in the pyrolyzer is
then used to heat the gas turbine air further before it enters the gas turbine.

The project is currently in Phase 2 which includes engineering analysis, laboratory testing and pilot plant
testing.  Research and development is being done on the HIPPS systems that are not commercial or
being developed on other projects.  Pilot plant testing of the pyrolyzer subsystem and the char
combustion subsystem are being done separately, and after each experimental program has been
completed, a larger scale pyrolyzer will be tested at the Power Systems Development Facility (PSDF)
in Wilsonville, AL.  The facility is equipped with a gas turbine and a topping combustor, and as such,
will provide an opportunity to evaluate integrated pyrolyzer and turbine operation.

This report addresses the areas of technical progress for this quarter.   Detailed design of the
components to be used to for the circulating bed gasification tests is underway.   The circulating fluidized
bed will allow for easy scale-up to larger size plants.   The existing pyrolyzer will be outfitted with a
cyclone and a j-valve to capture and reinject char into the lower combustion zone.   Additional
development work has been performed to evaluate advanced cycles utilizing the HIPPS system
concept.
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EXECUTIVE SUMMARY

The High Performance Power System is a coal-fired, combined cycle power generating system that  will
have an efficiency of greater than 47 percent (HHV) with NOx and SOx less than 0.025 Kg/GJ (0.06
lb/MMBtu).  This performance is achieved by combining a coal pyrolysis process with a High Temperature
Advanced Furnace (HITAF).  The pyrolysis process consists of a pressurized fluidized bed reactor which is
operated at about 926oC (1700oF) at substoichiometric conditions.  This process converts the coal into a
low-Btu fuel gas and char.  These products are then separated.

The char is fired in the HITAF where heat is transferred to the gas turbine compressed air and to the steam
cycle.  The HITAF is fired at atmospheric pressure with pulverized fuel burners.  The combustion air is from
the gas turbine exhaust stream.  The fuel gas from the pyrolysis process is fired in a Multi-Annular Swirl
Burner (MASB) where it further heats the gas turbine air leaving the HITAF.  This type of system results in
very high efficiency with coal as the only fuel.

We are currently in Phase 2 of the project.  In Phase 1, a conceptual plant design was developed and
analyzed both technically and economically.  The design was found to meet the project goals.  The purpose
of the Phase 2 work is to develop the information needed to design a prototype/commercial plant.  Phase 3
of the overall HIPPS contract has been deleted.  In addition to engineering analysis and laboratory testing,
the subsystems that are not commercial or being developed on other projects will be tested at pilot plant
scale.  The  FWDC Second-Generation PFB pilot plant in Livingston, NJ, has been modified to test the
pyrolyzer subsystem.  The FWDC Combustion and Environmental Test Facility (CETF) in Dansville, NY,
has been modified to test the char combustion system.  Integrated operation of a larger scale pyrolyzer and a
commercial gas turbine are planned for the PSDF in Wilsonville, AL.

The detailed design of the major process equipment to be installed at the pilot plant in Livingston, New
Jersey is underway.   The existing bubbling bed plant is to be modified to a circulating mode of operation.
Further work has been completed to better understand how the HIPPS concept can be applied to advanced
cycle arrangements.
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INTRODUCTION

In Phase 1 of the project, a conceptual design of a coal-fired high performance power system was
developed, and small scale R&D was done in critical areas of the design.  The current Phase of the project
includes development through the pilot plant stage.

Foster Wheeler Development Corporation (FWDC) is leading a team of companies in this effort.  These
companies are:

• Foster Wheeler Energy Corporation (FWEC)
• Bechtel Corporation
• Westinghouse Electric Corporation
 

 The power generating system being developed in this project will be an improvement over current coal-fired
systems.  Goals have been identified that relate to the efficiency, emissions, costs and general operation of
the system.  These goals are:
 

• Total station efficiency of at least 47 percent on a higher heating value basis.
• Emissions:
 NOx  < 0.06 lb/MMBtu
 SOx   < 0.06 lb/MMBtu

 Particulates < 0.003 lb/MMBtu
 

• All solid wastes must be benign with regard to disposal.
• Over 95 percent of the total heat input is ultimately from coal, with initial systems capable of using coal

for at least 65 percent of the heat input.

