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R on imported oil. In particular, key int-
esearch, development, and tiatives target more effective conser-

demonstration eflbrts in Clean Coal
vatlon of energy; accelerated use of

Technology are driven by national
renewable enerK¥ smwces; expanded

objectives related to both the econ-
utilization of natural gas; mainte-

orny and the environment.
nance of the nuclear enerkW option;

Throughout the industrial world, tile and optimal use of coal, which ac- Proven U.S. Fossil Energy Reserves

availability of reliable, low-cost counts for over 94 percent of proven

energy supplies Is a major determi- domestic fossil energy reserves.
6000_ 54_0

nant of economic competitiveness l

and quality of life. Relatively low Environmental Goals _ 500o}

ener&'v costs enable a nation to pro- At the same time, significant efforts m _i

duce goods and services that compete are being made at the federal, state, _._ 4000

favorably ii1 both the domestic and and local levels to enact and enforce _ 30001

international marketplaces. Strength environmental protection measures. _ 20001
in the global market, in turn, lbsters Strategies for utilizing all lorms of

growth across all sectors of a nation's enerk_/must support the national

economy, increasing employment conmlitmenl to achieving a cleaner

opportunities and standards of living, environment. Coal-based power

In the United States, fossil fuels -- generation, specifically, is subject to
the provisions of the Clean Air Act

coal, petroleurn, and natural gas --
Amendments of 1990 and other

have been central in filling the need

for reliable, low-cost enerKW for more regulations. A Coalisthenation'smostabundant

than a century, Today, fossil fuels The U.S. Department: of Energy, domesticenergyresource,constltut-

remain the enerKy mainstays of the Office of Fossil Energy, has strut- ingover94percentof provenU.S.
fossilenergyreserves.Ournation's

United States, supplying almost 90 tured an integrated program tor recoverablecoalreservesarethe

percent of the nation's prima W research, development, and demon- energyequivalentel aboutone

enerKW consumption, stratton of clean coal technologies trillionbarrelsofcrudeoil.
Source:EnergyInformationthat will enable the nation to use its
Administration(AnnualEnergyReview

Economic Goals plentiful domestic coal resources 1992,June1993)

Ensuring reliable supplies of low-cost while meeting environmental quality

energy in the future has been the requirements. The program provides

focus of numerous legislative and the basis lor making coal a low-cost,

policy initiatives of the U.S. govern- environmentally sound energy choice

'_ ment. These initiatives encourage lor electric power generation and

more effective use of domestic energy fuels production.
resources and reduced dependence



Power Generation the behavior of coal-fueled systenls, stage through systems analysis and

In power generation, clean coal tech- and develops the means to overcome engineering development eflbrts.

nologies will enable the coal-fired technological barriers that impede These activilies translate theoretical

plants of the future to produce low- the realization of systmn goals, understanding into the prelimina .ry

cost electricity with minimal environ- Research

mental impact, high efficiency, and areas include

RD&D efforts in clean coal technologyhigh reliability. advanced

Fuels Production inaterials, are driven by national objectives
In fuels production, clean coal iech- biotechnology, related to both the economy and the
nologies will be capable of producing and the physi- environment.
secure domestic supplies of clean liq- cal and chemi-

cal properties
uid transportation tuels, chemicals,

of coal systems. Collaborative design of systems and processes,
ancl other products that (.'an compete

with petroleum-derived products, research between academic institu- address key questions about the
tions and industry plays an impor- behavior and properties of the sys-

thereby reclucing the nation's depen-
tant role. terns and processes, and determine

dence on imported oil.

Crosscutting Technologies ways to predict and model behaviors

The Coal RD&D Program In addition to crosscutting applied over a wide range of conditions. At

The cHal RD&D program spans the research, crosscutting technology this scale of development, the major-

full cycle of technolokW development, development activities are also per- ity of costs are assumed by the fed-

as illustrated in the "Clean Coal formed. These activities are grouped eral government, due to the relatively

RD&D Logic Diagram" below. The into four different coal technology, high technical risks of the early

program consists of the lbllowing program areas: coal preparation, stages of RD&D.

elements: alternative fuels utilization, flue gas Proof-of-Concept Tests

Base Research cleanup, and waste management. POC tests are perlbrmed to confirn_

Base research focuses on the devel- I)evelopments in each of these cross- the validity of system concepts, and

opment of enabling science and teeh- cutting lcchnologies are of benefit to to provide the data necessary tor

noloKW critical to the development of virtually all advanced power systems commercial-scale demonstrations. As

advanced power systelns and fuel and tirol systems, technologies mature to POC scale,

systems. The program advances the Systems Analysis and Engineering less promising lines of development

scienlific and te('hnical knowledge Development are phased out, and private industry

required to understand the physical, Promising technologies are adwmced assunms a progressively larger share

chemical, biological, and thermo- to the proof-of-concept (POC) test of development costs.

dynamic mechanisms that control

Clean Coal RD&D Logic Diagram

Base J [ Crosscuffing ]
Research Technologies

100%
Technology cost-share

transfer
/ 50% or

i, Technology ITechnology | /N greater

transfer [transfer / I[ _ cost-share < The DOEC0al RD&DProgram20% or I 25% or / I I
greater | Z_ greater | II involvesprivateindustryatevery

r __._ cost-share _' II c°st'share _ II stageoftechnologydevelopmentin

I- IPrivate Industry order to facilitate progressfrom the
laboratory to commercial use.

Near-term =- _ Mid-term



Technology Demonstration

Once a technolo_O' passes the POC

stage, an industry partner can be

selected via competitive procurement Crosscutting Technologies
to demonstrate the technology at or
near tifll commercial scale. For these

_ Flue

large-scale demonstrations, a signifi- Coa!..................... Gas.
cant cost-share, normally 50 percent

or greater, is assumed by private i
industry. Demonstration activities I i

are currently being perlbrnled under _I ..... _ .........j
the DepartInent of Enerk,'y's Clean

Coal Tecl-mology Demonstration pro-
A Crosscuttingtechnologydevelopmentactivitiesareperformedin

gram for systems that show the fourdifferentcoaltechnologyprogramareas:coalpreparation,
greatest potential for liflly meeting alternativefuelsutilization,fluegascleanup,andwastemanage-

technical azzd market requirements, ment.Thesetechnologiesbenefitmorethanoneadvancedpoweror
coal-basedfuelsystemunderdevelopment.

The demonstrations yield the techni-

cal, environmental, economic, and

operational data needed by the pri-
vate sector as the basis Ibr sotmd

and confident decisions about using

the technologies.

The Role of Private Industry

At. every stage, priwlle industry has a

strong role in conceiving, directing, U.S, Electricity Generation by Utilities, 1950-2010

and implementing coal RD&D activi-

ties. Private industry involvement 4000 ;.- j

generally begins at the systenls i _--Petroleum

analysis and engineering develop- 3000 , NaturalGas
meni sta_e. Research and develop- _ I
ment at this stage rnay be perlbrnled _ !

" 2000 t /,- - ,,t- Coal
under DOE sponsorship at private, o

university, or _overnmeni research

facililies, with the industry partners 1000
typically contributing 20 percent or _--- Nuclear

_,reater share of costs. The industry _ .... Hydro/Other

cost-share increases to 25 percent or o

_re,ater at the POC test stage. Projects 1950 1960 1970 1980 1990 2000 2010
selected fol"conlnlercial-seale denlon- Year

stration under the Clean Coal

TechnoloKv Delnonstration PrograIn A Since1950,coal-basedelectricitygenerationbyU.S.utilities
hasincreasedabouttenfold,fromapproximately150billion

must have at least a 50 percent cost- kilowatt-hoursin1950toover1.5trillionkilowatt-hourstoday.
share participation by private indus- Undercurrentprojections,theuseofcoalforelectricitygeneration

try.'.The industry partners are often isexpectedtocontinuetoexpandthroughtheearlydecadesofthe

granted patenl rights lot inventions nextcentury.Bytheyear2010,iftherearenochangesincurrent
energypolicies,nearly2.0trillionkilowatt-hoursofelectricity

developed during demonstrations, couldbegeneratedannuallyfromcoal.



Environmental Performance from 3.0 trillion kilowatt-hours in The use of petroleum within the U.S.

Growing demand for electricity, 1990 to as much as 4.2 trillion has Increased dramatically over the

coupled with increasingly strict emis- kilowatt-hours in 2010. and to more past 40 years, and is expected to con-

signs standards, creates the need for than 5.8 trillion kilowatt-hours tn tinue to rise into the next century.

coal-based power systems with sub- 2030. Coal-fueled power plants are The growing dependence of the U.S.

stantially improved environmental expected to continue to provide about on imported oil raises concerns about

performance, half of the nation's electricity from energy security, and also worsens the

Because of its abundance and low now through 2030. Clean coal tech- nation's international trade deficit.

cost, coal now accounts for about 56 nologies will be essential in enabling The cost to the U.S. for imported
the U.S. to expand coal-fueled electric crude oil. currently about $48 billionpercent of the electricity generated in

the United States, and ['or over 20 power generation while meeting envi- per year, could increase to almost
ronmental standards. $75 billion per year by the year 2000.percent of the nation's primary

By the year 2010. the cost could
energy. Domestic Fuel Production

exceed 8;100 billion annually.*
Coal is expected to continue to have a Clean coal technologies can be used

Clean coal technologies such as ltq-
major role in meeting U.S. energy to produce domestic substitutes for

uefaction processes can transform
requirements. According to current imported petroleum-based products.

projections, even with aggressive con- In addition to its importance in fuel- coal into a liquid fuel for transporta-
sercation measures and sizable tion uses and other applications.

lng electric power generation, coal Current RD&D efforts are focused on
expansion in the use of renewable also has a potentially valuable role as
energy and natural gas, coal use will developing systems that will produce

a domestic source of liquid fuels, clean-burning, coal-derived liquid
increase significantly by 2010 to keep chemicals, and other products thai
pace with our nation's energy and fuels at a cost that is competitive

could serve as replacements for with petroleum prices, to provide the

economic needs, imported petroleum-based products. U.S. with an economically viable and

The increasin_ use of coal will be Petroleum currently provides more environmentally acceptable alterna-

(Iriven largely by growth in demand than 40 percent of U.S. primary live to imported oil.
for electric power, Total consumption energy needs, and supplies over 95

of electlqcity in the U.S., including percent of the energy used for U.S. *Figuresin1990dollars.Source:TableD8,Energy
power from both utility and non- transportation. InformationAdministration0383(93),
utility producers, is expected to rise

U.S. Petroleum Production and Percentage of U.S. Oil Consumption
Consumption, 1970-2010 Supplied by Net Imports, 1970-2010

25 Projections 10o Projections
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-&Sincethemid-1980s,theamountofpetroleumconsumedinthe A In1990,crudeoilimportsaccountedforover40percentof
UnitedStateshasincreased,whiledomesticpetroleumproduction domesticpetroleumuse.Theuseofimportedoilisexpectedto
hassteadilydeclined.Source:EnergyInformationAdministration increaseintothenextcentury.Source,EnergyInformation
(AnnualEnergyOutlook1993) Administration(AnnualEnergyOutlook1993)
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Policy and Marketplace Drivers

I_e These missions have been largely
deral policies and marketplace determined by lbur driving torces:

reqtfirements determine the mission
• Federal energy policy initiatives.

of the clean coal technologies RD&D

program. • Federal environmental policy
initiatives.

The coal RD&D program of the U.S.

Department of EnerkW is designed to • U.S. marketplace requirements.

accelerate tile • Potential applications in the global

progress of marketplace.
Growing demand for electricity, clean coal

coupled with increasingly strict technologies Federal EnergyPolicyInitiatives

emissions standards, creates an from the Title XIII of the Energy Policy Act of

a_,_Xr advanced coal- laboratory to 1992 states that DOE shall "conducturgent

_eed

the market- programs lor research, development,

based power systems, place. The demonstration, and commercial

program application in coal-based technolo-

consists of two main components: gies." This authorizing legislation

Advanced Power Systems and reinforces the missions for Advanced
Power Systems and Coal-Based FuelsCoal-Based Fuel Systems.
Systems, in that it sets goals of

The Advanced Power Systems
increasing U.S. energy efficiency,Mission:

To accelerate commercialization of securing reliable electricity and
energy supplies, enhancing environ-

affordable, highly efficient, low-
mental quality, and fortil}iing U.S.

emission, coal-fueled, electricity-
preeminence in energy research.

generating technologies.
The RD&D eflbrts in clean coal tech-

The Coal-Based Fuel Systems
nologies described in this ProgramMission:
Plan further these goals in several

To support the development and
advance the commercialization of important ways. First. the efforts

tbcus on significantly increasing the
clean, cost-effective coal processing

technologies for production of coal- efficiency of coal-based power genera-
tion and minimizing associated

derived fuels, chemicals, and other
environmental emissions. They also

products for the transportation,
enable the use of coal as a domestic

utility, commercial, and residential
source of alternative transportationsectors.
fuels, chemicals, and other products

to replace imported-petroleum-based

products, Finally, clean coal tech-

nologies initiatives further fundamen-

tal science and engineering research
in the United Stales.
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Federal Environmental Policy regulate the _ility industry. In 1978, • Limit utility SO 2 emissions in the

Initiatives Affecting Power the NSPS were amended, with more U.S. to approximately 8.9 million

Generation stringent emissions standards for tons per year by the year 2000.

Federal environmental standards are utility boilers constructed after 1978. • Reduce animal utility NOx emts-

another key driver of clean coal tech- These NSPS limits did not set boiler signs in the U.S. by approximately

nologies RD&D. In particular, many emissions limits in terms of absolute two million tons from 1980 levels.

of the RD&D efforts address the tonnages, but instead based emis-
Under the Amendnmnts, utilities will

needs of electric power producers in signs ceilings on the amount of heat
be assigned system-wide absolute

meeting requirements of the Clean released by

Air Act. These requirements, which the fuel con-

apply to both existing and new coal- sumed in the Federal policies and marketplace
fired power generation plants, man- power phmt: requirements determine the mission
date the reduction of atmospheric the greater the

the clean coalemissionsof_.lf.r d_oxide(SO_)and amountof OJ _ecnnotog,tes
nitrogen oxides (NOx), two gases heat generated RD&D program.
identified as precursors to acid rain. in the boiler,

Other clean coal technologies RD&D the greater the allowable emissions of
sulftw dioxide emissions caps, based

efforts address air taxies emissions. SO 2 and NOx. The annual emissions
on the megawatt capacity of the sys-

In addition, due to their superior sys- limits for SO 2 and NOx were not
teln and type of fuel consumed.

tern efficiencies, clean coal technolo- absolute, but instead depended on Utilities that do not meet their sulfur
lies will enable substantial reduc- the amount and kinds of fossil fuels

dioxide emissions caps can come into
tiolls in carbon dioxide emissions, consumed tar that year.

compliance in a number of ways: by
These technologies also minimize the Title IV of the Clean Air Act
generation of coal-derived solid changing to a lower sulfur-content

Amendments of 1990 changed the fuel from a different source, or one

waste, basis tbr calculating allowable produced by benefieiation of the

Reduction of Acid-Rain-Forming nationwide emissions of acid-rain- existing tirol supply; by retiring high-

Gases related gases. The intent is to: emissions generating units in lhvor of
Governmental regulation of acid-rain-

• Reduce annual utility SO 2 ends- power purchases from other utilities;
lbrxning gases was first formalized by

signs in the U.S. by ten million by installing post-combustion flue
the Clean Air Act of 1970, which

tons from 1980 levels, gas scrubbers on selected generating
introduced the concei)t of New Source

units; by repowering one or more

Performance Standards (NSPS) to high-emissions units with advanced

low-emissions technologies such as

Potential Capacity Additions with CAAA Sulfur Limits* fiuidized-bed combustion or coal

gasification (,ombined cycle; or by

100 purchasing "emissions allowance"

credits from any utility that already

90 betters its own sulfur dioxide emis-

sions requirements.
_; 80
o

7o

e. 60
o

"o < The CleanAirActAmendmentsof 1990limit
"o 50
< sulfur dioxide emissions to 8.9 milliontonsper

.-_ 40 yearafter2000. Basedon currenttechnologythat
o wouldoperateatNSPSemissionslevels,only
o. 10,000megawattscouldbeaddedto U.S. gener-

(_ 30 |

¢.) atingcapacitywithoutexceedingthis limit. In
contrast,clean coaltechnologiescandeliver

20 muchgreatercapacityandstillnot exceedthe
sulfurdioxidelimit.

lo i !
_--' ...... " A combinationof efficiencyand desulfurization

Uncontrolled NSPS 113 114 1/10 Ultra-High capabilitydeterminesallowedcapacityadditions.
Old Plant Plant NSPS NSPS NSPS Efficiency

Plant Plant Plant Plant



Reduction of Air Toxics to meeting the environmental require- Federal Environmental Policy

In addition to acid-rain-related gases, ments governing power-generating Initiatives Affecting Liquid Fuels

the Clean Air Act Amendments of utilities. A number of clean coal tech- Federal environmental policies also

1990 cover the control of air toxics, nologies will offer more efficient, affect RD&D efforts related to sys-

Title III of the Amendments targets lower-cost alternatives to conven- terns tbr the production of coal-

reductions in atmospheric emissions tional scrubbers and other traditional derived liquid fuels. Transportation

of 190 toxic pollutants from indus- emissions-control methods. These fuels from coal, used either as refin-

trial sources. The United States traditional controls, which are gener- ery feed or without additional proc-

Environmental Protection Agency will ally built as facility additions to essing, will have to meet post-2000

conduct a study of utility air toxics power plants, reduce emissions by standards of the Clean Air Act, and

emissions and will promulgate new cleaning up the flue gases produced may be subject to other future fuel

regulations if appropriate, during combustion. Because these specifications promulgated by the

