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U.S. Department of Energy’s High-Temperature and High-Pressure Particulate
Cleanup For Advanced Coal-Based Power Systems

Richard A. Dennis

Power & Environmental Systems Division, Federal Energy Technology Center, United States Department
of Energy, Morgantown, West Virginia, 26505

Introduction

The availability of reliablelow-cost electricity is a cornerstone for the United States' ability to compete in

the world market. The Department of Energy (DOE) projects the total consumption of electricity in the U.S.
to rise from2.7 trillion kilowatt-hours in 1990 to 3.Fillion in 2010. Although Bergy sources are
diversifying, fossil fuel still produces 90 percent of aion's energy. Coal is our most abundant fossil fuel
resource and the source of 56 percenbwfelectricity. It has beethe fuel of choicebecause of its
availability and low cost. A new generation of high-efficiency power systenmadmdes it possible to continue

the use of coalhile still protecting theenvironment. Sucpowersystems greatlyeduce the pollutants
associated with coal-fired plants built befdree 1970s. Taealize this highefficiency and superior
environmental performance, advanced coal-based power systems will require gas stream cleanup under high
temperature and high-pressure (HTHP) process conditions.

Presented below are the HTHP patrticulate capture requirements for the Integrated Gasification Combined
Cycle (IGCC) and Pressurized Fluidized-Bed Combustion (PEB@Ersystemsthe HTHP particulate

cleanup systems being implemented in the PFBC and IGCC Clean Coal Technology (CCT) Projects, and the
currently available particulate capture performance results.

Advanced Power Systems

IGCC and PFBC are two of this new generation of advanced coal-fired power plants. In these plants, coal-
derived gases are cleaned at elevated temperatures and pressures prior to combustion in gas turbine pow
generation systems. Such gas turbine systems are expected to achieve exceptional efficiencies by the end
the decade, assisted in part by a government-sponsored advanced turbine systemtinitiative.

IGCC Power System

In an IGCC systenfuel gas,which is composed of hydrogen and carbon oxides, is generated in a gasifier
under pressurized conditions by reacting coal with steam and air or oxygen. The prefiselrgaeslis

typically cooled and then cleaned of particulate mattersatidr at hightemperature and fed tohegh-

efficiency combustion gas turbine. The hot turbine exhaust gas produces steam to drive a steam turbine. Witt
the adaptation of hot gas cleanup, large-scale demonstration projects, capable of reaching efficiencies of 4-
percent, are expected by the turn of the century. IGCC plant efficiencies will climb to 52 percent and greater
as advanced turbine systems are incorporated.

One of several gasification processes can be employed in an IGCC system. The type of gasification proces:
can be typified byhe oxidant used — eithair or oxygen — anthe gasifier configuration — fixed-bed,
fluidized-bed, or entrained-bed. The type of gasification process used will impact particle filtration operating
conditions. The different types of gasifiers produce different filtration conditions



where the significant parameters affected are filtration temperature, gas chemistry, char or dust morphology,
and system material requirements.

PFBC Power System

In a PFBC system, jets of air suspend a mixture of coal and sorbent (limestone or dalonmtg)
combustion, converting it into a suspension of red-hot particles that flow like a fluid. The sorbent captures
sulfur oxides that are released by the burning coal. By pressurizing the combustor, a combined cycle systerr
can be createdhichincreases power production. To realize this increased power production, the HTHP
PFBC exhaust productaust be cleaned of particulateatter. The HTHRiltered gas stream from the
combusted coal is used to drive a gas turbine. Heat recovered from the exhaust of the gas turbine and th
steam generated from the fluidized-bed drives a steam turbine.

To furtherimprove PFBC planefficiency, apartial gasificatiorreactor(carbonizer) is added with an
accompanying fiter systn. In this approach the production of a fuel gas permits topping combustion with
the vitiated PFBC exhaust gas, thereby raising gas turbine inlet temperatures. Integrating combustion and
gasification processes in this way results in a advanced PFBC system with more than 50 percent efficiency.