The base case arrangement of the HIPPS cycle is shown in Figure 1.  It is a combined cycle plant.  This
arrangement is referred to as the All Coal HIPPS because it does not require any other fuels for normal
operation. A fluidized bed, air blown pyrolyzer converts coal into fuel gas and char.  The char is fired in a
high temperature advanced furnace (HITAF) which heats both air for a gas turbine and steam for a steam
turbine. The air is heated up to 760oC (1400oF) in the HITAF, and the tube banks for heating the air are
constructed of alloy tubes.  The fuel gas from the pyrolyzer goes to a topping combustor where it is used to
raise the air entering the gas turbine to 1288oC (2350oF).  In addition to the HITAF, steam duty is achieved
with a heat recovery steam generator (HRSG) in the gas turbine exhaust stream and economizers in the
HITAF flue gas exhaust stream.
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An alternative HIPPS cycle is shown in Figure 2.  This arrangement uses a ceramic air heater to heat the air
to temperatures above what can be achieved with alloy tubes.  This arrangement is referred to as the 35
percent natural gas HIPPS, and a schematic is shown in Figure 2.  A pyrolyzer is used as in the base case
HIPPS, but the fuel gas generated is fired upstream of the ceramic air heater instead of in the topping
combustor.  Gas turbine air is heated to 760oC (1400oF) in alloy tubes the same as in the All Coal HIPPS.
This air then goes to the ceramic air heater where it is heated further before going to the topping combustor.
The temperature of the air leaving the ceramic air heater will depend on technological developments in that
component.  An air exit temperature of 982oC  (1800o F) will result in 35 percent of the heat input from
natural gas.

A simplified version of the HIPPS arrangement can be applied to existing boilers.  Figure 3 outlines the
potential application of the HIPPS technology for repowering existing pulverized coal fired plants.  In the
repowering application, the gas turbine exhaust stream provides the oxidant for co-fired combustion of char
and coal.  The existing boiler and steam turbine infrastructure remain intact.  The pyrolyzer, ceramic barrier
filter, gas turbine, and gas turbine combustor are integrated with the existing boiler to improve overall plant
efficiency and increase generating capacity.
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TECHNICAL PROGRESS

Task 1 - Project Planning and Management

Work is progressing according to the process plan.

Task 2 – Engineering Research and Development

Subtask 2.1 – Advanced Cycle Analysis

The HIPPs technology is based on the use of a partial gasifier, or pyrolyzer, in combination with an advanced
mainframe gas turbine (GT) and a high temperature advanced furnace (HITAF).  The bulk of the coal fed to
the unit passes through the pyrolyzer, which partitions the coal constituents between a low-Btu product gas
and a solid char.  The product gas is used as fuel for the gas turbine, while the char provides fuel for the
furnace.  Additional efficiency is gained by preheating the GT combustor air in an air heater located in the
furnace.  To be consistent with materials and technologies available in the early 90’s, the temperature of the
air was limited to 1400°F, and the original gas turbine used was a modified GE 7F machine with a
temperature of 2560°F from the combustor and a compression ratio of 15.1.  It was also agreed at that time
to minimize the areas in the plant requiring special attention by cooling the gas leaving the pyrolyzer to
1100°F before filtration and using a sub-critical steam system based on a 2600 psig/1050°F/1050°F single
reheat steam cycle.  A simplified flow diagram of this system is shown in Figure 4.
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Evaluations of the performance changed with time as more detailed test data became available from FW’s
test facility in Livingston, NJ.  While early data indicated that the performance would easily meet DOE’s
goals of 47% (HHV) overall efficiency, later data indicated that this goal may be difficult to sustain with this
equipment and stated operating parameters.