Reduction of Carbon Dioxide controls add to the expense and corn- Environmental Protection Agency. i

Emissions of carbon dioxide, a green- plexity of the power plant and reduce Post-2000 standards tor transporta-

house gas, are not currently regu- its efficiency, they result in increased lion fuels are not yet formulated, but
lated in the United States. If control electric power costs to consumers. In are expected to be more stringent

requirements are imposed on CO 2 in addition, traditional controls produce than those proposed by the Clean Air
solid and liquid wastes that require Act. Title It of the Clean Air Act cov-the future, clean coal technologies

would provide power-generating disposal, ers mobile sources of pollutants with
tltilities with the basis lbr effective Advanced Controls the intent of legislating fuel changes

approaches lor reducing these emis- In contrast, advanced power systems that will result in reduced hydrocar-

signs. Specifically. since CO2 forma- using clean coal technologies lbcus bon and carbon monoxide emissions.

lion is inversely related to power on total system improvements that The Clean Air Act Amendments of

plant efficiency, the replacement of will yield far lower emissions and, at 1990 specifically require reformulated

aging, lower-efficiency power plants the same time, far higher efficiencies, gasoline lbr nine high ozone non-

with advanced, high-efficiency power Since increased efficiency means that attainment areas, and fuels contain-

systems of equal capacity would the power plant will produce more ing oxygenates for carbon monoxide

result in significantly lower atmos- electric enerKv per ton of coal burned, non-attainment areas. Other pro-

pheric emissions of CO 2. each step up in efficiency not only posed requirements are reduced

Traditional Controls conserves 1ilel, but also reduces vapor pressure lor gasoline to limit
emissions and wastes. In addition, vapor emissions, and stringent sulfiw

Clean coal technologies RD&D sup-
clean coal technologies will reduce restrictions and a minimum cetane

ports the development of practical,
waste disposal requirements by pro- number for diesel fimls.economical, and effective approaches
duclng solid wastes that are mar- To meet expected Clean Air Act stan-

ketable by-products, dards, fuels produced from coal must

Relative Dependence of CO 2 result inlower emissions on use than
Emissions on Power Plant Efficiency existing petroleum-based timls. The

(35%=Unity) processes for producing these fuels

1.4 lnust also be environmentally benign
.o 1.3 in terms of gaseous, liquid, and solid

._ 1.2 waste emissions. One goal is to
E 1.1
m develop highly eMcient processes and

¢OO1.00.9 coproduction techniques that will
0_

0.8 minimize CO_ emissions in the pro-
0.7 duction of coal-derived fuels.

n- 0.6

25 30 35 40 45 50 55 60 New Source Performance Standards

% Efficiency Particulates SO2 NOx

0.03 pounds per 1.2 poundsper 0.6 pounds per
A Thehighertheefficiencyofapower million Btu millionBtu*and million Btu*
plant,theloweritsrateofcarbondioxide 90 percent reduction
formation.Asanexample,a 100-megawatt in potentialemissions
powerplantof50percentnetefficiencywill

emit30percentlessC02thana100- * Exceptionsapply for certain fuels.
megawatlpowerplantof35percentnet
efficiencyfhatusesthesamefuelsupply.
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U.S. Marketplace Requirements Commercial availability of aclwmced make clean coal technologies attrac-

U.S. marketplace requirements power systems technologies in the rive in the United States will apply in

continue to be a central consideration United States is targeted tbr early in many other regions of the world.

in determining the mission, strateKv, the next century, a period when Worldwide energy demand is

and structure of the coal RD&D replacement of aging power genera- expected to rise dramatically over the

program, lion facilities is expected to acceler- next two decades, particularly the

ate, and when substantial new demand for low-cost electricity in
Advanced Power Systems

baseload capacity additions are developing nations and Eastern
In power generation, the focus is on

demonstrating systems that will anticipated. Europe. Coal, which makes up 70

enable utilities to meet stringent Fuel Systems percent of the world's proven fossil

environmental requirements while RD&D eflbrts in liquid fuels are energ.W reserves, is likely (o be the

keeping electricity prices stable. The aimed at developing systems that can primary fuel source for many nations.

new systems must produce signifi- produce coal-derived transportation Clean coal technologies offer a means

cantly lo_er emissions of acid rain fuels, chemicals, and other products to mininllze the environmental

gases and air toxics species than the that will be cost-competitive with oil- impact of economic growth or previ-

present generation of coal-fueled derived products. Cost is currently ()us environmental neglect. In addi-

power plants. They must also corn- the single major obstacle to lntroduc- tion, by accommodating low-grade

pete economically with the current tion of these fuels in the U.S. energy domestic coal, these technologies

generation of pulverized coal power supply sys-

plants. Advanced power systems tern. Other key Coal makes up 70 percent of the
technologies are beillg developed not inarketplace

only for new capacity additions, but considera- world's proven fossil energy reserves,
also for repowering of existing phmts tions, such _,s and significant international

through the replacement of major the integration demand for clean coal technologies
subsystems, such as boilers, of coal-derived

is projected in the near future.
In comparison with current coal- fuels within

fueled power plants, the higher effi- existing fuel

ciencies of advanced power systems refinery, transporlation, and enable nations to increase their fuel

will contribute to both environmental distribution systems, are addressed llexibility and self reliance.

performance ilnprovements and lower by the systems under development. The growing demand for enerkW, cou-

overall lit_ cycle costs. Reductions in Potential Applications in the pied with increasing environmental

capital costs are also targeted Global Marketplace concerns, will create a sizable global
market tbr clean coal technologies.

through efforts to simplify process While the focus in both advanced

design, increase the modularity of power systems and fuels systems is Projections are that, through 2010,
this world market will total between

plant design, and reduce power plant on domestic U.S. applications, it is
$270 billion and $750 billion.

land area requirements, important to recognize that signifi-

cant international demand for clean As the current world leader in clean

coal technologies is projected in the coal technologies development,

near future. The same dynamics thai demonstration, and production, the

U.S. is positioned to serve a large

Potential for Worldwide CO 2 segnlent of the export market lbr

Reduction these technologies. Exporting clean

coal technologies could also enable
35000

[_ Base Case the U.S. to increase the value of its
Q) CO 2 Emissions>" 30000 _/_ annual coal exports from $4.5 billion
"-_ /
O ,/ 1 Clean Coal today to between $13 billion and $18

0 25000 / Technology billion by 2010.
j_

• / CO 2 Emissions
cc 20000 /'_ < If all power producerswereto usecleancoal0
I-. /' technologies,globalcarbondioxideemissions
c 15000 couldbecutbymorethan half,comparedwith.2
,=- the levelsthatwouldbeproducedby
_E 10000 existingpowerplanttechnologies.

5000 J i 0I t2000 2025 2 50 2075 "1 tonne=l10 tons
Year



Program stru,-ture an¢! Objectives

C Cost-shared development of clean
lean coal technologies RD&D coal technologies is accomplished at

combines the efforts of government, several different levels. DOE sponsors

academia, and private industry, the research and development of

The U.S. Department of Energy has a many potentially promising areas:

mission to advance the commercial- these initial efforts may be in the
tzaiion of new clean coal technc, logies tbrm of in-house research, or con-

that have the highest efficiency, low- tracted/cooperative activities with

est enalssion characteristics, and low- industrial and utility groups, national

est cost of all alternatives available, laboratories, and universities. As

To accomplish this mission, DOE has technologies begin to mature, less

structured an integrated research, promising lines are discarded, and

development, and demonstration pro- the most promising technologies

gram that involves the coordinated progress through proof-of-concept

efforts of government, industry, and testing to commercial demonstration.

academic organizations. The RD&D The industrial cost-share increases

program involves private industry in at progressively larger scales of

cost-shared development of advanced development.

power and liquid fuels systelns. In addition to its responsibility [br the
These partners help to ensure that

RD&D program, DOE has a role in
coal RD&D is directed toward flflflll-

promoting the export of coal and
ing the ultimate requirements of the

clean coal technologies by U.S.-based

marketplace, industries. Key activities include sup-

plying market information to U.S.

companies, supporting feasibility

studies, ancl conducting overseas

technology demonstrations.

DOERESEARCHGOALSiOR CLEANCOALTECHNOLOGIES

ADVANCEDPOWERSYSTEMS

0 Bytheyear2000: Demonstrateanadvancedcoaltechnologywith 42 percentor greatersystemefficiency.The
systemmust alsocontrol sulfur dioxide, nitrogenoxides,andparticulatesto lessthan one-third of thecurrent New
SourcePerformanceStandards(NSPS)set by the CleanAir Act Amendmentsof 1990.

0 Bythe year2005: Demonstratesystemswith efficienciesof at least47 percent,whilecontrolling sulfur dioxide,
nitrogenoxides,and particulatesto lessthan one-quarterof currentNewSourcePerformanceStandards.

• Bythe year2010: Demonstrateadvancedcoal-firedpower systems with morethan 55 percentefficiency,while
controlling sulfur dioxide,nitrogenoxides,and particulateemissionsto lessthan one-tenthof the NewSource
PerformanceStandards.

0 Bythe year2015: Demonstratesystemswith efficienciesof more than60 percent,while controlling sulfur diox-
ide,nitrogenoxides,andparticulateemissionsto lessthan one-tenthof the NewSourcePerformanceStandards.

All of thesesystemsmust becapableof producingelectricityat a 10 to 20 percentlowercost thancurrently avail-
ablepulverizedcoaltechnologythat wouldmeetthe sameemissionstandards.

FUELSYSTEMS

0 Bythe year 2010:Demonstrateadvancedconceptsfor thecleanand safeproduction of coal-basedtransporta-
tion fuels,chemicals,andother productsthat cancompetewith petroleum-derivedproducts,at a cost of lessthan
$25 per barrelof oil equivalentin 1991 dollars.



Advanced Power Systems Detailed descriptions of the seven Building-Block Technologies

Development advanced power systems are provided The adwmced power systems being

To meet the varying needs of power in this Program Plan. Each descrip- developed urtder DOE sponsorship

producers, DOE is active tn the tion Includes program goals, a dta- have a number of technical thai-

research, development, and demon- gram of program elements inter- lenges in common. These challenges

stration of a number of advanced action, a system components diagram are being addressed through work

power systems. These systems, which with a technology description, a on "building-block" technologies:

include both coal-combustion-based development cycle timeltne, a major advanced combustion, advanced

and coal-gasification-based technolo- activities description with a map gasification, hot gas cleanup,

gies, have dtfDrent emissions and showing geographic distribution, advanced furnace/heat exchanger,

efficiency characteristics and will and a milestone chart, advanced turbines systems, flue gas

become commercial in difl'erent time cleanup, and waste management.
frames. Fuel Systems Development

Coal-based
The seven power systems under

fuel systems Clean coal RD&Ddevelopment by DOE are: " _ecnnotog_es
provide a

• Advanced Pulverized Coal (APC) broad spec- combines the efforts of government,
Systems trum of fuels, academia, and private industry, in an

• Indirectly Fired Cycle (1FC) including integrated research, development, and
Systems specification

• Direct Coal-Fired Heat Engines transportation demonstration program.
(DCFttE) Systems fuels, alterna-

• Pressurized Fluidized-Bed rive fuels such as methanol, slurry Similarly, several building-block tech-
boiler fuels, and industrial value-

Combustion (PFBC) Systelns nologies are key to fuel systems
added products. Several differen!

• Magnetohydroclynamics (MHD) development: advanced gasification/
approaches to coal-based fuel sys- pyrolysis, gas separation/cleanup.

Systems terns are being undertaken by DOE to
reaclor systems/calalysls, and prod-

• Integrated Gasification Combined support this diversity of products and
uct upgrading.

Cycle (IGCC} Systems to enable the economic

• Integrated Gasification Fuel Cell integration of coal-based fuels into Progress in any of the buildillg-block

(IGFC) Systems. the U.S. ftml supply and distribution technologies can yield improvements

Advanced power systems are pro- system, in the efficiency, environmental per-- formance, and life cycle costs of mul-

jected to have substantially better Processes under development by tiple advanced power systems or fuel

emissions and efficiency performance DOE include: systems. Coordination of RD&D

than current coal-fired systems. By , Direct Coal Liqtmfactiori Systems efforts in these technological areas

reducing sulfur dioxide and nitrogen , Indirect Coal Liquefaction Systems contributes to the most effective pos-
oxide emissions, clean coal technolo-

gies have the potential to make coal- • Hydrogen/Synthesis Gas Systems sible use of funding and otherresotlrces.
fired power plants nearly as clean as • Mild Gasification Systems.

plants that burn natural gas. These Del'_filed descriplions of fuel systems

technologies will also enable coal- technologies are provided in this

fired plants to be jtlSt as efl'icienI as Program Plan. Each description

natural-gas-fired plants, includes program goals, a diagram of

program elements interaction, a sys-

tem components diagram with a tech-

nolokw description, a developInent

cycle Iimeline, a inajor activities

description with a map showing geo-

graphic distribution, and a milestone
chart.



In several cases, including advanced

gasification, building-block technolo-

gies are relevant to both advanced

power systems and fuel systems. This

commonality between advanced

power and fuel systems has comnler-

cial as well as technological develop-

lent implications. There is signifi-

cant market interest in several sys- Building-Block Technologies

terns that combine power and fuel for Advanced Power Systems

production into multiproduct sys--

terns. Economi(" analyses indicate I
I

that since these systems may be I

more advantageous t,_an sill_le- ]
Iproduct systems iri certain inslances,

they may be alllOllg the first comnler- [ ....

• ,- mm [ mm mmcial applications of clean coal

le(,hIloio_ies, ill 1
•° m m m mm m>,)

Self-Assessment of Ongoing o0 ) ..............

"- DCFHE m m mProgram Plan Activities

SHl-assessnwnt plans l-lave been _, ..........

0 ....................
achievin#4 Pro._ram t'lan _oals and ,-

>t_ MHD m m m m
objeclives whlh' ensurinff compliance "o

wilh I)OE Envirolullenhi], Salt'ly and ,l( ..........'ooo m m m m
l leallh (ES&tl). and S:lfe_uards and

i

St.'('lirilv (S&S) reqliirement s. These IIGFC m
l)hins are oliEoin_ t)roce'._scs for iden- ) [

tll_,in_2 ES&tt and S&S dclicielicies.

dt_tPl'IllilliIl_ r()o[ ('_ttlS('s, t'llStlrill_

lllltl ('orre('tive ;A(,|iolis arP taken, i111(]

Building-Block Technologies
(,ommuni(.atiil_ the trends and for Fuel Systems
h'ssons lcarllcd. Responsibiiiih, s lor

-it

inlplcnlelllin_ and appr;lishl_ lhe /

_ l .@i

I)OE tlcadqtlarlcrs ilil(I lield (ir_{iili- _-. .....

Z(tliOIIIlKIiI_I_OlllOIII. (#) Direct i i I m m !

'"<"":' ' m....._j_m n _
Synttlelilll (ills/ m

_> IN ' II '

A DOEeffortsfocusontheadvancementof building-
blocktechnologiesthatwill formthe bz :isfor
advancedpowersystemsandfuelsystensutilizing
clean coaltechnologies.



I installed value of approximately $700
mportant milestones have been million (1990 dollars), are directly

reached in a number of coal RD&D related to the R&D work done in the
programs, as technologies near the DOE program.
point of commercial availability.

DOE willcontinueitseffortsto Direct Coal-Fired Turbines and
Diesels

accelerate the commercialization

of efficient. For the past decade, the Department
of Energy has sponsored projects toenvironmen-

bnportant milestones have been tally sound develop diesel and gas turbine

reached in a number of coal RD&D advanced engines capable of operating on low-
cost. coal-based fuels. The program

programs, as technologies near the powersys-temsand began as an exploratory effort and

point of commercial availability, coal-based grew into a proof-of-concept (POC)

fuel systems, program that has included major

building on the foundation of its suc- U.S. manufacturers of both diesel

cesses in research, development, and engines and turbines. The turbine
manufacturers have included Allison

demonstration, Important commer-
cial or near-commercial milestones Gas Turbine Division of General

have been reached in a number of Motors. Solar Turbine Incorporated,
and Westinghouse Electric

programs, including:
Corporation. Diesel manufacturers

Atmospheric Fluidized-Bed have included General Electric and

Combustion Cooper-Bessemer under subcontract

The Department of Energy's AFBC to Arthur D. Little. (POC) systems

program initiated the concept of operating on coal-water slurry fuel

burning high-sulfur and/or low- have achieved power outputs ranging

quality fuels (like gob and culm, from 2 to 5 megawatts, with combus-

wastes fronl the mining of bItumi- tion efficiency of over 99 percent.

nous and anthracite coals) in AFBCs. Potential applications for these

After technical feasibility was proven, engines range from transportation

contracts were awarded that allowed (locomotive and marine uses) to

a number of boiler companies- industrial, cogeneration, and uttllty

including Foster Wheeler, systems.
Combustion Engineering, Tampella

Keeler (initially Dorr-Oilver), and Phosphoric Acid Fuel Cells

FluiDyne -- to introduce their initial Fuel cells, because of their high elec-

AFBC products into the commercial trical conversion efflciencies and
market. Foster Wheeler has licensed superior environmental pertbrmance,

its AFBC technolokw to four offshore are attractive energy conversion

companies. Work sponsored by DOE devices. DOE and its predecessor
at Battelle resulted in licenses to agencies have funded the develop-

Riley-Stoker Corporation, Foster ment of fuel cells since the 1970s.
Wheeler UK, Struthers-Wells, and Phosphoric Acid Fuel Cells were the

Mitsui, which in turn have made primary focus of the early program.

commercial boiler sales based on Power plant systems based on this

Battelle's AFBC technolokw. At least technology are now in the initial
61 AFBC commercial units, with all stages of commercialization.



