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Introduction

Fluidized bed combustion (FBC)} iz an advanced oozl burning procsss
which provides a method of burning coal economically and in an environmentally
acceptable manner. This technology standa to be a near-term alternative to
the conventional pulverized coal steam plants which require complax
environmentz! control technelogy ln order to meet emlssion eontrol standarda.
The atmospheric fluidized bed combustion (AFBC) process in principal is very
aimple (Figure 1). The process involves burning coal in a bed of limeatone
particlea. Air passing through the bed from underneath suspends the
opal/limestone mixture turning it into a turbulent mass of hot, dry sollds
that olosely re=embles a boiling liquid. Sulfur dioxide, anr undesirable
byproduct of burning eocal, is captured by caleium oxide formed from the
limestone to produce caleium sulfate as a byproduct. Studies indicate that
this dry, solid byproduct may have useful appliecations or may at least provide
a material which can ba sconomically disposed of in an environmentally
acceptable manner. In additign, since the operating temperature of the
fluidizaed bed Is around 1,550 F (roughly one half the temperature of a
conventional coal=fired boiler) the formation of nitrogen oxides, a2 pollutant
which 1s receiving increasing attention, 1s also greatly reduced.

In addition to environmental control capabllities, there are other
advantages that the atmospheric fluldized bed combustion (AFBC) process has to
offer. The efficlent heat transfer characteristics of boller tubes within the
fluidized bed reduce the physical size of the boiler. Since the need of flue
gaa scrubbling 1s eliminated, the overall plant efficlency is lmproved. ’
Another major advantage of an AFBC boiler is that it can burn a varlety of
fuel types without aignifiecant performance deterioration. This means that the
large quantities of low rank coals available 4n the United States can be
succesafully burned without reliability problems aszociated with slagging or
fouling in the boiler. The result is a utility power plant that ia
potentially lower 1n capital and operating cost, and is capable of meeting
projected envircnmental standards. In addition, the burning of low quality
fuel resources that were formally conzidered waste produets, such as coal
cleaning plant residues and cozl mine waste, are feaalble with this process.
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History of TVA'a Program

With 63 boilers located at 12 generating atations and a ratad
capacity of almost 18,000 MW, coal-fired steam plants are currently the
backbone of TVA's electrical generatlon system. 4s ons of the country's

.
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"developing new c¢oal technologies that will enable us to augment or replace our

existing coal-fired steam plants. In September 1976, TVA's Board of Directors
approved Phase I of a program leading to the design and construction of a
utility atmospheric fluldized bad combustion power plant. Contracts were
awarded to three major boller manufacturers to obtain prelimlinary designs and
cost estimates for a 200-M{ demonstration plant and an B00-.MW commerclal-siza
AFBC boiler. In parallel with these coniracta, TVA's Divislon of Engineering
Design (EN DES) carried cut designs and cost estimates for the plant aite,
eozl and limeatone handling facilities, power plant building,
turbine/generator, and other balance of plant facliities.

Uaing these studles as a basis, an economic analysls was

_performed. The results indlecated that, in comparison to a conventional

pulverized coal plant with a wet limestone serubber, an AFEC power plant can
produce electricity at a cost which 1s 10 to 15 percent lower than the
conventiconal plant. Siting studles were condueted for the selection of a
suitable site somewhere in the Tennessee Valley region to locate a 200-MW -
demenstration facllity. This informatlon was utilized in the preparation of a
draft environmental impact statement (EIS) for the demonstration plant. In
the early stages of the project, it was recognized that a pilot plant which
ecould be operated under utility conditions was needed in order to confidently
deslgn a demonstration plant.

TVA's present AFBC program is compésed of three major actlvities:

¢ The design, construction, and operation of a 20-MW utility-type pilot
plant,

o The design, construction, and operation of a 200-MY demonatrablon
plant, and

o The supporting research and development program and related activitles
neceszsary to succesasfully carrying out these projlects.