Particulate Removal Performance Goals for High-Temperatureand High Pressure-Particulate
Cleanup Systems

New Source Performance StandafNSPS)mandated by th€lean Air Act requires stationary power
sources, greater than 70 MWe, to control particulate emissions to stringent levels. This level of particulate
control will limit the emissions of particulate matter to below 0.03 pound of particulate emitted per million
Btu of fuel consumed.03 Ib/MMBLtu, higher heating value). Thievel of cleanuan be attained with

fabric bag-typdilters andelectrostatic precipitators presently deployed on conventional coapfiredr

plants. Future regulations presently under consideration by the Environmental Protection Agency may tighten
the present NSPS by a factor of ten. It is the intetitexfe particulate emission standards to have a positive
effect on the environment. By most estimates, limitations on gas turbine inlet particulate concentrations are
more stringent than existing NSPS and possibly future NSPS.

Gas turbine manufacturers are concerned with particulieconcentrations caused by deposition and
erosion of gas turbine blades. Due to the uncertainty associated with the deposition and erosion mechanisms
particular turbine manufacturers tend to specify a range of particulate concentrations and particle size limits.
Furthermore, the different manufacturers provide different specifications or ranges. In general, erosion limits
stipulatethat thereshould be no particles greater than 10 microns in diameter, 10 percent between 10 and
5 microns in diameter, and @@rcent less thanricrons in diameter. Particle deposition appears to be a
concern for concentrations greater than 100 Jppriigure 1 illustrates both the turbinelet and
environmental limitations for particulate matter. Particukateaval requirements for gas turbines essentially
determine the performance goals for particulate cleanup systems in the PFBC and IGCC coal-based powel
systems.

Meeting particulate concentration and size limitations for gas turbines will also provide other benefits. One

benefit is the lack of fouling of post-turbine heat recovery steam generators. Furthermore, due to the absence
of particulate matter, denser tube spacing with higher throughputs can be achieved, producing more efficient
and compact heat transfer equipment. Additionally, conventional post-process particulate cleanup would no



longer be required to meet environmental emission standards. This eliminates the need for an expensive ba
house filter or an electrostatic precipitator.

HTHP Particulate Cleanup in the Clean Coal Technology Projects

The DOE is sponsoring several advanced technology demonstration pitmjeatth the CCT program.

These projects cover a broad range of technology areas, from coal cleaning prior to utilization to advanced
power systems. Presently, three of these projects are utilizing HTHP gas stream cleanup technology. Thest
projects and the HTHP patrticulate cleanup systems are described below.

Pifion Pine Power Project

The Pifion Pine Power Project, near Reno, Nevada, was awarded to thé&idic&owerCompany
(SPPCoxuring Round 4 of the Department of Energy’s Clean Coal Technology Prégram. In this IGCC
project, SPPCo will demonstrate the KRW air-blown gasification technology, hot gas desulfurization with
zinc-based sorbents, Westinghouse Science & Technology Center's Advanced Particulate Filter (APF), and
a General Electric frame 6FA combustion turbine. A depiction of the Pifion Pine process in block diagram
form is shown in Figure 2. In this 100 MW IGCC @i, coal and sorbent are fed to the gasifier. Generated

fuel gas leaves thgasifier, where ienters ayclonethatremoves entrained solidisr recycle back to the

gasifier. The fuel gas then enters a series of heat exchangers and is cooled from 1800 °F to 1000 °F. The co:s
gas then enters thexternal zinc oxide-based desulfurization system which removes sulfine farm of
hydrogen sufide, down to a 20 ppm level. Process gas then enters a Westinghouse barrier filter system fo
particulate removal prior to combustion in the gas turbine. Steam is generated from the exhaust gas of the
combustion turbine with power split of about 60 percerdand 40 percent between the gas and steam
turbines, respectively.

In the Westinghouse APF design, shown in Figure 3, cluster assemblies are suspended from an uncooled tub
sheef Each cluster supports a plenum assembly which physically holds the gasketed barrier filter. In this
design, candle-type filter elements are used. The filter elements, together with the plenum, cluster, and tube
sheetassembly, fornthe dirty side-to-clean side barrier. Duritige filtration processdirty gas enters the
pressure vessel andfggced to flowover a shroudavhich imparts alownwardflow of gasparallel to the

length of the cluster assemblies. Dirty gas then passes through the porous media, leaving the filtered dust a
a cake on the surface of thiker element. The cleagas now inside thilter element is collected in the
individual plenums and conveyed to the clean side of the tube sheet. Comingled process gas then exits th
pressure vessel. Filters on individual plenums are cleaned periodically with a reverse pulse of high-pressure
gas. Removed dust falls and is collected in the bottom of the vessel and discharged through a dust remova
system.