International Fuel Cells Corporation a variety of coal-based fuels, are was selected in 1992 to design, con-

manufactured the stacks for an 11- extremely versatile with respect to struct, and operate a one-ton-per-

megawatt power plant for the Tokyo type and size of application, and rival hour process development unit,

Electric' Power Company. This unit, natural-gas-fired systems in effi- through a cooperative agreement with

the world's largest fuel cell power ciency, simplicity, reliability, small the Department of Energy.

plant, is currently being successfully size, and low cost. Low emissions are The second system involves the

operated. For distributed electrical achieved by a combination of low- reconfiguration and scale-up of the

power and heat cogeneration, IFC has NOx combustion systems, flue gas Hayes Retort, a facility that was oper-

engineered and is producing a line of controls for SO 2 and particulates, ated commercially for several years

200-kilowatt packaged fuel cell power and use of beneficiated coals, around 1930 in Moundsvllle, West

plants. Nearly 60 of these units are or Long-term POC testing under "real Virginia, The system, being developed
by Coal Technology Corporation, has

will be operated in the U.S., Japan, world" conditions is now under way. successfully performed up to design

and Europe. Gas and electric utilities Test applications include providing expectations lbr a 1O00-pounds-per-

are evaluating these fuel cell units as space heating for university buildings hour feed throughput, and has

future power plants lbr their systems, and large industrial warehouses, attracted the interest of potential

Coal Preparation When these tests are complete, a new commercial partners.
generation of advanced coal-fired

Through the Acid Rain Initiative, car- Clean Coal Technology Program

tied out under the Coal Preparation combustion systems will be ready to The DOE Clean Coal Technology pro-

Prograln, the technology and design compete in the industrial and com-
mercial markets both within the U.S. gram is a technoloKb, development

base has been developed for three eftbrt jointly funded by government
and abroad.

advanced coal preparation technolo- and industry. In this program, the

gies -- advanced fl'oth flotation, Advanced Mild Gasification most promising of the advanced

selective agglomeration, and Processes for the Production of clean-coal-based technologies are

advanced cycloning -- that will effi- Co-Products being moved into the marketplace by

cicnlly reject pyritic sulfur and Two advanced mild gasification sys- a process of demonstration.

thereby signifit,antly reduce the terns for the low-cost production of
Demonstrations are performed at a

release of acid-rain precursors during value-added co-products from coal
scale large enough to generate all the

combtlstion, are ready lbr large-scale demonstra-
data needed lo judge the commercial

To delnonstrate lhe capabilities of tion. Mild gasification, an advanced potential of the technologies involved,

these three techniques, contracts for low-temperature coal carbonization which were selected in five rounds of

POC testing have been awarded to process, yields char and liquid co- competitive solicitations between

ICF Kaiser Engineers lbr advanced products thai can be upgraded to 1986 and 1993.

flotation, Southern Company Services such marketable products as tbrm

for selective afl__lomeration, and Coal coke, smokeless tirol, activated car- Technologies being demonstrated in
the Clean Coal Technology program

TechnoloKv Corporation lbr advanced bon sorbents, connnercial chemicals,

cycloning. In addition, development and blending stocks for transporta- are representative of the three main
tion fuels, divisions of this Program Plan: sys-

work on a coal preparation process terns for the production of power,
flowsheei simulation has begun at One system -- developed by the

systems for the production of coal-

Aspen Technology. This simulator will Institute of Gas Technolo_, Peabody based fuels, and crossculting iech-
be applicable to all three advanced Holding Company, and Bechtel

nologies. Upon conclusion of these
coal-cleaning processes. Group -- uses a combined fluidized- demonstrations, successful coinmer-

bed/entrained-flow reactor to process cial inlroduction of many of these
Industrial/Commercial-Scale caking bituminous coals without the
Advanced Combustion Systems technologies is expected to occur.

use of an oxidant. The system has
The development of five coal-fired

been successfully tested in a process
conlbustion sysielns intended tor use

research unit with a coal feed capac-
in the industrial and commercial

ity of 100 pounds per hour. A team

market sectors is nearing completion, led by Kerr-McGee Coal Corporation
These systems, which can be fired on

13



he clean coal technologies RD&D programsupports the development of several

advanced power systems based on coal com-

bustion or coal gasification, which will become

commercial in different timeframes. The goal of

the program is to enable the coal-fired plants of

the future to produce low-cost electricity with

minimal environmental impact, at high effi-

ciency and reliability levels, and to accelerate

commercialization of these technologies.

15



dvanced Pulverized Coal (APC) systems take pul-

vertzed coal combustion _ the most widely

accepted technology for coal-fired power gener-

ation at the present time _ one step further,

by refining the process to gain major perfor-

mance improvements. APC systems offer a method of

cleaner more e_cient coal-fired power generation that

will soon be available on the commercial market.

U.S. businesses are leaders in pulverized coal com-

bustion technology and world suppliers of PC systems.

The marketplace is now ready for APC systems, which

are expected to be available by the end of this decade.

17



APC technologies are being The LEBS program consists of: Coal-Fired Cogeneration

developed for bolh electricity • System analysis, component defini- CGEN produces both steam tor power

generation and ,'ogeneration lion, and preliminary commercial generation and heat for process and

applications, generating untt design, space heating. Utilizing the low-grade

• Low Emission Boiler Systems • Engineering development and sub- steam produced as a by-product of

(LEBS) are applicable to electricity system testing, power generation can result tn plant

generation, generally at 250 MWe efficiency of over 70 percent. Potential

• Revised design of commercial applications tor CGEN systems in-

or larger, generating unit and preliminary clude medium- to large-size Indus-
• Coal-Fired Cogeneratlon (CGEN) design of a proof-of-concept (POC) trial 15cllltles and lnstltut.ions such

Systems involve the generation of test facility.
as hospitals and universities.

both electricity and heat, usually • Detailed design, construction, and
at smaller size plants of 100 MWe "Pypical cogeneration systems are

operation of the POC test 15cilltv.
or less. " small, less than 100 MWe, and are

During the preliminary design phase often located In urban areas, where

Low Emission Boiler System of LEBS, promising concepts are there are frequently constraints im-

LEBS integrates methods of emission being evaluated and the research, posed on the use of coal. These can

control at the outset of design and development, and testing that is re- include environmental perlbrmance

development, instead of adding them qutred to turn the best concepts into constraints, fllel delivery, restrictions

lo a completed system. This results in a commercial plant design are being (fugitive dust and traffic), space dtffl-

a power plant with very low emissions identified. Following engineering de- culties (fuel storage and handling),

and higher efficiency than a conven- velopment and POC tests to prove the and waste removal and disposal con-

tional pulverized coal power plant, validity of LEBS technology, tile first siderations. The CGEN program will

1ligh system eMeiency is achieved by commercial plant can be built, lbcus on development of a systenl

using advanced steam cycles which LEBS is part of the Advanced lhat uses coal-water fuel in order to

employ sttpercritical steam condi- Combustion l)rogram, and is sup- avoid many of these constraints.

tlons, reducing in-plant parasitic ported by other projects within this

losses, and recovering more low- program, as well as by efforts in the

temperature heat. Emission control Alternative Fuels, Coal Preparation,

is achieved by: and Flue Gas Cleanup programs.

• A coinbusiion system lhal may

incorporate sla_ed air firing,

retmrning, selective noncatalyiic

reduclion, and other advanced

techniques lbr reducing emissions

of NOx.

• An advanced flue gas cleanup sys-

lena for reducing emissions such

as 802 , NOx, particulates, and air

loxi(,s.

• The LEBSprogramis currentlyinthe
developmentstage.Overa two-year
periodendingin 1996, experimentaltest- LEBS

ing, engineeringanalysis,andmodeling I
will take placeto developandevaluate I
eachof the subsystems that make up

LEBS.This processwill result in the de- CGEN
sign and operation of a P0Ctestfacility. I I

Developmentof a preliminarycogenera- [ Development ] Oemo
tionplantwill begin in1994, anda 5 MWe
demonstrationfacilitywill be constructed v
by2001. 1990 2000 2010

18



RD&D Program Goals

LEBS CGEN
The CGEN program consists of:

42% 70%
• System design and analysis.

• Engineering analysis and testing. 1/3 to meat

• Commercial plant design, and POC 113 to meet
test facility design, fabrication, and

prellmina .ry tests. 112 to meet

• Demonstration testing of a 5 MWe

CGEN POC facility, betterthan N/A

Crosscutting Technologies

There arc several crosscutting tech- to meat to meat

_mlogies that are integral to this pro- minimized/ minimized/

_ram. CGEN system developl:lent wtll saleable benign

rely heavily on ('onctu'rent eflorts in $1,400 N/A

('oal l)lcl)aralion, ftml formulation

mid hmldlin_, advanced coal combus- NSFS=NewSourcePerformanceStandards

lion, environmental ('ontrols, and CAAA=CleanAirActAmendments

wllsle lllall_lgClllel]l. Advallces in

these tcchllolo_ics ill support of

IJ,_PIS and the commercial- and

in(hlstrial-scalc coal-fueled syslenls

have also helped to lay the _round-
work for CGEN.

Advanced /Flue Gas

LEBS Cleanup IBoiler
BI

Water _ Steam
Coal _ Turbine

Air

I LG°rWde

[ Steam

Ash _ ......

_CGEN

A AnAdvancedPulverizedCoal(APC)SystemusesaLowEmissionBoiler
System(LEBS)togeneralepower,whilealsoulilizingthelow-gradesteampro-
ducedasaby-productformanufacturingandheating(CGEN).APCtechnology
aimsat improvingonpulverizedcoallechnologycurrentlyinuse,byemploying
advancedcombustion,steamgeneration,andemissions-controltechnologyto
achievelowerSO2andN0xemissionswhilegaininggreaterthermalefficiency.

InanAPCsystem,pulverizedcoalcleanedtospecificlevelsisentrainedbypre-
heatedair, injectedinloa furnace,andburned.Somesystemsmayalsohavethe
capabilitytocofirewithalternativecoal-basedfuelssuchascoal-waterfuelsor
coal-wastefuels.Steamgeneratedinsidetubesthatformthefurnacewallsis
superheatedinconvectivetubebanksatthefurnaceexit.Thissteamdrivesa
turbinetoproduceelectricity.HeatisrecoveredfromIhefluegastoprehea!com-
bustionairandboilerfeedwaler.

19
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Low Emission Boiler System Phase 2. Engineering Development Phase 4. Construction and Operation

There are tbur major phases to the and Testing of the POC Facility

LEBS pro Rram, which take place in Over a two-year period ending In The POC test facility will then be

sequence. 1996, experimental testing, engineer- designed in detail, constructed, and

ing analysis, and modeling will take put into operation by the year 1999,

Phase 1. Systems Analysis, R&D Plan place to develop and evaluate each of Successful completion of the POC
Formulation, Component Definition,

and Preliminary Commercial Unit the subsystems that make up LEBS. demonstration will make a verified

Design The results will be used to support design basis available for construe-

Different industry teams will select the design of the commercial generat- tlon of the first commerc.tal generat-

and evaluate candidate technologies ing system and the POC test facility, ing plants using LEBS technoloKy.

and subsystems (such as boilers and Phase 2 is likely to include subsys-

flue gas cleanup systems), identll_, tern testing at a scale of approxt-

design tmcertainties and development mately 5-10 MWe.

needs, and formulate a comprehen- Phase 3. POC Test Facility Design

sive research, development, az._d test The illOSl promising LEBS technolo-

plan. Initial definition and develop- gies evaluated and tested will be se-

ment of components will lbllow, lected lbr incorporation in the design

whi('h will include activities such as of the 20-30 MWe POC test lacllity.

engineering analysis, modeling, and Engineering designs that incorporate

preliminar3, experimental work. Then Phase 2 results will be completed by

a preliminal.-y design and economic 1997.

assessment of a commercial-scale

I.EBS plant will be made.

:Program Elemen_ _ ' '• i Interaction

!POCtestfa011ity i
ideslgn_constructlon_
operation j

Engineering-]
!d.v0'opm,.tJ

Systems [
! analysis i
....................j J J

< Interaction betweenthe elements leading1995 2000 2005
to commercial coal-firedcogenerationand

.......Keyt-oCros-s-cu_ing-Techn0iogles.................... 1 commercialLEBSplants,andthecrosscut-tingtechnologiesassociatedwith them, is
1. AdvancedCombustion 4. FlueGasCleanup I
2, AlternateFuels 5. WasteManagement I essentialto thedesignandconstructionof
3. CoalPreparation j thefirstcommercialplant.

!



RileyStoker
LEBSEngineeringDevelopment

Babcock& Wilcox Worcester,Massachusetts
LEBSEngineeringDevelopment

Barberton,Ohio
Alliance,Ohio

ABBCombustionEngineering
LEBSEngineeringDevelopment

Windsor,Connecticut

CoalTechCorporation
CGENPOC-ScaleTesting

Willlamsport,Pennsylvania

ABB CombustionEngineering
CGENPOC-ScaleTesting

StateCollege, Pennsylvania

VORTEC

CGENPOC-ScaleTesting

Harmarville,Pennsylvania
Tecogen

Shadingindicatesstateswhere CGENPOC-ScaleTesting

DOE-fundedresearchactivitiesoccur. Carbondale,Illinois

1992 1993 1994 1995 1996 1997 1998 1999 2000

LEBS:

t Concept < TheLEBSprogramconsistsof fourdevelopment majorphasesleadingupto theopera-

RD&T lionof thefirstcommercialLEBSplant.
Phase 1 plan Phase1 concludesin late 1994with a

preliminarycommercialunit design.3

Preliminary _ Phase2 consistsof a two-yearprogram
commerolel design _ ofexperimentaltesting,engineering

analysis,andmodeling,endingin1996. Phases3 and4 coverthedesign,
construction,andoperationofa POC

Phase 2 _ testfacility.Averified designbasiswill
beavailableatthistime forthefirst

t commercialgeneratingplantsusing
LEBStechnology.

l Revised commercial

design

,Revised POC
design

Phases
3&4

1 )OC construction
operation, evaluatiol

"1-

1st Commercial Commercial plant
Plants construction,

operation, evaluation
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Coal-Fired Cogeneration Phase 3. Commercial Plant Design and

There are four phases to the CGEN POC Facility Design, Fabrication, and

program. The program will take ad- Preliminary Testing
A final commercial CGEN plant de-

vantage of concurrent advances in

coal preparation, alternative flmls, sign will be developed using the
Phase 2 results. The design of a

advanced combustion, title gas
5 MWe POC test facility will follow

cleanup, and waste management. The
from the commercial plant design.

development of LEBS and advanced
Once the 5 MWe POC facility is de-coal-fired industrial and commercial

heating systems coukl also contribute signet|, fabrication and shakedown
testing will commence. Phase 3 will

to the CGEN program.
be completed by FY 2000.

Phase 1. System Design and Analysis
Phase 4. Demonstration Testing of a

Preliminary design of a commercial
5 MWe CGEN POC Facility

phmt will focus on a system that can
The 5 MWe CGEN POC facility will be

he introduced near a load center or
operated over a three-year period in

urban area. System analysis will pro- order Io ewduale system performance

vi(te estimates of the CGEN's operat- and resolve any te(,hnit,al issues with
lng performance and indh'ate areas

the integrated syslem. This demon-

requiring R&I). stration will provide the design basis

Phase 2. Engineering Analysis and for ('ommereialization by 2003.

Testing

Engineering analysis and tesling will

be performed on te(,hnoh)gies integral

to the CGEN system operation, in-

clu(ling coal preparation, fuel formu-

lation an(! handling, combustor and

I't_rna('c design, gas (,h'anut). and

wast(_ ill;.lila_enlent. This work will

serve to close tcchnoloKy gaps, pro-

vide needed dala and (,omponent de-

signs, alia resolve system integration

issues. Work in Phase 2 will be com-

pleted by FY 1997.

Major Activities and Milestones

1993 1995 2000

CGEN:

T
> Thereare four phasesto the CGENpro- Phase 1 _/stem

gram. involvingseveralcoal-basedcom- j ................................design
bustionsystemtechnologies.System -[,
design,engineeringanalysis,andtesting Phase 2
precedethe designof a commercialCGEN _L
plant, andpreliminarytestingofa 5 MWe 7- Design,fabrication

test'of CGEN facilitlPhase 3
P0C facilitybasedonthecommercial _1.
design.TheCGENsystemwill becon- 'l-
structedby FY2000, withcost-sharefrom Phase 4
privateindustry. -]-

r

Demonstration



ndirectly Fired Cycle (IFC) systems are

coal-fired, combined-cycle systems that

produce energy as cleanly and efficiently

as o_i- or natural-gas-fueled systems. IFC

power generation is well-suited to tech-

nology growth, and the fact that it uses

conventional generating practices makes it readily

acceptable commercially.