Beginning with Phase 2 of the project, FW and Bechtel/Nexant (Nexant) adopted Westinghouse’s “G”
frame as the gas turbine of choice.  The G turbine allowed an increase in temperature to 2650°F and in
compression ratio to 20.  It also introduced the first application of steam cooling, thereby reducing the
amount of bypass cooling air.  Although the other systems, ignoring size adjustments, remained essentially the
same, the overall efficiency was increased to 49.7%.  This provided a comfortable margin in performance
while maintaining the use of equipment that was either already available or would be available in the short
term.

Rethink based on Vision 21 goals

In 1998, with the introduction and promotion of DOE’s Vision 21 goals, it became apparent that an
efficiency of 50% was not going to be good enough, even though it was beyond anything available in the
commercial sector, and for systems based solely on coal, beyond anything projected for the near future.

As with most advance systems, one of the key elements to improving efficiency are the design improvements
associated with the latest gas turbines.  To take the next step in efficiency improvement, Nexant examined
what benefits could be expected if one of the ATS machines under development as part of DOE fossil
program, were to be adopted.

The ATS machines being developed have compression ratios up to 30, combustor exit temperatures ranging
from 2700°F to 3000°F, and fully utilize a direct steam cooling system.  While the entire range of
combustion temperatures was examined, a temperature of 2800°F was chosen as a blend of what was
achievable within a reasonable time scale and what provided acceptable performance parameters.  The only
other modifications made were to increase the air heater outlet temperature from 1400°F to 1700°F and
replace the current pyrolysis gas filter with a high-temperature ceramic filter. It was felt that by the time the
ATS machine would be commercially available, the materials needed for these changes would also be
available.  As a result, with the basic configuration shown if Figure 4 remaining unchanged, the adoption of
the ATS gas turbine and increase in air heater and filter temperatures provided an increase in overall
efficiency of about 3 percent, up to almost 53% (HHV), and still based totally on a coal.

More aggressive bottoming cycles

Having adopted a gas turbine that was advanced and somewhat in the future, it appeared that our choice of a
subcritical steam system also deserved some rethinking.  As a result, a series of evaluations were made to
look at what gains might be obtained with the use of more aggressive steam conditions. In all, four systems
were evaluated including the original subcritical case and three new supercritical systems:
§ 3400 psig/1075°F/1075°F
§ 4500 psig/1100°F/1100°F/1100°F
§ 6500 psig/1300°F/1300°F/1300°F

During the course of these new evaluations it became apparent that just replacing the old subcritical steam
system with one of the supercritical systems listed was not going to help unless other changes were made.
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The problem was that the basic FW HIPPs configuration shown in Figure 4 already has a surplus of low-
level heat, i.e., heat that can only be used to preheat the boiler feed water but not high enough to boil the
water in the subcritical system or to achieve the high end temperatures associated with the supercritical
systems.  This means to effectively recover the excess low-level heat available either an Intermediate-
Pressure (IP) or Low-Pressure (LP) boiler had to be added.

For the subcritical system this did not appear to be a problem.  One of the variations examined in the early
work was the addition of more coal to the furnace to provide more high-level heat.  It was believed that
through the addition of more coal that the IP or LP boilers could be minimized or eliminated altogether.
While we were able to reduce the size of the low-pressure boiler, it did not provide an increase in overall
efficiency.  The logical explanation was that while we were improving the overall efficiency of the bottoming
cycle, we were increasing the percentage of bottoming cycle relative to the more efficient Brayton cycle
associated with the gas turbine and the net effect was essentially a wash.

This was not the case when the three supercritical systems were examined. It was quickly apparent that the
increased differential in efficiency between the IP/LP systems and the supercritical systems was sufficient to
justify the addition of whatever coal was necessary to minimize the size of the lower pressure boilers.  As a
result, where only sufficient coal was used in the subcritical system to insure proper combustion
characteristics in the char burners, an ever increasing about of coal was required as the conditions used in the
steam system became more aggressive.  By the time the 6500 psig system was evaluated the percent of coal
that was sent directly to the furnace had risen to over 17%.