20-Mi_AFBC Pllot Plant

A number of small-scals AFBC development units which have been
bullt and operated continue to confirm the attractivenesa of this technology.
None of these, however, answers the many engineering design and operating
questions which must be resolved before this technology can be used In a
commerojal-aize utility plant or permits assessment of the full environmental
impaact of thism technology. In September 197%, TVA committed to purchase a
20-MW AFBC pilot plant in order to provide design confldence and the
flexibility to test procass improvements along with emission controls.

Project teams needed to carry forward the deslgn, erection, and

“operation of the 20-MW AFBC pilct plant have been assembled. A conecerted ~-~

effort wes made to utilize available expertise and to learn from past and
ongoing fluidized bed combustion activities.
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The pilot plant project 1s composed of a facility phase and a test
program phase. The facility is being built by Babcock & Wileox and
Stone & Webster under a turnkey contract with TVA. The technical staff at
Electric Power Research Institute (EPRI} is providing review and consultatlon
on the facility design. The ftest program under a cosponsored contract between
TVA and EPRI will be conducted by TVA personnel. TVA will operate the

I

facility, -asaist -in the development of -the test plan, analyze and interpret
the data, and perform other activities related to the operational teating of
the pilat plant,

The 20-MW AFBC pilot plant has been designed with a great deal of
flexibility in order to reach the following major goals:

o To prove that efficient and cost-affective performance of an AFBC
boiler and auxiliary systems can be obtained under utility operating
conditions and to facilitate the rapid development of thls technology.

o To develop and prove-out operating control schemes required for
reliable utility performance relative to variations in power demand
{i.e., load following operations). :

o -To test, compare, develop, evaluate, and select large-scale auxiliary
components and AFBC facility configurations.

o To demonstrate adequate emission controls and combustion efficiency
over a range of alternate process and equipment configurations.

o To evaluate and/cor develop the necessary predietive modeling tools to
enable correlation of test resulta for use in designing larger AFBC
utility unita with confidence,

o To provide a tadre of trained AFBC englneera énd utility operators.

o To establish a data base for a range of coals and limestones to enable
scale-up of AFBC to commercizl aize.

Werk on the pllot plant has been actively proceeding for the paat
one and one=half years. The facility now under construction is located at
TVA's Shawnee Steam Plant near Paduczh, Kentucky. Site preparation and
initial construction began in April 1980. Testing and operation 1s slated for
mid-1982. Schedules for the facility and teast program phases are shown in
Figures 2 and 3.

The pilot plant has been designed to test various mechanieal
subsyatems and to optimize parameters for good performance and rellability
under utility operating conditions. A cut-away view of the facility 1s shown
in Figure 4. The pilot plant will asllow testing of various feed systems
{overbed and underbed), fluidizing velocities (4, 8, and 12 feet per second),
control and load following techniques, and various envircnmental control-
techniques. The main fluidized bed area will contain 216 aquare feet of
active area (12 feet by 18 feet) plus 72 square feet {6 feet by 12 feet) of
an oi% -fired startup section. The steam conditions are 2,400 psi and
1,0007F .t : ot
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AFRC PILOT PLANT SCHEMILE

Figure 2
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The hominal deaign conditions are § feet per =scond fluidézjng
velocity, 4-foot bed depth (with provision for 4 to & feet) and 1,550 F in=bed
temperature (with provision for 1.400°F to 1,700°F). The design (Figure 5) (?“
ineocrporates: _ -

B,

& Hecycla of Ghar to the main bed (the carbon burnup bed was deleted
from the desaign).

o A feed point apacing of 1 per 18 square feet (with provisiona 1 per 9
aquare feat}.

o & water-cooled bubble cap distributor plate.
o A combuator dexjgned for a 2-second gas pass residence time.
0 A direct digital computer control data acquisition system.

A number of technical areas of concern need to be resolved from
operation of the AFBC pilot plant. These In¢lude the following.