First-generation IFC power systems will have net sys-

tem efficiencies of greater than 45 percent, and may

see large-scale demonstration before the end of this

decade. Advanced IFC power systems are capable of

net system efficiencies approaching 50 percent, and

are expected to see large-scale demonstration in the

middle of the next decade.
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The IFC program consists of: Externally Fired Combined Cycle The tlIPPS program consists of three

• Near-term introduction of a coal- EFCC has as its _oal the near-term phases:

flleled IFC system that incorporates introduction of commercially viable • Concept detlnltion and prellminaz_,

an advanced high- temperatu re IFC systems. R& D.

ceramic heat exchanger, and exist- Major program elements include: • Englneerin_ development, testing,

ing or near-term environmental • 'the development and demonstra- and prototype plant design, includ-

control technologies. This subpro- tlon of a ceramic heat exchanger ing HITAF development, integra-

gram is designated as the Exter- that m_L'_imlzes the exit air temper- tion of post-combustion flue gas

nally Fired Combined Cycle (EFCC). ature from the heat exchanger, cleanup, and evaluation of ad-

• Post-2000 introduction of ad- • A l)roof-of-concept (POC) demon- vanced gas turbine cycles.

vanced IFC systems, a subpro_4ram stration of EFCC. • Construction, operation, and eval-

desi_,nated as the High Performance uatlon of a commercial prototype
• Systems studies and support activ-

Power System (IlIPPS). I IIPPS is IFC power plant.
" /tics, including performance opti-

based on a new high-temperature

advanced lilrnace (HITAF), which mization of turbines, combustor, interaction of EFCC and HIPPS

Integrates the combustion, heat and post-combustion envtronmen- All of the elements In both the EFCC

transter, and emissions-control tal controls, and ttIPPS programs are needed to

processes. This unified approach is High Performance Power System push IFC power generation to COlIl-

expected to provide synergism with The IIIPPS program is aimed at (level- mercial readiness. The two programs

respect to cost. eMciency, and on- opin_ an IFC system that meets strict are complementary, and their elc-

vironmental perfornmnce, limits on all system effluents while af- ments interlock. The near-term intro-
duction of IFC teehnolokw will come

tbrding high cycle efficiency. HIPPS is
with the utility-scale demonstration

based on a new high-temperature ad-
of EFCC, and subsequent HIPPS de-

vanced fllrnace (Hrl'AF), which fully

inte,_rates the combustion, heat velopment will bring efficiency

transfer, and emissions-control and enviromnental performance to

processes. The benelit:_ of this unified its full potential. The operation of a

approach are expected to be signifi- commercial-scale prototype I IIPPS

cant in terms of increased efficiency will demonstrate tile readiness of a

and environmental performance of comprehensive IFC system, and lead
to commercialization of advanced IFC

the system, hnproved flue gas

cleanup and waste management power systems.

methods also form an integral part of

the design.

:_ Currentlyunderdevelopment, EFCC

EFCCtechnologywill introduceanIFCsystembymid-1997which
incorporatesanadvancedhigh-
temperatureceramicheatexchanger, HIPPS

andexistingor near-termenviron- ] I
menial control technologies. HIPPS Development Demo
developmentwill conclude in 2000
with a demonstration of a commer- -I_

cial prototypeplant. 1990 2000 2010



RD&D Program Goals

Advanced Research IFC Power Systems

Progress ill advanced base research 50%

and crosscutting technologies is also 1/10

essenthtl to the development of IFC ....

systems. Greater thermal efficiency 1110

will result from RD&D condtmted in

the Advanced Turbines Systems pro- 114

grain, and improved environmental

performance will result from that 50%

conducted by the Coal Preparation,

Advanced Combustion, Flue Gas to meet

Cleanup, and Waste Management benign/saleable

programs. The input of these pro- by-produots

_rams will support the introduction $1,200

of FFCC. and the development o|" NSPS=NewSourcePerformanceStandards

t I II'I'S. The development of advanced CAAA=CleanAirActAmendments

demonstration systems is dependent

IIpozl the work accoinpIished in these

reel1 nologies.

Advanced Turbines Systems

A separate Advanced Turbines

Systems crosscutting deveh)pment

p]'()_ram is bein_ funded bv the [)OE

Naitlral Gas program. This will

d(-vclop and demonst rate next-

gelleratioll gas Itlrbille let'hllolog_v

for tlsc wilh naltlra] _as and ('oal

appli('ations.

> IFCpowergenerationutilizesa combined .....i_:_:_;_. ,

cyclethattransferstheheat producedbycoal i Compressed Air [_ r.,4,,,- Aircombustionacrossspecializedheattransfer
surfacesto a cleangasturbineworkingfluid Coal -'1__ . Combustor
(e,g. air), Thisworkingfluid canbe further _Compresseo |optional) GasHot Air

..._._J___l_ _ urbine

heatedbyburningnaturalgas. Energyfromthe ' --B-_

gas turbineexhaustandfromthe coal fluegas M/'_ , High- Natural

raisessteam,whichaddsa Rankinebottoming _'"=_=_-ITemperatureFurnace(optional)Gas /[ ==== Hot FlueGas

cycleto createa combined-cyclesystem. -| /

Heat exchangesurfaces isolate the corrosive, Condenser"-_'H°tAir _Q --_[ __1

ash-ladencombustiongasesfromthe gastur-

bine,protectingtheturbinefrom erosionand Water 41---_-- ;_ /J_

corrosion,andeliminatingthe needforhigh- I-'1_'_'temperaturefiltersto clean hotgasenteringthe
gasturbine. I Steam

Advanced I TurbineIntegration of the heat transfer, coal combus- Flue Gas ISteam ,

tion, andemissions-controlprocesseswithin _eanup

the IFCdesignwill improveitscompetitiveness Water

inthe powergenerationmarket. Flue Gas

Heat Recovery
Steam Generator

(Hn_G)
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Externally Fired Combined Cycle System Studies and Support Activities • Development of improved heat

The elenmnts of the EFCC program • Development of improved cer- exchanger materials. Ceramic

are being carried out concurrently, amics. When the feasibility of the research by national laboratories,

EFCC system has been proved, ceramic manufacturers, and uni-
Ceramic Heat Exchanger Development

A ceramic heat exchanger is being development will tbcus on integra- versities may result In superior
tion, operation, and control of the materials that will allow future

developed and demonstrated at in-
EFCC system with a gas turbine, heat exchanger pertbnnance im-

dustrial scale. Development of this
hnproved heat exchanger materials provements. Technologies devel-

heat exchanger demonstrates the key
and designs will also be investi- oped In the Advanced Turbines

capability required for indirectly fired
gated for their performance at very. Systems program will also be

systems. EFCC testing will show that

the heat exchanger can: high temperatures and pressures, applied to IFC system concepts.

• Water or steam injection studies. Utility-Scale Demonstration
• Survive high operating

EFCC thermal performance will be This demonstration program element

temperatures, optimized through studies on lbcuses on the design, construction,

• Resist con'osion, water or steam injection to achieve start-up, and operation of a first-

, Withstand pressure differentials. 50 percent or higher net system generation IFC utility-scale power

• Avoid seal leakage, efflciencies, and significant in- plant. This demonstration plant was

creases in system power output, selected by competitive procurement• Avoid catastrophic failure.

Tests will be conducted using a • Support activities. Support activi- in the fifth round of the Clean Coal

2 MWe combustor, a ceramic heat ex- ties are being conducted concur- TechnolokW program, and will have a

changer, a slag screen for protecting rently. These include screening 50 percent cost-share from a utility
studies of critical components, partner.

tile Ileal exchanger tubes, and other

hardware, such as tests of the eflect of mois-
ture on advanced ceramics, and

perlbrmance and cost tradeoffs for

EFCC systems.

< Developmentof boththe EFCCandHIPPStechnologiesandinputfrom
severalcrosscuttingresearchpro-
grams areneededfor IFCpowergen-

A erationto reachcommercial

! readiness.First-generationIFCwill

followdevelopmentof a ceramicheat
exchangerandEFCCsystemsupport

EFCCdemo
......................... activities.Afterintegrationof the

EFCCand HIPPSprogramsin 1994,
advancedIFCwill demonstratefull

•......... 1 ........................................... 1 ................ -t efficiency and environmental perf0r-HIPPS HIPPSPhase2: i HIPP8Phase3: i
Phase1: [ ...... V . ,_ Engineering [ Prototypedemoi mance.ThedesignandoperationofaConceptdefln.I develop.&test

,&............prelim,...........R&O I .............................. commercial-scaleprototypeHIPPS
I ,,_ will lead to commercializationof ad-I I I , .-

1990 1995 2000 2005 vancedIFCpowersystems.
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High Performance Power System Phase 2. Engineering Development Phase 3. Commercial Prototype IFC

There are three phases to the HIPPS and Testing Plant

pro,e,r;tm. The most promisinR systems will I_" A ('onuner(-ial 1)rototype I)lant will be

selected in mid-F'Y 1994, following a designed in 1999, and will start up in
Phase 1. Concept Definition and

Preliminary R&D second competitive bid. anct will con full operation in 2001 as a 40 MWe to
tinuc with en_ineerhlR developnlexH. 80 MWc demonstration. An inte

l'ha._e I activitiesint'hldet'nRinc'erinR
test|hR, and design ola prototype grated IFC system with high effi-

mlalysis, modt'linR nnd small-scale
commercial plant. Development and cient'y and ultra-low emissions, it will

tvstii_by two inthnstrx, lc;iillsthat

were selected by competitive sol|ella testinR activities needed to Reneraie prove the commercial readiness of
inlonuation critical to prototype phmt !t11)!% te(,tmoloRy Substantrial sup

titan. A prelim|hal 3' ('ominer('inl plant

(tesiRn will be ('rt'nted bv the end of ch,siRil will irlc-lude ctevelopment of port for this and the prior phase will

1994. and a research, dovt'lopnlt'ilt, compoxlexHs such its burners, and of coxne from industry cost-sharing. The
illdividtml subsystems, such as the first a(,luai commercial plant will fol-

_tlld lt',_t [)l_tn _t'll(,r;lt('(1 t() (Iovelop

the te¢'hni('al iltlbrnlatit)n base hiRh-texuperature advanced furnat'e low the prototype (,losely.
and tilt, fhle gas (,leaxlup stlbsysiem.

nt't,{|¢'(l l() pi't'p_H't _ it J'illlil ('Oillpre]lOll-
The ill;ljor effort will be focused on

_ivt. (|o_il2j/. Tilt. two ixl(hl_tx_' lv_iillS
the desi_2n. ('onstnx('tioxL itlld ov;lhl;i-

tllat were, awarth'd t'oillx'_tc'ts for this
lion of ;1 high-texnperaturo ftlrllaco ill

phasc ;ire both di'vi'lopiill2 power svs-
moderate scale.The commercial pro-if'ill.,, Ill,it _irt' Imst'd on il IIlTAF. list"
iotvpe pkinl dt'sil2ns will then be eval-

_ili ilidirt'ctlv liro(l _ts lurbine ('tiili-

t)ixivd Ivt-l('. _ili(l ii3clude ;idvanl'od tililt'(t io dolerlliiili- which project will i

iulvir()llilii,lll_ll ('()lllrol lo('hllolo_v, proceed ililo tile third ph_is(,.

l towov/,r, lllov (llfer si!2nil]('alitl.v dif

tOi(qll _it)llro;lt'lit'_ 1() tilt" dt'_it_ii o[ lh("

I IITAF whicli is lht' llllIv lililjOl-sub-

svsl('iil lh;ti rt.qliii'es sill)sl_illlilll

di'vt,loplllt, llt.

Untied l'echnolog=es
ResearchCenter
EngmeermgDevelopment
ol Coal-FiredHIPPS

Hartford,Conne¢lirul

HagueInternational
Developmentol EFCC
System

Porlland,Maine

FosterWheelmDevelopment
Colporahon
EngineeringDevelopmentof
Coal-FiredHIPPS

Livingston,NewJersey

PAElectricCompanyof Johnstown,PA
EFCCDemonstrationProlectal the

f_lIdl_ indkltN ark whoro WarrenStation

OOS'_ll_l_ rNIIIII1_l Ili_IV_N 0(_Ulr, Warren,Pennsylvania



1990 1995 2000 2005
.... i.

l I L,b- ,o

! ckMOoO_nont]

2 MWe test faciltty7

design & construct,t
EFCC f Heat

.xoh-..,l

I, _,mj

T

HIPPS

.I. _ _tegration of EFCC & HIPPS

Preliminary prototype
plant design

• . Corn )onent
develo )ment

Substotemtes
& evaluatior• ,

,FC
System

(Integration
of EFCC

& HI =PS) Gas turbine
development

Prototype plant design,
construction & operatio_

Advanced
commercial sys,

A Integrationofthe HIPPSprogramwith theEFCCprogramin 1994 will providea commercially
viable, cost-effectiveIFCsystem.SeveralimportantEFCCdevelopmentactivitiesprecedeintegration
with the HIPPSprogram.DevelopmentofEFCCcomponentsandsystems,first inthe labandthenon
anindustrialscale, concludeswith thedesignandconstructionof a 2 MWetest facility.PhaseI of
HIPPSdevelopmentoccursconcurrently:conceptdevelopment,preliminaryresearch,initialcommer-
cial plantdesign,andthe creationof a full RD&Tplan. Design,construction,andoperationofa pro-
totypeplantfollowfurthercomponentandsubsystemdevelopment.In additiontofeaturesofthe
EFCCandHIPPSdevelopmentprograms,prototypeandcommercialIFCplanldesignsmayalso in-
cludeadvancedturbinetechnology,whichis beingdevelopedseparatelywith fundingfromtheDOE
NaturalGasprogram.
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irect Coal-Fired Heat Engines (DCFHE) sys-

tems incorporate two distinct but related

power generation systems: Direct Coal-

Fired Gas Turbines (DCFGT) and Direct

Coal-Fired Diesels (DCFD). DCFHE power

systems are characterized by net system

efficiencies of 40 percent or higher and by the ability

to meet existing environmental regulations for acid

rain emissions.

For the past decade, DOE has sponsored a program of

coal-fired engine development in conjunction with

major U.S. manufacturers. This has now reached the

proof-of-concept (POC) stage. Potential applications

range from transportation to industrial cogeneration

and utility systems.



The overall ()hj('('t iv(, ()f ill(" l)h'e('t Direct Coal-Fired Diesels Environmental Goals

('oal Fircd lit'at I_.:n_iIw ([)('FI IE) pro- The (ti('_t.l rtl_itw,_ ultdrr (Irvrl()p Tho envlr()lunental obje('tive of tilt"

_l'nlll is COlllllll?l'('i_llizati()ll of clirert Illell[ arc (lcsi_llc(l to I)l.lrll coal-water prol_raln is to clcv:'lop foal-fueled

('oal-lirecl heat engines !)3, the private shtrt T. l'arts of the engine, itit,ludin_ dit'sels attlcl _;is turbines that not only

sertor. There are two (lll'ferenl type,'-; the ('ylil_der walls, l)ist()tl l-lead, and moot all existinF, regulations, but also

of ('oal-. I] rod clU2.iliOs in th(. |)ro_l-_llll: I'uc] trljot'tol', dil'ot'tlv ('()ntat't tho arc capable of llleeiirll2, possible I'tlttlre

• Direct coal-lircd ,_as tttt'l)ines ])LIl'llill_ ftlel, and this ('otHart i:'_lli statltlarcis. Tho pvosp(,t, ls of a('hicving

(I)CFGTs). load t() ('onlponent wear. The l)Oten - this goal are _oo(1, although for some

tial crosioil ariel rorrosion probh_ms applic'atlons actdressed by the pro-• I)ire('l c'oal-I'ir(,cl diesels (l)Cl"l)s).
raused by tile fuel's iiic'oml)tlstil)le _I'HII1, therc' are no emissions re_ula-

Direct Coal-Fired Gas Turbines mineral matter and other luel c'on- lions yet. Aclvanc'ecl ('leanup dovlc,es

Tho ('ttrrent work ()n _as ttnrbines taminants ran si_ntftc'antly lower the will be used for both c'oal-llrect _as

aclch'essc_ the use of both c'oal-w.'ltrr operatln_ lifetime of a diesel engine, turbines _lllCl ('oal-ftred diosols.

shlrl7 allcl ch'y l)lllverized foal. A c'on- l,:nhallrin_ the Cluality of lhe c'o_d-

Vevltiollal _aS itIH)ine is e×tYemelv basocl 1i..'1, mlcl (lesi_nin_ c,w_,ine

sensitive to c'ertain l'uel iml)ttrltics, s() roml)onents whirh can withstand

eitllcr thc workin_ I]tli(I rrsultln_ corrosion, art. I he' approac,hes the

lrom tlw c'()tnl)ustioll ()1 roal must DCFD l)r()_rani uses to ('()ml)at these

havr _trrrptal)ly lc)w amottnts of ('()r- problems.

vt).'-;iv(' ailcl cvo.'-;ivo inll_._ritios, of tho Sl)e('il](' t)l_jectivcs of the' DCFI)

Itlll)i_lc Iliusl bc desiRn('(I to br mr)to pro,L{l'alll _irc'

lifter;till to Ilics(' i_nl)urities, Tht'
• "L'(_(l(,vrLop m_ R&[) I)_ts(- l'or a

I)(!I:(I;T l)ro_ratn i_ 1)ttr,'-,uinR both
c,()m nic'rcial- so'ale tet'hn()lo_v

a l)l)r(mc'hr _. clemonst ral iol-l.

SI)rC:it'i(' (_t)iertivrs oi tilt' [)C'FGT
• "I'Dclctcrmine tc('hnical feasibility

l)r()_ram _rv: ancl eront)mir viability t)v the rncl

• "1"()c'()mt)lct(' i_il('_ralc'(I ,'..;vslt'm t)l" YY 1993.
lcsls I)\' ill(' Oll(I o1 I:Y 1,()94.

• T() arhic've 'a vlel system cllirirn('y

• "1"o(Ic,tc,rmi_r lec'l_nit'al leasil)ilitv o1"al)l)roximately 45 t)errc'nt.
I)\' lilt rncl ()f I:Y l,_)(,)J,.

• To 'ac'hiovc SO., anct NOx enfissi()ns

• "1"()a('l_irv(' a_ ov(.rall .',,vslem at Irast eclulval(,t_t to NSI'S limits

t'll'lt'it't_t'x' o1 at)l)r(,xiHlalrly 40 for small hoilrrs.

l)Cl-(,clit.