If one focuses on the maximum overall system efficiencies, the move towards higher pressure steam cycles
was able to improve the efficiency from 52.9% to 54.3%.  This is less than what would be seen in standard
PC system because the bottoming cycle only accounts for about 40% of the total power.  This trend is
shown in Figure 5.

Fuel Cell – Solid Oxide

While we were very pleased with achieving almost 55% efficiency using the basic configuration submitted
with the original proposal to DOE back in 1991, it still did not meet the Vision 21 goal of greater than 60%
overall efficiency.   Enter the fuel cell.

 As with most other processes seeking extremely high efficiencies, one of the best, if not only alternatives,
appears to be in the form of a hybrid system that combines a fuel cell with a gas turbine.  It is inviting since
one has to combust the fuel to the gas turbine anyway, why not carry out the combustion in a fuel cell where
about 50-60 percent of the chemical energy can be extracted directly as power with the left over heat used
in a gas turbine.
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The system used by FW is well adapted to such a hybrid system since the available gas is a syngas that is
already partially reformed towards a hydrogen and carbon monoxide fuel that can be used by high
temperature fuel cells, such as solid oxide.  For the FW system to be examined, an advanced high-
temperature solid oxide fuel cell was chosen that would convert 60 percent of the chemical energy directly
into electricity, the remainder being combusted to provide heat for the reformer and gas turbine.  A 500
degree increase across the cell was assumed and the outlet temperature was set at 2300°F.  This is well
above current designs that typically have an outlet temperature closer to 1800°F, but it is a temperature that
is believed to be attainable and a temperature that works well with advanced hybrid cycles.  It is known that
the current density at these high temperatures will be less, thus requiring larger and more expensive cells, but
this phase of the study focused on performance and not on capital cost.

The new configuration, with the fuel cell included, is shown in Figure 6.  In point of fact, only a portion of the
fuel from the pyrolyzer is sent to the fuel cell, the remainder continues to go directly to the gas turbine
combustor.  For this examination a series of runs was made using an increasing percentage of the product
gas from the pyrolyzer going to the fuel cell.  Figure 7 shows the results of this examination with the amount
of gas going to the fuel cell ranging from zero up to 70 percent.

One could ask why stop at 70 percent since the overall efficiency continues to increase.  In the configuration
shown in Figure 6, it can be seen that there are now two air heaters, the original one for the air going to the
combustor, and a new one that preheats the air going to the fuel cell.  As the size of the fuel cell increases,
the more heat is required by the combination of the two air heaters.  This is high-level heat since the exit
temperatures are 1700°F.   In order to keep the furnace in balance, more coal has to be added to the
furnace.

This increase in coal demands more and more primary and secondary air from the vitiated air leaving the gas
turbine.  By the time 70 percent of the fuel is being directed to the fuel cell, all the air leaving the gas turbine is
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being directed to the furnace and any additional increase would demand a new air source, most likely in the
form of fresh air from a forced draft (FD) fan.  While allowing a larger fuel cell, this introduction of low
temperature air, negates any gains in efficiency.  Nevertheless, as Figure 6 shows, the FW system, with a fuel
cell included, appears to be capable of achieving almost 63% (HHV) efficiency without the use of natural
gas.
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There is what could be conceived as a down side to this high-efficiency hybrid system – size. Figure 8 shows
not only the total gross power available, but also the contribution of each of the power generating
components: gas turbine, steam turbine, and fuel cell.  As can be seen, while the gas turbine and steam
turbine remain relatively unchanged (increasing less than 10 percent between them), by the time that 70
percent of the product gas is sent to the fuel cell the output from the fuel cell is comparable in size to the gas
turbine and steam turbine, providing almost 300 MWe of power.  This poses two problems – the total gross
output from the plant has grown to almost 900 MWe, and the fact that it requires a 300 MWe fuel cell.  This
is not a problem unique to the FW system.  Many of the hybrid systems being proposed rely on fuel cell
systems of a much larger size than are being demonstrated or even planned for today.
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In response to the size problem, and to investigate other possibilities, Nexant also examined the use of an
advanced intercooled aerodervative (ICAD) gas turbine in place of the ATS. An advanced ICAD turbines
would have a similar firing temperature but would have a compression ratio near 50 and would expected to
be in the 90-125 MWe size range.  This would make the total system power about 300 MWe.  It was found
that such a system had an ultimate efficiency essentially the same as the ATS system, about 62%, but there
was no convenient intermediate plateau.  Because of the extreme compression ratio, the outlet temperature
of the turbine was too low to work effectively in the FW configuration.  As a result, without the fuel cell the
net efficiency was about the same, or in some cases worse, than the same system using the original “G”
frame machine.  Because of this limitation this approach was abandoned in favor of the ATS option.