The Westinghouse APF locatedtla¢ Pifilon PineProject and shown in Figure 4 will represent the largest
IGCC hot gas fitration demonstration of its kind in the wdrld. The Westinghouse filter will process the full
gas stream under reducing conditions at 1011 °F and 260 psig. The APF, positioned downstream of the
external desulfurization system, will process 318,000 Ib/hr of process gas with an estimated dust loading of
17,700 ppryp . In the Westinghouse design 748 porous-ceramic clay-bonded silicon carbide candle-type filter
elements, each 1.5 meters longll lve suspended from 16 plenunmBhe tube sheet will support four cluster
assemblies with four plenums on each cluster. The bottom plenums on eacivilusbéa 61 filter elements

with the other 12 plenums holding 42 elements each. The hot metal structure of the filter assembly will be
housed in a ten-foot diameter by approximately 40-foot tall refractory-lined pressure vessel. The dust cake
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in the Pifion Pine application will be periodically cleaned with a high-pressure pulse of cleaned and recycled
fuel gas.

The Pifion Pine project is scheduled for startup by April 1997.

Lakeland MciIntosh Unit 4 Demonstration Project

The City of Lakeland, Florida-osterWheeler Developmentorporation, and Westinghougdectric
Company have embarked on a technology demonstration project. The project, sponsored through the
Department of Energy’s Clean Coal Technoldgsogram, will demonstrate Advanced Pressurized
Circulating FluidizedBed Combustion (PCFBC) technologyintly developed by FostéWheeler and
Westinghouse. Foster Wheeler wiipply the combugin technology and Westinghouse will supply the hot

gas filter and gas turbine technology. The project will first demonstrate non-topped PCFBC technology and
later demonstrate the topped PCFBC cycle. Figure 5 depicts, in block format, the Lakeland CCT project as
a topped PCFBC process.

In the PCFBC technology, coal is combusted in a pressudzeulating fluidized-bedcombustor at
temperatures of approximately 1550-1650 °F and pressures from 150 to 235qpbignt, such as limestone

or dolomite, is injected into the combustor to capture sulfur released from the coal. Combustion exhaust gas,
along with entrained coal ash and sorbent fines, leaves the combustor and is passed on to a ceramic barrit
filter. In thefilter, particulate matter is removed at approximately 1550 °F ahayhpressure.Clean

process gas is than expanded through a gas turbine. After the gas turbine the process gasassased to
steam in a heat recovery unit. This steam is combined with steam generated in the combustor.

In the topped®CFBC application, an air-blown carbonifsmilar to a fluidized-bed gasifiegnd a gas
turbine combustoare added to the PCFBycle. In this modification, coal is fed to a fluidized-bed-type
carbonizereactor undereducing conditions, thereby generating a low-Btu fuel gas and a char. The char
is then fed to the combustor for complete oxidation. The lowiEilgas is passed through a separate
barrier fitter at approximately 1400 °F.he low-Btu fuel gas is then mixed with the combustor exhaust gas,
which contains excess oxygen, and thixture is fired in a gas turbine topping combustor. This approach
effectively allowsthe gas turbinénlet temperature to be raised, therebhgreasinghe power output and
improving the cycle heat rate.

In the fully evolved topped PCFBC technology, two separate barrier filter systems will be required, one for
the combustor and one for the carbonizZéfhile the project isstill in theinitial design phase, estimates
suggest hhat thefilter system orthe combustor would bequivalent, on a size basis, faur Pifion Pine
project-size filter vessels. The carbonizer would potentially have one filter vessel of significantly smaller size.
Other differences in the two filter systems will be metallurgical and filter material selection to accommodate
the oxidizing-versus-reducing gas conditions, the particulate matter morphology, and the higher temperature
of the combustor filter.

The Lakeland PFBC project is scheduled for startup at the end of the year 2000, with the topped portion of
the cycle scheduled for 2002.