• To ;whir're' S().2 ;m(I NOx rmisslc)n

l';,ll('s si_vlil'icalllly 1)ettcl" than al)-

lflk,al)lc ' Nrw Sot_rc'e l'rrl()x-xnanc'c

Stanchtrcls (NSI'S) limits Ior _as

It _rt)i_{','-;.

" DevelopmentCyCle
, .

>. Boththe DirectCoal-
FiredGasTurbineand
DirectCoal-FiredDiesel

programsarewell into their
planneddevelopmentactiv- DCFGT

ities. DCFGTbeginscom-mercializationactivitiesin

theprivatesectorat the end
of 1994, andDCFDenters DCFD

itscommercialphaseeven I ] ] Private-sector Jearlier, havingdetermined Development Demonstration commercialization activities
technicalfeasibilityand
economicviabilitybythe v
endof 1993. 1990 1995 2000 2005



RD&D Program Goals

DCFHE Power Systems DCFGT DCFD

40% 45%

to meet to meet

to meet to meet

to meet to meet

$1,400 $1,300

NSPS=NewSourcePerformanceStandards

CAAA=CleanAirActAmendments

Direct Coal-Fired Gas Turbine Direct Coal-Fired Diesel

Rich Zone Hot Gas Lean Zone Diesel
Combustor Cleanup Combustor Engine

Coal Coal-WaterFuelAir _ _

Air L Steam

Hot Gas Exhaust Steam Turbine
Gas

Turbine

Heat Recovery k
Steam

1 !sam GeneratorHeat Recovery SSteam
Generator Turbine Advanced Flue

Gas Cleanup

A The gasturbine is a simple power-generatingunit.It A Theoperatingprincipleofa dieselengine
consistsof a compressor,inwhichambientair is corn- is verysimple.Apistoncompressesair in a

pressedto pressuresof 8 lo 16 atmospheres;a combuso cylinderto a pressureatwhichthegenerated
for, inwhichthecompressedair is heatedtotempera- heal will ignitethe fuelinjectedintothe

luresof 870 to 1,290 degreesCelsius(1,600 to2,350 cylinderat thetop ofthestroke.Theexpand-
degreesFahrenheit);anda turbine,inwhichthe hot inghot gasthendrivesthepistondownward,

gasesexpandto atmosphericpressure.Thepowergen- producingpower.Freshair is admittedto the
eratedis sufficienttodrivea mechanicaldeviceor gen- cylinderandthe processis repeated.The
erator, in additionto drivingthe compressor.Thegas dieselenginecanbefueledsuccessfullyby

turbinecanoperateon low-costcoal-basedfuelsinstead coal, insteadof bypremiumluels.
of onpremiumfuels.



"l'he program includes POC and sup- Direct Coal-Fired Gas Turbines Direct Coal-Fired Diesels

pox't projects lbr both gas turbine and Activities ixlclude: Activities are sc'tleduled lbx" temple-

diesel development, The POC projects * Research conducted at tile lion by 1994, and hlclude:

hlchnde operation of systenls at l\nll
Mor_antown EnerKW TechnoloKw • Research axld feasibility studies

commercial scale for short periods of
Center (METC) facility exploring ('onducted at METC. explorln_

time. The support projects address
the methods of overcoming tech- methods of overconflng DCFD

specific technoloKv issues. Gas tur-
nology barrier issues In DCFGT technoloKv barrier issues.

bine and diesel contractors working systems. These and contractor • Small-scale tests of a ['uel proces-
In conjunction with the DOE have

activities investigate concepts sot at Caterpillar facilities, and

already made significant progress which offer potential cuts in tests of a coal-fired, high-speed

toward demonstrating the technical capital costs with increases in diesel at Detroit Diesel facilities.

feasibility of the systems, system efficiency. • A short-ternl 1.8 MWe stall(mary

• Major developnlent projects with diesel POC demonstration test.

Allison Gas Turbines Division of This will lake place at Arthur I),

General Motors (AGT/GM), Solar I.ittle/Cooper-Bessemer facilities.

Turbines, and Westinghouse. All All additional POC test of a (,oal-

projects are scheduled for comple- fred locomotive wlll take place at

tion by the end of 1994. General Electric.

• Short-term hltegrated tests of a
Crosscutting Technologies and

4 MWe or 5 MWe DCFGT system at Base Research
Allison Gas Turbines Division of

In addition to these pro_,ranl ele-
General Motors (AGT/GM). These

ments, each of the DCFliE power Eye-
tests have already been conducted

terns ls also supported bv _as
using coal-water slur_,, and are

cleanup crosscut tin_ development
planned using dry coal.

activities, and by Inaterials s(,ience

base research activities.

Program Elements Interaction ' _"

DCFGT

A , * * < Feasibility studies for the DCFGT

systembeganin1986, and thosefor the
DCFDsystemin 1987. Thebench-scale

Crosscutting Technologies testsandPOCteststhat followsystem
and Base Research A developmentare closelytied toa materi-

als baseresearchprogram.Development

!Benoh- _ ; ......._ ...................................... of hotgascleanupmethodsisessentialto
Feasibility i--_--..,--ale r--'_ POC t----_\ • First "

DCFD studies -_ _telt i test , -_ _'.. ¢ommerelaluse the achievementof 0CFGTgoals,while.................... _........... : ................. " .................................... hardenedmaterialsare essentialfor

I I l > DCFDsuccess.
1990 1995 2000



Major Demonstral Ions and Activities

TextronDefenseSystems
Caterpillar,Inc. DCFTPDUTestsfor
DCFI'POCTest GeneralMotors Westinghouse

DCFDPDUTests AllisonGas TurbineDivision Haverhill,Massachusetts
Peoria,Illinols DCFTPOCTest

Indianapolis,Indiana

EastonUtilities/A.D.Little
CleanCoalDieselTech.
Demonstration

Easton,Maryland

GeneralElectric

TransportationSystems
DCFDPOCTest

SolarTurbines Erie,Pennsylvania
DCFGTPDUTests

San Diego, California Cooper-Bessemer
DCFDPOCTestfor AD. Little

SouthwestResearchInstitute
DCFDPDUTestsfor Detroit MountVernon,Ohio
Diesel

Shadingindicatesslateswhere San Antonio, Texas
DOE-fundedresearchactivitiesoccur.

1986 1987 1988 1989 1990 1991 1992 1993 1994 1995

>- Anumberotmilestones '-

havebeendevelopedto mark Reference systemdefinition report
theprogressofthe DCFGTand T i......................................................................................................_=__;:,____

DCFDsystemstowardthep¢J- J J definition"x"""j
grams'ultimategoal ofcom- System integrationon coal-water slurry
mercialuse. Theseinclude ........................................................................................ ,

POCtestsandsupportprojects DCFGT J_ developmentC°mp°nentIiaddressingspecilictechnology i ......................................................................................................................................................

t " "
issues.Contractorsalsoin- Combustor developed Operate dry

coal feed
vestigateconceptsthat offer [...........PO(_--I system POC
potentialcutsin capitalcosts i test test
and increasesinsystemeffi- . ...................

ciency.Major POCprojectsfor T n report
DCFGTincludeAllisonGas
TurbinesDivisionofGeneral

Motors(AGT/GM),Solar
Turbines,and Westinghouse. est
Ashort-term1.8 MWe station- DCFD

arydiesel POCdemonstration 1 _ F_ll-scale_testing

testwill becompletedby complete
ArthurD. Little/Cooper-
Bessemerby1994, Full-scale
testingwill thenbe complete.
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ressurized Fluidized-Bed Combustion (PFBC)

systems have several inherent advantages

over conventional pulverized coal power pro-

duction systems. High system efficiency

results from the combined-cycle configuration,

which includes a conventional steam cycle and

a gas turbine. Removal of sulfur oxides in the combus-

tion gas by using limestone or dolomite mixed with

coal in the fluidized-bed eliminates the need for post-

combustion fiue gas desulfurization. A lower combus-

tion temperature reduces the amount of nitrogen oxide

emissions, and fluidized-bed combustion systems also

produce a dry ash that is a usable by-product.

First-generation PFBC power systems are capable of

net system efficiencies approaching 42 percent, while

second-generation PFBC systems will have system

e._ciencies approaching 45 percent. These systems

are now at the commercial demonstration stage of

development. Advanced, super-clean PFBC systems,

capable of system efficiencies of at least 50 percent,

are expected to see large-scale demonstration in the

middle of the next decade.



"l'lw i'F[]C pro_r;ml ('oll_lsts ()f three' The major I'FltC pro._ram elemellts

¢lllt_'retlt devcq(_l)m¢,lli Relloratl()lls. in('hlde:

• Firsl-_('ll¢,r_ltloli I'FI]C power • I'FI]C l:tuldametltal Advan('ed

systems, l_es(,m'(,h.

• Sc'('otld-_,exmvatiotl l'l:[_(: Ix)wev • I'Ft_C ('Oml_OneiH development.

_yst(,m_. • I'FI3C _ystems developmetH, lille-

• Stlpi'r-('h'_nl, _tli)ev-('l'li('lelll I'FI'_C _ration. aild testtll_.

])()w¢'l"sy,_l_'lllS, • EllVil'Olllll('IH_ll _lllile('Oll()lll[('[)el--

Program Goals t'ovuiml(,e ._tu(li_,s.

The' R&I) ])r()_r_im]m_ ilHx,e])rimnn_' • (:ommer('ial-s('ah"dexlml_,_tx'_ItioH,_.

ol:)j('('t iv_'._:

• T(_ (h'uloli_ti'_It_' iho vilil_llily ()I

lii'_t -Relwial i()rl I'I.'I_C tt'i'luioh)i4y

ill tJ.,_, titilitv _t[)l)li_._lii();i._.

• "F(_(h,v¢,l(_I) _li(l (l(.'lu()li_tr;_t¢'

s(,(,()li(l-R(,li(,rati()rl I"I.'I:IC,_ with (,IIi-

• T()ixwi'¢'a_(' tll(." ('lli('h'nl('v ()1 I'I:I'_C

._y_t('lll._ i() ,_0 l)l'r('('lil, _lil(I lcl

iiii[)i(iv_' I>I.'ItC t,llvhorilll(,iil_i]

ix,rl(ll.ili_iii(.( ,.

"I'll(" ])ix,_l,ill I)01" I'I,'I_(: l)lX)_l'_ilii i._

I()('ll._t,(I (lii d(,v(,Ir_l)illl. ( _lliCl (l(,lliOll-

_li'_iliil!_ ._(,('(_li(I-l.{(,li('i_ili(lll _ili(I

_iclV_ill(.(,(I I_1:I1(: (.()lll])()lll,lll._. ('()li-

('(,])l._. _ili(1 ._tllJ._v._lt'lii._ fit tl I) l() t)lOl)l-

ol-cxili('l'])l (l'(')(1) ._('_ih', wilh ('vl'iitlial

('Oililii_'i('i_i] ._('_il(' (l('ill()li_li'_il i()li of

('()illl)l(,l(" ilill'_i'_ill'(I I)(iW('l" ])l'()(lii('lJciil

>, First-generationPFBCsystemsare currentlybeing First-Generation PFBC
demonstratedat the70-80 MWesize,whichare units

Demonstration .... Commercializationlargeenoughforusebysmall utilities or indepen-
dent powerproducers.Scalingupto thesize large
utilities need(greaterthan 300 MWe) will take place Second-Generation PFBC

in the latterpart ofthisdecade.Moreefficientand :_ _,_ 1
c0sl-efteclivesec0nd-generati0nPFBCsare entering _1
the demonstrationphase.Theseshouldbe fully com-
mercialsystemsbytheend ofthe decade.Further Super-Clean, Super-Efficient PFBC

improvementsto second-generationPFBCswill pro- [ I i Iduceveryclean systems,with electricalefficlencies Development Demonstration Commercialization

approaching50 percent. I_

1990 2000 2010
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RD&D Program Goals

PFBC Program ActivitiesImproved
Flrat. 8eeoC- Ikioond-

PFBOPower 8yltems Generation Generation Generation
I)FBC program activities are aimed at

40% 411% > I_%
full commercialization of the PFBC

114 115 1110 systems In the next two decades.

113 t15 1110 Advanced Research

to meet to meet to meet Moderate levels of advanced research

$1,300 $1,100 111,000 are planned to provlde continuing re-
finement and improvement of PFBC

90% 80% 75% power systems. Activities 111this pro-

NSPS=NewSourcePerformanceStandards _ram element include coal and ash
CAAA=CleanAirActAmendments chemlstr 3, base research (lncludlnE

combustion and devolatlzation mech-

anisms}, process control methodolo-

gies advanced research, materials

base research, and development of
advanced Instrumentation.

Component Development

Component development will allow

si_nlflcant Improvements In the eco-

nomic viability of PFBC systems.

Further development of ceramtc bar-

rier filters Is urgently needed. A cru-

cial project in the development of

('eramic Mter components ls the
demonstration of at least two cer-

aml(' filter hot gas cleanup devices in

utility-scale tests at Ohio Power's

Ttdd PFBC demonstratlotl prolect.

This research and development wlli
> Inasecond-generationPFBCpowerplant,
coalmixedwithlimestoneordolomitesor-
bentisinitiallypyrolizedina carbonizerto
produceacombustiblefuelgasandasolid
char.Thechar/sorbentmixtureisthencom-
bustedathighpressureinthefluidized-bed
combustionvessel.Inboththecarbonizer

andfluldized-bedcombustionvessel,the Hot Gas CleanHot
sorbentactstoremovesulfurimpurities Cleanup CoalGas
fromthecoal.Afterparticulatesareremoved Gas
fromthefuelgasandfluidized-bedcombus- Turbine
liongas,thesegasstreamsarecombined I Hot Gas
andcombustedina toppingcombustor.The Gasifier/ Cleanup
hottoppingcombustorexhaustgasentersa Carbonizer J_=,_I
high-efficiencygasturbinetogenerateelec- Cha_ Topping
tricalpower.Hot,low-pressureexhaustgas Combustor
fromthegasturbine,andheatfromthecom-
bustionofthechar,areutilizedtoproduce Char Ash Hot
steamandgenerateadditionalpowerviaa FlueLimestonesteamturbine. GasorDolomite Steam

Advanced,second-generationPFBCsyslems Coal
_m

featureevolutionaryimprovemenlstofur- Gas Ash J
binesandothercomponentstoraisesystem Turbine Steam /,
efficlenciesfurther.First-generationPFBC I

/systemsdonotfeatureacarbonizerora Condenser _._)

combustionturbine,andarelessefficient, '_ Steam
duetotheresultinglowertemperatureofthe Waterto PFBC& Turbine Heat
gasbeingsenttothegasturbine. HeatExchanger Exchanger



be conducted in conjunction with tile Foster Wheeler I)evelopment integrating advanced steanl turbines

equipnlent suppliers. Snlall busI- Corporation's pilot plant facility. This and advanced gas turbines into

nesses will be specifically targeted for testing will verify tile ecollonlic and super-clean, super-efficient PFBC

work ill tills area. environmental perlormance and eft/- systenls will be investigated.

Cost-sharing contracts with U.S. ciency of this PFBC system. Major Activities will Include research stud-

equipment manufacturers will ad- components and high-temperature ies using cost-shared, competitive

drew,is the capability of U.S. tndust_, solids transfer Issues are also under contracts resulting from proposals

to produce PFBC components that study, submitted In response to a Program

conlpete successfully ill the domestic A fully Integrated second-generation Research Development Armounce-

and international markets. In addl- PFItC will be operated and analyzed ment. Feasibility studies and POC

tioll to ceramic filters, Important at the Power Systems Development evaluations will be conducted at

('olnponenls that could be produced Facility (PSDF) in Wllsonvllle, PFBC pilot plants, utility facilities.

ctmlpetlliveIy in the U.S. are hot gas Alabama. This PFBC testing will eval- and boiler manufacturing facilities.

piping, solids transfer valves, coal- uate the Integration of all of the corn- Crosscutting research conducted by

water paste pumps, and gas turbines ponents ill tile PFBC system with the Waste Management progranl oil

optimized for PFIiC systems, prima .ry emphasis on tile nlarrlage of ash utilization is also a part of tills

hot gas cleanup ceramic filters to gas program elenlent.

Advanced Turbines Systems turbines.

A se pa rat e Advanced Turbi nes Sys- Commercial-Scale
terns ('r()ss('uttin_ development pro- Environmental and Economic Demonstration
!aram is l)eint_ funded by ttle I)OE Performance Studies The results of the conlponent devel-

Natural Gas Program. This will Environmental and economic perfor- opmcnt, envlrormlenta] studies, and

clt,veh) !) and demonstrate next- nlailce stuclles will address the Oil- efficiency developnlent acttvltie.s in

_,eneration gas tttrl)lne technolo_v going need to develop and eomnler- the PFBC program will lay the tech-

for use wilh nattmd _as and coal- ('lalize lnore efficient, envtronnlentally noiogica] foundation for conlnlerclal-

derived t_as. superior power systems. The activl- scale denlollstratlons on a 50/50

lies Ill this area of the PFBC program cost-sharint_ basis,

Systems Development, will explore the full potential of PFBC "File demonstration progranl eh'nlent
Integration, and Testing

systems to produce extremely low focuses on tile design, constru('tton.

The testiIl_ activities for t'FIt(; sys- pollutant emissions levels, while also start-up, and operatioll of all ad-

terns ('onsist mainly of assessing the attaining correspondingly high rat- vanced, super-efficient PFBC

()perat inR performance of a partially illgS for ener_, efficiency. The engi- comnlerelal-scale power plant. This
inlegrated se('ond-_eneralion I'F[_IC at

neerlng issues associated with large-scale demonstration plant

woukl be selected by competitive pro-

Program Elements Interaction
('urenlelH, and would have at least a

50 percent cost-share frottl all indus-

trial partner or eollsorthml.