Summary of Results

The FW system combines the best of both worlds.  It combines the benefits derived from the every
improving designs used for gas turbines in a system that can make the best use of a high-efficiency bottoming
cycle.  The result is one of the highest system efficiencies for plants using coal as the only feed source.  Table
1 summarizes the results from the current work.  Included in the table are the efficiencies and sizes for all the
key systems examined since the inception of the project.  It shows the performance enhancements that have
been made to date, as well as those that could be made for the various alternatives discussed.
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One of the main things that this table shows is that there are viable plateaus that could be used as
intermediate goals en route to the final Vision 21 goal.  The system that uses an ATS turbine with a 4500
psig supercritical steam system is particularly attractive.  The 4500 psig steam system provides almost all the
benefits from the bottoming cycle that is available, while using a system that is available commercially today.
Only the ATS turbine’s availability will dictate when such a system might become viable.  It’s true that
additional work would have to be done on the combustor system to compensate for the use of low-Btu fuel
gas in place of natural gas, but it could be done if there was incentive to do so.  Having the ATS turbine in
the FW system would allow an overall efficiency approaching 54%.  This provides a reduction in CO2
emissions of over 35 percent when compared to a conventional PC plant in operation today.

Table 1  Summary of Study Results

Gas Turbine Efficiency Power Steam System

“F” frame 47.0% 281 2600psig/1050°F/1050°F
“G” frame 49.7% 368 2600psig/1050°F/1050°F
ATS 52.9% 421 2600psig/1050°F/1050°F

53.7% 485 3400psig/1075°F/1075°F
54.1% 510 4500psig/1100°F/1100°F/1100°F
54.3% 541 6500psig/1300°F/1300°F/1300°F

ATS w/Fuel Cell 62.8% 859 4500psig/1100°F/1100°F/1100°F

Task 3 - Subsystem Test Unit Design

Subtask – 3.1   Livingston Pilot Plant Design

In order to fully evaluate the performance of the circulating fluidized bed pilot plant, a broad range of
experimental tests are planned.   Figure 9 identifies the range of velocities and pressures planned for the
experimental test program; the results are based upon a gasifier with a constant 7 inch diameter throughout
the reactor.  The maximum fuel gas production is established at 1977 lbs./hr. which corresponds to a
maximum coal flow rate of 500 lbs./hr.  Figure 10 provides a schematic of the circulating system along with
the corresponding temperature measurements along the reactor.   Heat and material balances for the pilot
plant are provided in Figures 11, 12, and 13.   These balances are based upon the use of Pittsburgh #8 coal,
and assume a 1% heat loss to the surroundings.   The three figures are based upon different superficial gas
velocities in the reactor, and as such, three different feed rates of coal, 500lbs./hr., 362 lbs./hr., and 243
lbs./hr.    The design of the cyclone and j-valve are presented in figure 14 and 15, respectively.
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Figure 9  HIPPS Test Matrix
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Figure 10  Circulating Pyrolyzer
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Figure 11  Pyrolyzer Heat & Material Balance for 9 and 12 ft/sec Riser Velocity
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Figure 12  Pyrolyzer Heat & Material Balance for 7 ft/sec Riser Velocity
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Figure 13  Pyrolyzer Heat & Material Balance for 5 ft/sec Riser Velocity
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