Tampa Electric Company’s Polk Power Station

The Tampa Electric Company atlee UnitedStates Department &nergy argointly funding aproject

awarded under Round 3 of the U.S. DOE’s Clean Coal Technology Prbgram. The project, known as the
Polk Power Station (UniNo. 1), willdemonstrate a 250-MW integrated, oxygen-blown, entrained-flow
gasificationprocess with advanced combined cycle technology. The Polk Power Station will demonstrate
fuel gas generation with the Texaco entraigasification technology. Theower station willutilize 95

percent pure oxygen from a highly integrated air separation unit and a General Electric 7F combustion turbine
technology. A conventional cold gas cleanup system, capable of treating 100 percent of the process gas, will
be utilized upstream of the gas turbine. Figure 6 depicts, in block form the Polk Power Station Unit No. 1
CCT process.

Hot gas cleanup technology developed by General Electric Environmental Services, Inc. (GEESI) will also
be demonstrated at the Polk Power Station. The purpose of the HGCU system is to demonstrate the potentie
for higher IGCC system efficiencies. In this demonstration, a nominal 10 percent slip-stream will be extracted
from the Polk Power Station process gas for direct cleanup from the gasifier at temperatures between 900-
1000 °F. The HGCU system essentially consists of gross pateicamoval via cyclones, halogen removal,

sulfur removal, and fine particulate removal via barrier filtration.

The barrier filter system used in the GEESI HGCU train was designed and fabricated by Pall Corporation.
The barrier filter system is positioned downstreanthaf sulfur removal system and upstream of the
combustion turbine. Operating conditions for the filter are on the order of 900 °F and 400 psig, processing
1300 actual cubiteet per hour of dust-laden gas. The filter is designed with a single tube sheet capable of
holding on the order of 60 candle-type filter elements. The barrier filter system will utilize either high-alloy
porous-metal candle filter elements or clay-bonded sibewhide porous ceramic candle filter elements. The
fiter elements are periodically cleaned with a high-pressure pulse of gas. The filter will be removing dust at
a rate of 3 to 5 pounds per hawith anefficiencygreater than 99.5 percent. Prockss gas from the

barrier filter will then be combusted prior to entering the gas turbine.

Operation of the Polk Power Station is presently underway.

Particulate Cleanup Performance Results in Pilot-Scale Applications

To facilitatethe evolution and development of coal-basethbined-cyclepower systems, efficient and

reliable particulate cleanup systenase required. Withouthis enablingtechnology, thehigh system
efficiencies ofthe PFBC and IGC@owersystems wouldhot bepossible. These systeefficiencies are
dependent on high levels of particulate capture at high temperature, where the sensible heat contained in botl
the fuel and or flue gases is preserved. Ultimately, the particulate capture performance of these filter systems
will be basedhot only onthe performance ahdividual filter elementdut on the performance of the fully
integrated filter systems.

Filter-element suppliers are offering filters with efficiencies greater than 99.9 percent for a 2-to-4-micron size
range’® Filter elements functioning at this levepefformance were a prerequisite for thesign and
development of commercial-scale systems. Filter element capture efficiencies have shown some dependenc
on filter body conditioning. In application, this filter-conditioning phenomena would probably be a one-time
occurrence.



Several bench-scatests ofbarrier filter systems have beeonducted these are described below, where
capture efficiencies have beegported. In these testdeterminingthe collectionefficiency is equally
dependent on knowing thelet andoutlet dust concentrations. Here, particulate capeffreiency, in
percentage, can be defined as the difference between the inlet loading and the outlet loading, divided by the
inlet loading, times 100 percent.

In a bench-scale simulatoeactor, Westinghouse conducted long-term 3000-hr. and 2006ekts
simulating PFBC and gasification conditions, respectively. These tests were conducted with ceramic cross-
flow-type filters; however, the particulate capture performance should be representative of candle-type filters.
In these tests, filter inlet loadings were between 1000 and 15Q0wfiman average outlet loading less than

1 ppm, . This translates into a capture efficiency greater than 99.90 percent.

Westinghouse conducted filter performance tests on a 15-element cross-flow fiter’8ystem.  The filter system
was processing theffluent from a subpilot-scale 10-MW (thermal) PFBC. Particulate grab and impactor
samples were taken over a 50-hr. and 30-hr. perespectively.Both samplingproceduredypically
indicated loadings under 6 ppm , corresponding to 0.004 Ib of particulate per million Btu of fuel consumed.
Efficiencies were typically only slightly better than 99.1 percent due to low filter inlet loadings.