Systems
development,
integration&
testing

,. < First-generationPFBCSystemshaveevolvedfromAtmosphericFluidized-Bed

Environmental Combustion(AFBC)technology.Withthein-
[&eGonomlo I : corporationofhotgas filters, PFBCdevel-
I perl_rmsnae
i ertudleI operswill beable to useU.S,-suppliedgas

: turbines. Theadditionofa fuelgaspro-
ducer,or carbonizer,is necessaryto evolve

PFBCtechnologyintosecond-generation
PFBCsystems,Additionaladvancesin the

Oommerolel.I Commerolal- developmentofthe carbonizer,hot gas
jzmaledemo I....................... _le d_e_mo cleanupsystems,gasturbines,andsteam

] ] ] _ cycleswill resultin super-clean,super-
1990 2000 2010 efficientPFBCs.



Major Demonstrations and Activities
Ohio Power

Tidd HGCU10 MWeSlipstream
DesMoines EnergyCenler AppalachianPower 1st-GenerationPFBC
DMEC-1Limited Partnership MountaineerPlant OhioPower CeramicFilterTesting
80 MWe1st-GenerationCCT 1st-GenerationCCTDemo Tidd Plant
DameCirculatingPFBC BubblingPFBC 70 MWe 1st-GenerationCCT Brilliant, OhioDernoBubblingPFBC

PleasantHill, Iowa NewHaven, WestVirginia Brilliant, Ohio

FosterWheeler
DevelopmentCorporation
2nd-GenerationPilot Planl
CirculatingPFBC

Livingston,NewJersey

CalvertCityAdvancedEnergyProiect
95 MWe2nd-GeneratJonPFBC

CalvertCity,Kentucky

PowerSystems
DevelopmentFacility

Shading indicates states where BOMWeIntegrated
DOE-funded research activities occur, 2nd G_.nerationUserFacility

Wilsonville,Alabama

Major Activities and Milestones

1990 1995 2000 2005 2010
P

I
> PFBCresearchanddevelop- jl i Ttdd hot gas ]
meritactivitiesincludesubsys- 1 L_.. filter tests J
temsandcomponenttesting, I ! oF.o..l
componentdevelopment,envi- PFBC [._...P_.!.__ lronmenlalandeconomicper- RD&D

formancestudies,and i i ....... Rltar I
second-generationPFBCpilot I, _.....................................................................___J
tests.Advancedturbinessys- J

tems are beingdevelopedsop- t [ Environmental &_¢y
aratelywith fundingfromthe .L _...........................................................................Imwovement RD&D....J

DOENaturalGasprogram. TThreefirst-generationPFBC ATS

demonstrationswill befol...... 1

lowedbysecond-generation J
" "".... ' Three lst-oeneratior

PFBC d_pmonstratiom
commercial-scaledemonstra- CCT

2nd.generation
• PFBCdemonstrations

lionson a 50/50 cost-sharing Demo

basis.FullycommercialPFBC .|_.
systemswill beavailableby T
theendof thedecade. Commercial

Development
1st-generation 2rid-generation . . Super-clean, /• . super:efficient PFBCi
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agnetohydrodynamics (MHD) systems

differ from other advanced coal-fired

systems in that they use a channel in

a magnetic field connected to the com-

bustor for production of electric power

As the ionized combustion gases pass

through the channel's magnetic field at close to the

speed of sound, electricity is created. A conventional

steam cycle utilizes remaining heat to produce addi-

tional power

Thermal efficiency of a fuU-scale, commercial,

combined-cycle MHD plant is projected to be over 60

percent, while conventional coal-fired power systems

offer only 32 to 35 percent efficiency. In addition, MHD

technology provides strict controls of S02 and NOx

emissions, removing more than 99 percent of the impu-

rities from coal.

With efficiencies almost double those of current plants,

and emission levels near zero, MHD will be important

in the energy production market of the future.
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_ MHD RDI_D Program Descri)tion

Tile major _{oai of the MHD program Program Elements Industry Cost-Sharing
is to develop and denmnstrate a dra- The MHD prod, ram consists of: "File schedule of events is to some

matically dtlDrent advanced power • I'OC (lemonstration, during which extent dependent upon lndust W

plant with a net effh, iency of over 60 an integrated system is tested to sponsorship of MHI) commercializa-

percent. Key components developed show the perlbnnance and durabil- tion. As commercial interest builds

and demonstrated are: try of key components, lbllowink{ demonstration of a retrofit
or stand-alone MHI) plant, it is

• /Ml tnteldrated topping cycle, • Field demonstration of a coal-fired

which includes a conlbustor, an steam power phmt with an MH[) expe('ted that industry spollsorshl I)

Mill) generator, a magnet, and topping cyt'le. Cost-sharing with will speed up tile advanced generator
desik{n and lligh-temperature air

a diffuser, private industry Is expected at this

• An integrated bottoming cycle, stage, heater developnlent. These elenlents
are essential to the atlahllnent of

which includes a radiant boiler • Design and denmnstration of a MtID's maximunl comnmrt'ial
and particulate collection devices.

first-generation MHI) plant, potential.

• An MIlD seed regeneration system. • Advanced engineering component

Additional goals include the achieve- and system development.

ment of extrenlvly low SO_, NOx. and • I)emonstration of comnmrcial

air toxlcs emissions, and high eco- readiness.

l+lOtlli(' efficiency (inch tding an elec-

tricity ('()st more than 20 percent Crosscutting Technologies
h)wer than that of current generation Continued R&D in various technoioKv

pulverized coal t)ower plants), areas is cru(,ial to tile development of

This te('hnoloKv is already ill the MHD power systems. Advanced com-

proof-t)f-con('ept (POC) phase, and is bustion, llue k{as cleanup, and waste

expected to lie itl demonstration, and matmgement activities kGive critit,al

ready for commercial developmetH, ill support to tile emission k{oals of tile

the year 2005. program. Coal preparation and base
research activities are key in the

development of high- temperat u re air

heaters, and tile Base Resear('h

l'roktram also supports work on long-

duration generators. Progress in

these areas will feed into tile MIlD

development pr(_ram, and be incor-

porated into the first conmmrcial

MI ll) systems.

>Already in theP0C phase,first- First-Generation MHD

generationMHDwill nextbe
demonstratedinthe field, when

anMHDtoppingcyclewill be
addedtothe existingsteamcycle. Commercial MHD

n, +o,coo i,+. +lo.olponentsand systems will lead to system m
developmenta demonstrationofsecond-

generationcommercialMHD

beforetheyear2005. 1990 2000 2010
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RD&D Program Goals

F (
MHD Power Systems I

> 60%

1/10

1/6

65%

to meet

$1,200

NSPS=NewSourcePerformanceStandards

CAAA=CleanAirActAmendments

_HD

Combustor Ge,lerator < MHDtechnologycreatesa coal-fired.MHDVeryHot
Seed --_ Flue Gas L_ steam-power,combined-cycleplantthat incorpo-

Coal _ _m ratesthreeseparatesystems:

Air _ J,., .,-,JI • TheMHD topping cycle, the most innovative
componentof which isan MHDchannel, where

Oxygen --_ electricpoweris produced.0xygen-enrichedor

Hot Flue preheated-aircoal combustiontakesplace ina
Slag Gas combustorconnectedto theMHD channel.Theion-

izedcombustiongasespassthroughthischannel

Steam-]-- Condenser I surroundedbya superconductingmagnet,andpro-

Low pressure '_w'" | field. A diffuserlinksthetoppingcycleto the bot-
steam ] |

L '_ml_'_ Steam] Water I tomingcycle.Thetoppingcyclealso includes

J I powerconditioningandcoal-feedsubsystems.I._j Flue ,,,mmJ,,m, • Thesteambottomingcycle,whichrecoversheatGas m- fromthe combustiongasesexitingthediffuser,andm

n _ _ spent Seed removesand collectscoalslag, ash. andspent

n _ _ slag seed. Thiscycle is responsibleforcontrollinggas-
Advanced Heat phaseandparticulateemissions.
Flue Gas Recovery
Cleanup Steam • Theseed regenerationsystem,whichconverts

Generator spentseed, usuallypotassiumsulfate,to a

reusablesulhir-freepotassiumcompound.This
compoundis thenreinlectedintothecombustor.
Theseed malerialfulfillstwopurposes:it makes

thehigh-temperaturegaseselectricallyconductive,
whilealso removingsulfurfromthe gasstream.



l'll_'r_' _in' livt, Inajin" phase._ lo lll_' "1"11¢'I'()(' pliase will I)i()\'e !lit' I%tlII) allow M! tl) Io a('hieve Iml_-lei-m

('liizmllpr()Rranl,e_lelliili(,_r_s][() ('()n('el)l.[iwill(l('nloli_li'ni¢'huRe t'lficiellcy,ail(lerlvii'olmleiHaland

lilt'h)nR-t_'rnl(yl)j(.t'tix,e,_clftilt'MIll) st'aleheal recovelw and parii(.uhlh" t'ostRoals. n _ei'ic,_(_I"advanced en_i-

pr()Rsmn, i'eln()v_ilsystems, llsinRa varietyof neci'inRprojectswillbe undertaken

co,ill.Itwillshow thai elimination of prior io the (il)limunlconunercialPhase I.POC Demonstration
._tii|'ui"oxide emissiol-lsthrolIRl+i_.ffet'- operalion of MI It)faciliti,',<s.These

l)('vel_Jl_nr'lli_ind delnmr_ii'ali_Inof
cliveseed collei'lion,reRel-leration, in('hi(I(':

ililt'Rl'_iledMI ll)tc_l)l)illR cycle,bol-

and reinje('tioiiis a primate, sy_tenl • Doveloplnent oI'an Mill) hiRh-lominR ('v('ie. _sll(I ._('('(i reRexlcr_lii(in

sVsl('nls _ir/, tiiili['(! _il l)l'()vi(lill_ _lli I)eilel'il il_hereni i11 ihc MIl[) i)i'oce._s, lt'ilipl'r_ilui-o re_t'li(_l'_ilivo or recu-

_'li_ili_'_'l'ill_ d_il;llJ_i._e lr_lili which Phase 2. MHD Field Demonstration per_llivt' _iJl" prehe_/lt'r.

(ll'('isioils (ill MI il) rl,lrofil _ill(I Slalld- A l)i'iv_lh'-se('ior _roilp ill the U.S. ]l_ls • l'_vaitiaiioli of lhe I_iSo of (']cailt'(i

;iillli_' l)l_liils i'_ili I)(" lii_ld(' t)V b()ih t)l'()pl)._l,d _lli Mill) i'i_'ld (l('lllOllslr_l- ('(i_il ill _ill Mill) ])I'O('(,_.

Iil_" ]nit)li(' nll(l ])rit'_ll( ' st'('l(lI'S, iic)il, aild WOtli(l t)r_)vi(le _il leasl 50 • [)esi_n, l{lbricalion, and lc'siinR of

._i_liili(_ilil t)r_lt_r('ss l_)w_ii'd c()ilil)]('- l)ell'elll ()i lhe c'_sl o1 Slll'h ;ill el't'ort, an advanl't-d MHI) ('hanllel.

li_)Ii (_1lll(' ]_()(7 denloiislialioli is The en_in_,('iin_ (hllal)ase developed
• [)c'si_il of _lll ilnproved SUl)er-

(,Xl_('('i_'d (hll-iill_ 1993. wilh I]1(" f()l ill Ihc I'O(7 (leniollslr_iliOll will ll_" lilt,
('orldu('lill_ ili_i_llel _llld lll_llt"ri_l]._.

h_will_ inih'sl(nles: I)_isis fin" this (t_'si_n. "['h(' MI It) laci]-
• of ;idv_llll'o(l powol"

• ) _ . -( ,IS Il_ _hiI'_ili ill iOpl)inR ('vi'h' 1o._1._ ilv will C'Oll._i._l ot'_lil Mill) loppil_ l)evt'i°l)nl[uH

_il Ill(, ('Oilii)(lileill [)evi'hii)lilt'lil ('y('le wilh a _Io_llii I)oilolnin_ t'v(']('. ('Oli(liliOllill_ _inc! ('oilll'()]_ for _inM1 II) laciliiv.
lill('l_r_iliilli I:;i('i]ilv ill t_lllll('. Phase 3, Design and Demonstration of

M_)lll_llln. a First-Generation MHD Plant • l)evelopnlelH of inli)rove(I tee'h-

• l ll)ll(_llliil_ ('v('ll' le._l_ (ill I)(li],/ D_'velOl)lil('ill of _iii _l(lv_iil('t'(l _('ll('r_i- lil(luc_ l()r solid ill_l[('ri_il_ l't,e(lill<l_

(.,1_,1¢,1-11liillllllilllitl_ tii1(] ',vi'_l¢.H'll till" will produ('e {111oi)lilllize(I M! ll) _lii(I htill(tlilll.f,.

_lll)llilliilliliini_ ('(l_il._ _ll llll' power pitinl cl('_i_ii ill Ill(' ye_lr 2000. • A(k'_lllC'ed Mill) _);_leill (,on('eplu_l]

('(_ll l:ire¢l I:hiw l"nl'ilil\' in Thi._ lilt(%' I)o ('niie(I firsl-_eneralion (Io._t_n ._ludies.

l'lii]_l]l_nii_i. "]'l,illil,_._t'i'. Mill) lt,('hii(lio_v. 'rllis d(,(li(,alcd "Flies( (l('v('l()plll('lli_ ;lro slale(I for

MI tl) l)hlnl will ti_e preheated, ('oinpieliOll in 2004.
• _('('(t l'l'('lIV('l'V _lll(] l't'L_i'lll'l'_ililil',t

¢)xvRt_ll-_'nl'i('lle(I _iir li)l ('onibll._iioli.
])l'()l._l'_IIllli'sls. Phase 5, Commercial Readiness of

;lii(I ill('ll ((It' ._l;ll('-()f ihe-_irl ,_tib._v,_-
MHD Technology

• IJl)d_ill'_t ('()ii('('l)lll_il (h'_i_ll,_ fin" l('lll_ _iil(I ('()lllt)Oli('llt._.
._il_' _l)('('ilic I'('l rolii. Se(,olld-R(in(,r_ilioil M! ll) lei'hllolol.(v

Phase 4, Advanced Engineering is (,xt)('clod to) I)e ill dt, llion_Ir_liion

Component and System Development and avnilabh_' for collllll(,r_'ia] tile bv

Ill cirlh'i Io ch'vc'h) 1) the ._l'l'Oli(I- the ve;ir _.()()<r).
_('lit, r_iiillll i('('hllolo_v il('('(,._._ll'V l(i

Program Elements'interaction

< Crosscuttingtechnologydevelopmentis
crucialto the commercializationof MHO

v powersystems. Advancedcombustion,flue
Ceramic Advanced

air _#eten'dcomponent gascleanup,andwastemanagementactiv-
heatera, development/demo ities speedachievementof emissiongoals;

coal preparationandbaseresearchactivi-
tiesunderli_,the developmentofthehigh-

temperatureair heaterwhichis integralto

Advanced sec0nd-generati0nmatureMHD.
generator

MHD field
demo

MHD Key to Crosscutting Technologies
POC 1. AdvancedCombustion 4. FlueGasCleanup

-----t i l "- 2. BaseResearch 6. waste Management"- 3, CoalPreparation
1995 2000 2005 .........
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Univers,tyof TennesseeSpace
Institute(UTSI)
Coal-FiredFlow Facility(CFFF)TRW. Inc.,

SeedRegenerationPilol Tullahoma, Tennessee
Facihty(SRPF)

Capistrano,California

MSE, Inc.,
ComponentIntegralionand

ShadingIndicatesstateswhere DevelopmentFacility(CDIF)
DOE-fundedresearchactivitiesoccur. Butte,Montana

gies suchas advanced

ers, andair pollutioncontrol Seed R&R
technology.The inp,t from |
thesetechnologiesis care- • Evaluate'Phase i results;desi!in,

' ' , . . . . ' construct, &.test SR/R (Phase2)fullytimedto correlatewith
the developmentofthe MHD T
toppingcycle,bottoming |
cycle,andseed recovery/ Concept.

regenerationsectorsof Design

Award
competitive

contract

Design s/stem
the project. L
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ntegrated Gasification Combined Cycle

(IGCC) systems replace the traditional coal

combustor with a gas_er and gas turbine.

The primary advantages of gasification-

based power systems are the high system

efficiencies obtained by their combined-

cycle configuration, and the ultra-low acid rain emis-

sions. Over 99 percent of the coal's sulfur is removed

before the gas is burned in the gas turbine.

First-generation IGCC power systems are capable of

net system efficiencies up to 42 percent, with S02 and

NOx emissions less than one-tenth of that allowed by

NSPS limits. These systems are at the commercial

demonstration stage of development. Advanced IGCC

systems of up to 45 percent efficiency are expected to

see large-scale demonstration by the end of this

decade. Next-generation Integrated Gasification

Advanced Cycle (IGAC) systems, featuring advances

in gas turbine technology, will demonstrate net sys-

tem efficiencies of at least 50 percent by next

decade's end.



>. First-generationIGCCsystemsare First-Generation IGCCat thecommercialdemonstration
Commercie

Demonstration introductiol
staoeel developmenl.Researchis
presentlyonooinglor developmentof
advancedgas|tiers,hotgasdesulfur- Second-Generation IGCC
ization,advancedturbines,andolher

systemcomponentsthat will beusedinsecond-generationIGCCand IGAC
systems.Thesemoreadvancedsys-
tems, whichwill featurehighersys- IGAC

[tem efficienciesandlowercosts,are Development Demonstration i Commercial :
expectedtosee large-scaledemon- . I i introduction
strationbythe endofthis decade. m,,--

1990 2000 2010
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RD&D Program Goals

8eoond.
Generation

Gasifioation Power System IGCC IGAC

45% z 50%
(by2000) (by2010)

1/10 1/10

1/10 1/10

to meet to meet

$1,200 $1,050

80% 75%

NSPS=NewSourcePerformanceStandards

CAAA=CleanAirActAmendments

Advanced
Gasifier Hot Gas

Cleanup

Coal
Gas

AirorOxygen CleanHot

Steam Topping FuelGas
Combustor>.Thisdiagramshowsa typicalsecond-generation

IGCCsystem.InanIGCCpowerplant,fuelgaswhich Limestone _ _j__

consistsprimarilyofhydrogenandcarbonoxidesis (optional) _J_'_T _D" to Gasifier
generaledinagasifierbyreactionofcoalwith _[ _ Gas Turbine

steamandoxygen(orair)ina fixed-bed,fluidized- Ash _m __/_"_bed,orentrained-flowgasifler.Athighpressure,the P
tuelgasiscleanedofimpuritiesandfedtoa high-
efficiencygasturbinetogenerateelectricalpower. Hot

Hot,low-pressureexhaustgasfromthegasturbine Exhaust Condenser Iisutilizedtoproducesteamandgenerateadditional

powerviaasteamturbine. _ Water_l.--,=Water_i_-;! _! " "
Asecond-generalionIGCCpowerplantfeatureshot "'''"

gasdesulfurizationusingaregenerablemetaloxide I I_ L._atelevatedtemperatures,and(optionally)air-blown Rue

gasifiers.
I Steam

_ H,eaz I Turbine
Exct_anger _ ........

to Gasifier



The IGCC progranl has a tuunber of • The Gasifier Product lnq)rovement devices simultaneously, at a 38-

specific activities under way that will Facility (GP1F) features an ad- ton-per-day scale.

advance each of the m_[lor program vanced, five-foot, 150-ton-per-day • A Process Development Uzlit (PDU},

elements, composite gasifier sited next to an fueled by a syngas generator, will

openfling power plant, test an advanced 18-Inch diameter
Advanced Research

• An integrated pilot-scale gasifier/ lhfldlzed-bed hot gas desulfurlza-
Moderate levels of advmlced research

moving-bed hot gas desulfurizer, lion process.
are phmned to provide contlnuhlg x'e-

l]nemenl and Improvenlent of IGCC operational since 1988, is provld- • Acldltlonal acth, lties ixlclude the de-

lng process knowlecige on hot gas velopment and testing of advancedpower systenls. Activities In this pro-

gram clement hl('ltlde coal and ash subsystems, components, and sul- concepts for removing particulates

fur removal sorbents, from hot fuel gas, development ofbase research (lnchlcting gaslfh,atton

mechanlsnls), _as separations ad- • Additional acth'ilies include feasi- new processes and sorbents lor hot

vartced research, process control bility studies and smaiI-scale test- gas desulfurization, and measure-

melhocloh)gtes advanced research, lng of ln-sltu desulfurizatlon ment/control of air toxic, species.

nlalerhds base research, ancl clevelop- during coal gaslflcatrm, op _,hnlza- IGAC and Advanced Turbine

n|ent ol- ach'anc'ed instrunK, ntation, lion sllldles of new syslezn configu- Technology
raliotls, and system Integration

IGAC development will concentrate
Second-Generation IGCC RD&D analyses anti testing.

Five IGCC demonstration projec,ts on integrating advanced turbines

with ;ul cslJllli|led cost o1$1.4 billion Hot Gas Cleanup and Trace and therlliOdyllaIlli(" cycles into
Contaminant Control gaslftcathm-based power systems.

over the next eight years are beizxg Technologies Ma.jor activities include advancecl tur-('()st-shared under the Ch'an Coal
This program element focuses on de- blnes system sluctles anti integration

l)elllOllStl'_ltiOll pl'()_l'_iIll. M;AIIy 11o[

veloping anti commercializhlg gas tests. A separate Advanced Turbines

g;ls [idVl/ll('eIllOlllS ;./l'e incorporated cleanup subsystems that will be used Systems development program is
ill these projcc'ls.

• in IGAC alKI set'ond-generathm IGCC being fundecl under the Natural Gas
"l'lfls pro!2,F[llll clelllPll[ ('OIlCeillr_lles

power plants, progranl thai will develop and

oil researc'h and pilot-scale develop- ° Tile primm'y a('tivity is the con- denlonstrale next-generation gas
rne_H of gaslfier and gas stream

struction of a multi-use lest facility turbines systems for use with ilatural
('lealmp advances thai can speecl

in WilsonvilIe, Alabama. The Power gas and applicable to coal-derived
(,OllllllerciltlizatJ()II of second-

Systems Development Facility fuel gas.
,_eneralion IGCC systetns.

(PSDF), scheduled for start-up in
Commercial-Scale

1995, will provicle long-ternl per- Demonstrations
formance testing of up to three die-

This program element Ibcuses on
ferent hot gas particulate removal

the design, const ruction, start-up,

and operation of highly optimized

IGAC and set'trod-generation IGCC

conmlerc'lal-scalc power plants. These

demonstration t)lants would be se-
Advanced

research
letted by competitive l)rocuremenl.

and woul(! hay(' at leasl a 50 pc, re'out

cost-share from an lncluslrtal partner

or ('oilsorliunl.

< Researchis presentlyongoingin the
* developmentof advancedgasifiers, hot

t_ gasdesulfurization,andhotgasparticulate
_] removalsubsystems,whichare being

Commercial- Commercial- integratedintohighlyefficientsecond-

I IGAC & : scale demo scale demo • generationIGCCsystems.Aparallel initia-
advanced i ......... tive in thedevelopmentof advancedgas
:turbines RD&D turbinessystems,whenintegratedinto

t I l -I_ IGACtechnology,will provideevenhigher
1995 2000 2005 systemefficiencyat lowercapitalcost.
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CenteriorEnergy
Corex/CleanPowerProject
CCTDemo
CorexProcessSteelProduction/IGCC

Sierra-PacificPowerCompany Cleveland,Ohio
Piton PinePower Project ABB CombustionEngineering PSIEnergytDestecEnergy
CCTDemo LakesideStationRepoweringProject WabashRiverRepowermgProject
2nd-Gen,Fluid-BedIGCC CCTDemo CCTDemo

Reno,Nevada 2nd-Gen.Entrained-FlowIGCC lst-Gen. Entrained-FlowIGCC

Springfield,Illinois TerreHaute, Indiana

GeneralElectric
IntegratedFixed-Bed
Gasification/HotGas
DesulfurizationProcess
DevelopmentUnit

Schenectady,NewYork

DukeEnergy
CamdenCleanEnergyCCTDemo
2nd-GenerationFixed-BedIGCC

Camden,NewJersey

CRS-SirrinelMonongahelaPower
GasificationProduct

ImprovementFacility
AdvancedGasiflerPilot-Scale
Demonstration

SouthernCompanyServices Foil Marlin, WestVirginia
PowerSystems
DevelopmentFacility

Integrated2nd-Gen.IGCCUser TAMCOPower Partners
Wilsonville,Alabama TampaElectricCompany TomsCreekIGCCProject

TampaElectricIGCCProject CCTDemo
CCTDemo 2nd-Gen.Fluid-BedIGCC

Shadingindicatesstateswhere l st-Gen.Entrained-FlowIGCC
DOE-fundedresearchactivitiesoccur. Coeburn,Virginia

Lakeland, Florida

1990 1995 2000 2005 2010

i
!.................. _tap_]

....P-sDFpa,iCul-ate-
' ............¢ontro_! tests_!

i....
IGCC E gasifler

>" Commercializationof advancedIGCC R&D ..............dev+e!op_men!._t
systemsis the goalofthis DOEprogram, l .............................................
andwill followoperationof demonstra- Fluid-bed desuh_flzer }

tion plantsfundedat least50 percentby t i......proc?s_s_deve!°_pm_e_n__J
an industrialpartner,Specificmilestones r...............................................', Trace contaminant i

sampling/controlhave beencreatedto focusresearchand j+ L.........................................J
developmentonlhisgoal. Highersystem ._
efficienciesandlowercostswill result IGAC

fromthe developmentof advancedgasi- R&D_,_
tiers andadvancedturbines,andless

;demonstrationscomplexhot gasdesulfurizationwill -|F
lower capitalcosts.Large-scaleR&D CCT
projectsandfiveCCTdemonstration Demo Future

plantsin Illinois, Indiana,Florida, | demonstrations
Nevada,andVirginiathat useenergy-
savinghot gascleanupsystemsforthe
removalof sulfurfromthe hotcoaF

derivedfuel gaswill then befollowedby T
entryintothe commercialmarket. Commercial_L
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Fuel Ceils/Integrated Gasification, Fuel Cell Systems
, , , , • ,

uel cells generate electricity directly from the

electrochemical reaction of hydrogen and oxy-

gen. Most of the fuel cell systems currently

approaching commercialization are fueled with I

natural gas, which must be reformed to produce

the hydrogen needed to operate the fuel cell.

Coal gasifiers automatically produce a fuel gas contain-

ing hydrogen during normal operation, which makes the

integration o[fuel cell and gasification technologies a

promising new approach to power generation. Integrated

Gasification Fuel Cell (IGFC) systems are highly efficient

power systems with extremely low environmental emis-

sions. With electrical generation e_ficiencies approaching

60 percent and negligible emission levels, IGFC systems

are expected to play an important role in meeting future

power generation needs.



The Fuel CelI/IGFC program has as Program Goals

its primary thrust the further devel- The objeeth, e for IGFC development

Ol)ment of fuel cell technolokw, and efforts Is to have an advan('ed fourth-

the tnte_4ratlon of advanced fuel cell Reneratlon/_,aslflratlon-based power

teetmolokw with other system eompo- systetn with a net system eMeleney of

nents, ln('ludlnR gasification te(,hnol- at least 60 percent by 2010.

oKV lor eleetrh- power and eo/4enera- To meet thts objective, IGFC activities

lion appih'athms, are loc'used on cleveloplng gaslfler

Three Fuel Cell Technologies teehnolokw and assoc'htted cleanup

There are three types of fuel cell systems that art, compatible with
MCFCs and SOFCs.

teehnoh)Kv tulder development,

differentiated by the (,omposttlon of The RD&I) pro/4ram for Fuel Cells/

the ele('trolyte ()f the cell. DOE- IGFC systems hwhldes pro/4ram ele-

Sl)Ons()red developnwnt and testlnf4 ments for each of the major tirol ('ells

of l'hosphc)rt(" A('ld Fuel (?ells H'AFCs) curretltly under devel()pment --

was ('()lwluded in 1992. an(l I)AFCs MCFCs and SOFCs -- as well as

are now It_ the lnllhtl stares of elexnents for Fuel Cell Advanced

('ontm('r('lalization. Research and "l'echnoloKv Develop-

men(, and Gaslflcathm and Gas
Moltml Cart)()nate Fuel Cells (MCFCs)

Stream Cleanup technologies.and Solhl Oxide Fuel Cells (SOFCs}

are adwm('ed, hlRher temperatt_re

Ilml ('ells ('tlrrenlly under (leveh_l)-

ntent. MCFCs and SOFCs oll'er higher

eM('ien('ies mid l()wer ('al)ital ('osls,

{|lld ;,ire stlilable f()r ilite_ra|t()li with

e()al gaslflers. The ()l)jective for MCFC

and SOFC development efforts ts to

have these tec'hnol(}Ries ready lot

('(mmler('ializatlon by 200,5 usln_

rtatlmtl t_as, and by 2010 USllt_ coal-

derh'ed ftml _as.

Development Cycle " '

>Three typesof fuel celltechnology Phosphoric Acid
Product Market
improvement & ' entries Commercialization
demonstrations •

are underdevelopment:phosphoric
acid, moltencarbonate,andsolid
oxide.DOE-sponsoreddevelopment

Molten Carbonate
andtestingol PhosphoricAcidFuel
Cells(PAFCs)wasconcludedin
1992, atwhichtime commercial
unitsbecameavailable. Molten

Solid Oxide/Advanced Concepts
CarbonateFuelCells (MCFCs)and
SolidOxideFuelCells (SOFCs)are
currentlyunderdevelopment.These
technologiesshouldbereadyfor Advanced Research

commercializationby2005 or2010, I ]
dependingon whether nalural gas or Materials, oomponents, future concepts
coal-derivedfuelgas is used.

Ongoingadvancedresearchintofuel t_"
cell developmentis also supported 1990 2000 2010
bythis program.



RD&D Program Goals
r_- ..............................................................

I

I IGFG Systems (by 2010)

PAFC Systems _ l10%
I'AF(' pro(hl('t (levelopnient a('tlvltles

with We.,.itlrl_tiouse l':le('lrl(" 1/10

Corporation and International Fuel

(:Jells were ('()mpleted In 1992. 1/10

Current Department of EnerKv/F()ssil

t,:iier!_y activities tn this area are tO meet

locusecl on alclhl_ the private see'lot's !

lntrochlt'tt()ll of _i (,Ollllli{,rcl_ll I'AFC ll,lO0

pr(Jchn('t through ('o()rdlnalion with

dt, nionstralton l)ro_ranis In l)OE's 80%

Offl('e (if _:llerkw gffli'len('y mid

Renew;lble [':nert..W ilivok, lll_ trans- NSPS=NewSourcePerformanceStandards

p()rtatioli ii_l',_, an(l programs tn t h(' CAAA=CleanAirActAmendments

Departnii'iit of Defense involvin_

llltlllal'y base power supplies.

MCFC Systems

lJ];iilll('(I a('tk'itles ill lhls pro/d,ral]]

oI('IliClil lc)('tlS Oll ('()liilntil'd hnl)rove-

ni(,ill aild it'slill_ o1"MCFC' le(,hnol-

o_v. Overall objec'lives ln('hide

liiwei'iil_ co._ls an(! tniprovln_ perl()r-

IGFC Program Activities

System Corn lonents
ililili('C' to lhe required level t()r mar-

kel t'lit i%'.

M(:FC pro(lu('l dcvl'lopiilelll at'tivillcs Gasifier

witli M-(" l)ower Corporallon and Coal Hot Gas
l':ner.14y Researi'h C:(irp(iratton are (,ur- Cleanup

Air
rently under way. "l'hcso a('livltlc._ will

hl('hlde ti'slii]_ of full size 100- and Steam Expander

Clean250-kll(iwntt M('t"(.' _ta('ks. slartint_ Coal Gas

ill l{){):t. I

/MCF(" l('('hnoi(i_v will then 1)e r{'fined

Ihr(itll_h sill)so(lilt'Ill ('osl-sh;ired Ash I Molten Carbonatei _._ _ ..,

MCYC tirii(lu('ls will t)e I)lllli aiid Condenser I I ............. I............. J t

le._led lor i)erl'm'inan<'(' mid elldtn'- Water,ql_,:::-::,,_ ._-

alice. In l.C),<)-l,ill(' 11,'._Ilield l(,sl,_ ()1' t_%//1 1_ I_ __ Burner l! II

ii;11 tlrlil-.l_;is-fired MCFC p(iwer planls - : ..... i ' I

V %1 T-..J Heat_overy Air
The l'irst illnl'kel elltl'v tintts fueled Steam Steam

with n_lltll';l] I.{as _lre si'lii'duled to be Turbine Generator

availal)h" I)(,_lnliln_ tli 1997; those

w|lh inte_raled ('()al ,_aslfl{'allorL A MCFCsoperate al about650 degreesCelsius(1200 degreesFahrenheit)

I)efore 20 ] O. andutilize an electrolytecomposedof moltenalkali metalcarbonates. In
theIGFCsystemconfigurationshownhere, Iherelativelyhigh operating
temperalureol the MCFCallowsthe useof a secondarysteamRankine

cyclefor additionalpowerproduction,contributingto anoverallefficiency
approaching60 percenl.

SOFCsunderdevelopmentutilizea ytlria-slabilizedzirconiaelectrolyte,

requiringthem to operateat about1000 degreesCelsius(1800 degrees
Fahrenheit).As withthe MCFCsystem,Ihehigh operatingtemperature
allows theuseol a secondarysteamRanklnecycleIor additionalpower,

andprojectedefficlenclesapproach60 percent.
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SOFC Systems Fuel Cell Advanced Research lmv_,_ralion of the ftlel cell and _aslfier

.%01"(' (h'veh)l)II|eIIt ;t(+tlx'llh's l()('tls or| "l'Ids l)r()_l';tin t'It'luelll f()('tlst's ()tl l)ro - tecllIiol()_h'."+ into all IGI'(_ system.