Schiffer et al. conducted a seriessufulated and actual candle filtekposure tests over a range of
temperatures, pressures, dust-loading and filter-cleaning paratheters. Over 5000 hours of exposure wer:
conducted. Testing at times simulated PFBC conditions, but was often conducted at temperatures lower thar
typical PFBC temperatures and at atmospheric pressure. Collection efficiency was always greater than 99.71
percent, even for the low inlet loadings. The average efficiency was 99.85 percent for the five measurements
performed, with outlet loading always less than 1 ppm .

Westinghouse also conductedesat program irwhich a single candle-type filtevas subjected to 2005
cleaning cycles under simulated PFBC conditidns. In this test, the filter element was subjected to a range
of process variables including face velocity, dust concentration, pulse source pressure, and pulse duration
In thistest, both theandle filter element anthe gasketing anfilter hold-down assembly were subjected

to repeatedhermal cyclesDust outlet concentrations were measuredsbkinetically samplinghe gas

stream. The sampleghs was passed through an absdilier. For the 19 reportetheasurements, the
average collectioefficiencywas 99.45 percentyith an averageutletloading of10.9 ppm, . Ten of the
measurements for outlet loading were at or below 5 opm . The large variation in outlet loading is attributed
to filter element sealing issues.

In 1990,American ElectridPowerServiceCorporation, through a cooperative agreenvdttt the U.S.

DOE, awarded the WestinghouSeience & Technology Centercantract toinstall aHTHP advanced
particulate filter (APF) on a one-seventh flow slipstream from the Tidd 70 MWe PFBC. The Tidd PFBC
CCT Demonstration Project, in Briliant, Ohio, ogedifrom late 1990 through March 1995. At the time,

this was the largest HTHftter testever conducted. During th&PF operation 34 discrete operational
periods were conducted with over 5800 hours of accumulated opeBaiaral of these operational periods
accumulated over 400 hours of continuous operation. The filter design tisesck@st is similar to the design

shown in Figures 3 and 4, but with only three clusters and three plenums per cluster. This assembly contains
384 candle filter elements of 1.5-meterdéh. The filter processed approximately 7600 actual cubic feet per
minute of PFBC exhaust gas. As part of a study to assess the hazardous air pollutants emitted from the Tidc
plant, Radian Corporation was contracted to conduct particulate sampling at the inlet and outlet of‘the APF.
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Samplingwas conducted in triplicat®ward theend of run numbet8, a 443-hour continuous test of the

APF. During each sampling period on the outlet of the APF, over 1300 dry standard cubic feet of gas was
collected. As aesult of thissamplingthe WestinghousAPF was found to have a particulate collection
efficiency of 99.993 percent.

In an effort to further characterize the particulate capttfreencies of pilot-scalbarrier filter systems,
additional measurements are planfled. These measurements will continue to establish the particulate captur
performance of fully integrated filter systems and to provide an understanding of the chemical and physical
properties of the char or ash derived from the IGCC and PFBC power systems.

Conclusions

IGCC and PFBC power systems will provide the technology for the contyaurestation of reliable and low-

cost electricity. Theability of these advanced coal-baggalver systems to achieviese goals is made
possible, inpart, through the use @fdvanced turbine systems. The use of advanced turbines and the
deployment of otheefficiency-enhancememiptions in these advanceawersystems has been enabled
through the use of particulate-control technology. In addition, barrier filter systems have clearly demonstrated
particulate capturefficiencies significantlygreater tharexisting NSPS. Thesdilter systems offer the
potential to meet or exceed future regulations regarding particulate emission.

To bring this technology to fruition, the U.S. Department of Energy, through the Federal Energy Technology
Center, will continue toupport the development and deployment of these advanedédbased technologies.

This approach to developing adeéploying cleaner, more efficient, and cost-effective power systems for
the continued utilization of fossil fuel is consistent with the national energy strategy.
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Figure 1. Particulate loading and size distribution guidelines for gas turbines and NSPS.
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Figure 2. Block flow diagram of the Pifion Pine CCT process.
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Figure 3. Conceptual design of the Westinghouse Advanced Particulate Filter.
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Figure 4. Westinghouse Advanced Particulate Filter design for the Pifion Pine CCT project.
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Figure 5. Block flow diagram of the Lakeland CCT process (Topped version).
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Figure 6. Block flow diagram of the Polk Power Station CCT process.
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