R()al.s shnillar tl) tlmse <)Itile M('I"(' vldlne, the (hlta, techtth'al llff_)rnm- Add(tit>nell n('ih'Itles tnv()h'e the de,eel

twlix'it[es, but tlt'(' directed It)ward lion. exph)rntot T studies, and testln_ ()[)Ittelll (if hot _,as t'h,ant_p systems

l)rtnlcler ntnrkel l)etletrntlm+. Tile ueech+cl t() cleveh)l) inipr()ved ltlel ('ells. that are ('ompatil)h" with SOFC ancl

maj()r f(mus is on ('<mthnm(l ixnl)n)vt'+ l+_xploratc)l.+yst(Idles examine the MC?FC lttel Ram purity reel(tire(net|is.

nlent nlt(l lestin_ ()I+the teclumlo_v, ill l+easil)ility t)l ll()ve[ l+uel cell (,trot'opts. The l'mver Svslenls [)evt,h+pment
order to h)wer pr()dtwt costs and hn- Applh'd research is dlre('ted toward Fneillty (PSI)F)at Wll._()nville,

l)r()ve pr(_dtl('t l)erIorntallt'e it) the elillllllttth_ speeifi(' te('Imolo_It'al Ahtl)anm. will ills()Imsl ftlel cell per+
h'vels net'essnl.w i+()rpeneirnti(m of tt barriers that iu'e intpedinld fuel l+Oltllattt'e tt,.,+titi_. Ill nd(llth)n il) previ-

lar_er markt,I, fell deveh)lmmnt. ()usly deseril)ed I'FI+IC and I(;(?C

Spe('iiit' ;it'lh'ith's iIlt'hlde the develop- At'llvltles Itlchlcle x'esearc'h It) ixlll)r()ve l)rc)Rram a('tlvlties. Ftml ('ells testilI_

IIlellt (If ttilnilar S()I+'(: tet'hnl)h)<v fIlel fells thr(m_h tile study el +ele('- will be (lolle ()It n slll)stream Ir()nl the

lhrl)tIRh a ('()()pt'rntlve a+t_rt'elnent witll trochetnisit T and eleetrlflytes, eh, t'- .Raslfier nmdttle, atld will evnhlale the

WeslinRItl)tlst' Eh'('tri(" Cln'l)l)r_Itl()n. lr()des, sel+arators, seals, nn(l perl+m+nnm('e <_Ia(h'al+('etl Itwl ('ells

tJl)(+tl ctmll)leltt)It ()I+this c()opel+atlve itlter('mmet'ts. Other a('th'Ities i|iln It) with (,onl l)ased ftlt'l gns all(l hot tGns

n_ret'mel;t it( 19,()5. a new netivity will t'nhnnce ltml ('ell l)erl()rnlnlwe l)y iln+ ('h,antJ I) le('hlll)h)_v.

be illitlnted t+) ilul)r(_ve ttlbtllar SOl+'(: l+rt+vin_, ftlel ('ell (nail'rials. ('(mlp() %pt't'il+Icn('lh'ilil+s in('Itl(h' sltldies It)
pro(Itu'ts, nt;d to I)uihl alld test them l+lelltS. Iat+rtcnlion ineth(uls, and define M('|:(' illld St)It'( ' ('(lllltllltllitllll

f()r l)(+Ff()l+lllalll('t"illl(I ellfhll'tlll('('. Ill (,()llltllliJlltllll t'Ollll'ol iet'Jilljqtlt'S. ]Ill l<)l('l+lll('('s: till'st +sllldJt's will lie ('l)ill-

It)+)(+. 10() it) 2()() +kih)wnlt (h,nmn- prove(I (h'si,t.+,nillld lll_lllllf;t('tlll'ill!._ I)h'ted in l(,),q4, laJv I,q,¢)8. t>ilo1-s('nh +
sll'tlli()ll it'sls will be c(mll)let('d: ineiho(ts will redtl('e ('t+sts whih' _nsii+it'tlti(_n tlll(l ('h+nlnlp activities will
l MWe it+ 9 MWe liehl tillil tests will in('reasin_ pr()(Itwt relinl)ilitv told

l)t' ('()inl)lele(l.
lie ('()It(lilt'tell it( l,t),+17, dtlrnbllity.

,%()I"(' +i(.tivities +fist) il_('h|(h' (h+veh)p - Sl)e('ifi(' activities inclt_(h' resetlrt'h (m Commercial-Scale IGFC
Demonstration

ill_ l_tmt+)lillth' ()l" l+Innnr S()I+'(: tel'h- M(:F(: elet'lr()des told cell resistm_ce
This pr_)t.{rnnt t'h'lllt'llt let)closes Oll Iht"

t_olo_v. "l'llt'sc conflt_llrntimts l_nx't' the re(hlctiol_. S()I:C nlnlerinls, seals.

]>otellli+|l I_)r hiRllt'r l)OWt'l (h'llsitv illltl illttTf_Ice ret|t'iiollS. (ll'sit'_ll. _'(+llsirtlclil+ll. SIalI'I llp. _111(I

_It+(lh)wt,r t'_)sls lltnll itfl)t,htr .'-.:,()l,'C's. _)l)('rnli()It ()I n hi+RhlyIll)limited IGI:('

wlli('ll ('l_t,hl nutM' tl_t'll_ ilnl)()rlullt Gasification and Gas Stream c()tn_llercitll s('nh' l)()wer plau+t. The
Cleanup (h,ntoltstrali()ll l)hlnt x,,'()tlltl I)(' st'

n(hlitt()Itnl el)It(ills l()r tll'W nlnl'kel
A('tivities in this l)r()+_rnlll t,lt'nleii[ are h,cled l)v ('()trills,lilly(, pr(_('t_r('nteiIt.st,clot's, l,nI_ol+_t(+l+vl_,sts (m tO0 xv_tlt
f()ctlsed tin the deveh)Imlent (if nd m_(l ,,v_,l_hl It+lYeat h'nst _ 5() percet;i

t'xten_tllty Imuiil(flde_I tm)noIitltic
valt('ed t_tlsilitq+te('In_()h)_v l(+r illlt'_l+_t+ ('(>sl sllttl't' lr()nl +tlt ittdtlslrinl intrtllel +

_()F(+? lint'ks will lie (+<)n_l+h,tt._iill
tills wit]I ftml cells, alld flit' n('ttl_ll ()r ('(_isortit_in.

I t,),¢):+.

Gasifiers/hot
'gasCleanup

Fuelcells
advanced
+research"

< Developmentettortsareunder
wayIhatwill leadtolhecommer-
cializationolSOFCandMCFC

MCFC /,.... natural-gas-basedpowersyslems.development ,
! i' Integrationoffuelcellswithad-
" v vancedgasifiersandgasstream

Gommercial- cleanupwillresultincoal-based
soaledemo powersystemsthatfeaturevery

---4 I+...................................................... J_........ I_ highsystemefficienciesat low
1990 2000 2010 capitalcost.
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IFC
PAFCMfg Plant

2 MWeMCFCFieldTest M-CPower
SouthernCaliforniaGas MCFCPilot Mfg. Plant Wh_dsor,Connecticut

SanlaClara, California 100kW SOFCTest
BurrRidge, IIIInols

LosAngeles,California

ERC

MCFCPilot Mfg. Plant

Torrington,Connecticut

DukeEnergy
CamdenCleanEnergy
DemonstrationProject

Camden,NewJersey

Westinghouse
SOFCPre-PilotMfg. Facility

Pittsburgh,Pennsylvania
UNOCAL
250 kW StackTest

B,ea, California 250 kWMCFC
CooeneratlonFieldTest PSDF

Gasifier/HotGasCleanup
San Diego,California Testwith Fuelcell

Wilsonvtlle,Alabama

Shadtngindicatesstateswhere
DOE-fundedresearchactivitiesoccur.

),, 1992saw thedeliveryof thefirst 1990 1995 2000

commercialPhosphoricAcidFuel Fuel
Cells, andcompletionof DOE- Cells:

sponsoredPAFCdevelopmentactivi- -_ r-_--_ .-_................... _-[ ..........._ Commercealusei ProclLIctimprovemQrlt I Market_nrivatesector
ties. Continuedimprovementand lesl- & cost reduction | entrlul "
ing ofMoltenCarbonateFuelCellswill Phosphoric _ ....k-.................. _.......... i .............:Acid
lead to thetestingoftwoMCFCpower Complete100 F_rst200 kWcommercialumt

_[ kW a_r-cooledplants slatedforcompletionin 1993 . stacktest 11 MWefieldtest (privatesector)
and1994. Field demonstrationsare

plannedfrom 1995to 1998. Improved -_
tubularSolidOxideFuelCellstechnol- Molten

ogydemonstrationtestswill becon- Carbonate A
_[ Fullarea FullsLze Commercial Commercialducledbetween1996 and1998, and . shortstacks stacks demos use &coal demos

monolithicSOFClechnologywill also T
betested.Additionalmilesloneshave Solid Oxide

beendevelopedfor ongoingadvanced AdvancedConcepts A A A A
20 & 25 kW 100kW Powerplantfield Commercial Commercial

research,providingthe data,technical .]_ generators generator test demo demos use &coal demos
information,andconceptualdesigns T
requiredto conductsuccesslulcom- Advanced Critical areas &future conce,}tsmercializationoffuel cells. IGFCdevel- Research

opmentactivitiesto determineand lest J-
optimumsystemsforincorporatingfuel 2 Technologydevelopment
cells intogasification-basedpower IGFC & scale-up

systemsmay commenceby1994. Devel__pment ANovelconceptsdevelopment PSDFtestsbegin



program of applied research crosscuts the many

technologies described in this Program Plan. The

benefits of this Base Research program are felt

by more than one given system, and its

efforts are as essential to the achievement

of systems objectives as those of the sys-

tems themselves. Base research focuses on the devel-

opment of enabling science and technology critical to

the development of systems capability.

The Base Research program advances the scientific

and technical knowledge required to understand the

physical, chemical, biological, and thermodynamic

mechanisms that control the behavior of coal-fueled

systems, and develops the means to overcome techno-

logical barriers that impede the realization of system

goals. The Base Research for Advanced Power

Systems program develops solutions to the critical sci-

ence and technology barriers that inhibit the adoption

of very high-efficiency, low-emission, coal-based heat

and power generation systems.
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Bast' Research fl_r Advanced Power SynerRislic contributions are also Recent aceomplishmellls wilhin [he

Svswms lAPS) is an inlei4ral part of made Io the program by research APS Base Research proRram denlon-

lhe coal-fired power generalion R&D boing conducled ill the Advanced strafe the critical nalure of such re-

program. Its activiiies supporl all Materials. University Coal Research. search. They include:

power svstelns under development. Coal Biopi'ocessing, and Small ,, Acquisition of essential coal de-

Ibcusin_ on 1)roblems both critical Business Innovation Research pro- volatization and char eolnbtlsliotl

and _eneric. grams, which perform research that data required for advanced corn-

The program includes: crosscuts all coal-based fuel and bustor design and operation.

• Research iil[o coal COlllbtistioll sci- power systems. * Acquisition of daia resullin_ in a

ent'e and relale(! lechnoloKv. Base Research Benefits PC-based engineering model en-

• DevelopmenI of ways lo control "rile science and technology base re- ablin_ nmnufaelurers and opera-

deleterious l)v-products of coin- quired lbr lh¢: design, manufacture, tors to evaluate and control boiler

bustion such as ash and mineral and operalion of advanced coal-fired sla_ing and fouling.

mailer, a('id raill pre('ursors, toxic t)ower _eneration systems depends • Creation of NOx conirol Ie('hniques

tunissions, an(t KreeIlhouse gases, upon lhe progress a(,hieved ill base through developmenl of ('onfi)us-

• I)evelopnlenl of ili_h-leml)erature research. Benefits will include: lion air- and fllel-stagin_

sells¢_r and diaL{nostic syslenls and " ldelllifit'alion of new and enhall('ed let'hniques.

leClllli(llles, stlbsystellls atld processes thal

• I)/'vtq_)i)llleIli of _llllOValJve ('OlllI)O- overcOllle key barriers alld re-

lit'IllS iHl(] SllI)SySl('lllS. strailllS.

• Acquisition of useful scienlific and

engineeri:_._ data.

• I)eveh)plllenl of desil2,n techniques

and cOIllt)uler-based design aids.

• I)evelopmeIH of prodl_clive seale-

u I) techniques frolll laboratog, aIld

l)eneh-scale lesIill K.



• APS B;_se Rese_lrch Program Activities

There are three categories of activity There are three major areas of Ash Deposition, Erosion, and

iJ_ !he APS Base Resear('h program: a('livity: Corrosion
This at'tivity includes research into

• Coal utilization base research. Systems Efficiency the lbnnation, transformation, and
• h lstrumelltalion and diagnostR-s This activity includes research on the

deposition of coal mineral matter and
base research, conlbtlstioll mechanisms of fuel injec-

ash, which both lhni! the parlor-

• Components research, tion, coal devolatization and pyroly- mance and reduce the efficiency of
sis. volatiles formation and ('onlbtls-

power systems. A means is beingCoal Utilization Base Research tion, and ('har oxidation. Resear('h is
sought to mitigate the effects of boiler

These activities have as their o[_jec- also conducted on heat and mass
slagging and fouling. Research is also

rive the collection of dala. engineering transfer, and other systems charac-
bein_ conducted into heat exchallger

designs, and technical information teristics, such as component corro-
operation and durability, and ad-

required to develop, design, manufac- sion and erosion, which afle(,t the
vaneed gas turbine and diesel engine

trite, and opcrate advanced power efficiency of APS. Activities further in-
systems.

syslelllS. Important ongoing work in- ('lude the study of the processes in-

cludes the development of high- voh'ed in high-tempcrature systenls Reduction of Deleterious Compounds

lemperature ('Oml_)oneiHs supportin_ environments as well as in advanced The fuel, comlmstion products, and

the Comlmstion 2000 advan('ed coal- fltfidized-bed ('onlbustion systems, waste streanis of all APS contain nu-

lh'ed power s.vstems program, al_d the mar ms compounds in addition to Ihe

develol)ment of dtmd)le and reliable hydrocarbons required lbr combus-

high-temperat u re ('erami(" filters to lion. These degrade efficiency, rella-

czmble tim control of [)arti('tflale bility, cosl of operation, and life

emissP.ms reqtlired in some A['S. This expectancy, and many are also the

work will ('onlilnw through 1994. subject of si_nil'i(,ant environlllental

concern upon release from the sys-

tem. Solutions are being explored for

use in several or all of the APS under

Science and Technology Base Needs < BaseResearchactivitiespromote

Common to All Advanced Power Systems technologicalunderstandingofad-
vancedpowersystemsthroughoutthe

variousstagesof RD&Dto produce
Fuel Conversion
& Heat Extraction

fundamentalproductimprovements.
In contrastto crosscuttingresearch

...................... ' _ ................ } ................. _ i......................._ that dealswithcompletesubsystems,
Advanced i 'Advanced Advanced i '. Flue Gas I base researchprovidesfundamentalCoal i
Preparation l Combustioni Turbines ! Cleanup i......... ; .............. j ................ . ........................ _. knowledgeof individualelements

essentialtothe developmentof

Ad .... c d i /{dvanced { ............ 'van e ; H -t _ Hot Gas ! clean, efficient,andeconomical
Gasification'. Eea_an-ersix_;. Cleanup ! coal usemethods.i y ', ............... j

The objectiveofthe BaseResearch
programforAdvancedPower

Systemsis to developscientificun-
derstandingof processessuchas ash

Materials Separations Measurement & Control Reaction Control depositionandpollutantformation,Fluid Dynamics Bioprocessing Combustion Science & Coal Science
i Chemistry to supportthedevelopmentofad-
.................................................................................................................................................................... vancedpowergenerationand

Critical Enabling Science and Technologies emissions-controlconcepts.

i
t



development. There are two directions Chemical Species Determination Information Dissemination

taken here, The first is to prevent the This research examines advanced The objective is to collect all lnfonna-

Iormation of compounds cletrtmental spectroscopic and ima_in_ mettmds tion re_arding instrumentation and

to coal syslem operation, while a sec- for chemical quantitative analysis. It diagnostic applications, and then

ond is to remove them oilce lbrmed, considers particle size, concentration, spread it across the entire coal RD&D

The specific approaches under con- and veloclly determinations, and in- program, to ensure (hat the various

sideration be_in with precombustion vestifdates advanced temperature and instrumentation eflbrts enhance and

processes such as advanced physical pressure instrumentation, including complement each other.

and chemical separation. Processes fiber optics techniqtws. Current aetiv-

which can be employed durin_ com- |ties include development of advanced Components Research
There are two categories of activity:

bust ion are also under study, and species characterization instruments

post-combustion processes such as and techniques, enabling operational Novel Components

downslream cleanup are bein_ re- assessment and control in tile harsh- Components such as high-tempera-

searched with some urgency, due to condition, high-temperature process lure valves and fiiter-cleanin_ devices

tt]eir environnmnlal impact, streanls of APS. are under study, and are expected to

Instrumentation and Diagnostics Process Control play a large par! in improving the effl-
Base Research Advanced monitoring and control in- eiency and environmental controls of

These activities have as their objec- strumentation and their methodolo- many of tile advanced power systems
under develot)menl.

tire the adaptation and application of gies are being{ developed tor use wilh

state-of-the-art instrtmlentation and combustors, _asifiers, and gas Solids Transport

diatdnostics to the spe('ialized require- cleanup subsystems, and for use in The underlyin/_ flmdamental prin('i-

me_is of all APS. lnslrumentation solid or liquid effluent handing. Some pies _overning multiphase solids llow

al_d diagnostic techniques are used APS instrunmntation needs that are are bein_ explored. Such a knowledge

by AI'S for process monitorin_ and being addressed arc: monitoring and base is required for the design and

control, as well as for research, devel- ('ontrol of the coml.mslor: monitoring operation of reliable and economic

oplllellt, _/lld lll_:llll.lf_lt'II.lre, filial so _:ll'C alld control of dOWIlStreaIll IllUlti- advanced coa| utilizatioll alld eoilver-

critical to operations as well as to in|- phase tlow to fuel-cells. _as turbines, ston systems. This includes activities

Ilal syslem development, and heat ex(,han_ers: monitoring and in muir|phase flows su('h as in solids-

control of removal devi('es; monilor- gas, solids-liquid, and three-phaseA(:tivities fall into three ('ate tg)ries:

('heroical spe('ies deternlilmtions, ing and control of techniques su(,h as systems. This sector also supporls
heat exchanger soo! blowint4; moni- iopical research lbcused on near-term

pr()cess c()illr()l, alld inforlnation dis-

sere|nail(re, iorinK and control of stack emissions: design problems.
and monitoring and control of solid

and liquid waste eMuents.