Cogl/Limestone Distribution

In the area of ¢oal/limestone distribution, geveral alternate feed
systems will be tested. Included are an overbed stoker feed system, separate
overbed limestone faed, and underbed pneumatic feed of cpal and limestone.

The distribution of coal and limestone to the fluld bed has been a2 primary
area of concern limiting large-scale AFBC development. Reliable delivery of
fuel and sorbent to a small test unlt does not present a problem. DPistribu-
tion of coal and limestone to a utility-size boiller unit with several hundred
fead points pre=ents a major problem. To date, no feed system has been proven
reliable and durable enough for utility-type oparation. Conveying line
deaign, allowable velacitles with respect to moisture, erosion, splitting
effectiveness, and feed nozzle deslgn are among the items which must be better
understood and optimized. These will be addressed in the pilot plant and in
tha coal feasd test facility which TVA is currently operating. This facllity
will be diseunssed In more detsil later in this paper.

Boiler Construction Materlals

Pravious research and testing haa indicated that standard
materials used in foasil power plants will perform satisfactorily in an AFBC
boller. However, coal/limestone and distribution, system control and
operation, and bed performance could produce localized reducing conditiona
which might impact the long-term performence cof boiler materlials. Testing
during pilot plant operation will addreas these potential problems.

Another materials problem involves the fabrication of welds
between 2-1/4 chrome 1 molybdenum ferritic beller tubes and stainless steel
superheater tubes. Conventional practics iz teo uze high nicke]l filler
materials, but experience in AFBC indicates that high nickel materials should
not be used due %o sulfidation attack. In the plloi plant design, this issue

‘was avolded by using a dual-paas. superheater with both banks fabricated from

stainless steel. Dilssimilar weld samples will be tested in a flue gas slip-
stream to provide data for full-scale commerclal units.
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Ercaion
. To achieve acceptable bed performance, recycle of elutriatad fine (
particles back to the main bed will be needed in an AFBC boller. This recycle

- will cause higher dust loadings which could result in potentlally more erosive
w- e mm e ————pord i thoms—than it oonvect ive eat transTer reglion of a conventional i
boller. Conversely, because of lowar combuation temperatures, the AFBC Jdust
iz much less eroalve. In the pilet plant, eroaioen teat racks will be placed
in the convectlion pasa to determine actual ereosion rates.

Recycle

The orilginel design for the AFBC pilot plant incorporated a carbonm
burnup bed in order to achieve acceptable combustion efficiencles and
limestone utillzation. Based on the results of recent research, the 20-MY
AFBC pilot plant will be designed to return ¢lutriated fines contalning
unburned eccal and Limestone back to the main combustor without the use of a

o carbon burnup bed. Through the use of recycle, combustion efficienncies nf
T3 about 99 percent are sxpected and sulfur capture greater than 90 percent can
be economically achieved.

The pilot plant will initially be conatructed with a 750°F
= multiclone and be desaigned for recycle rates of up to five times the coal leed
. rate. Provisions have also been made for a 1,550 F recycle to be added
later. It is predicted that with the designed recycle rate, New Source
Parformance 3tandards can be rpet with a caleium~to-sulfur ratio of 2:1 or
leas.

Pilot Piant Teat Program

o The majlor objective of the pllet plant project s to make the best

o use of the facility as 2 link between the sub-scale technology development

o unlta and the larger demonstration and utility-secale commercial plants. A&
test program which will evaluate the advantages and uncertaintie=s of AFEC

Co tethnolegy has been formulated. A detailed test plan has been wrltten which

i will will serve as a control document for this woprk. Six major tasks describe

¥ the activities required to accompl%sh the test program objectylves. These

ara:

Task I, Tesat Engineer Training

Activitles are beling conducted at various facilities ta
indoetrinate and train the tast engineers in AFBC theory and practice.
Computer systema, boiler controls, sampling, and data reduction techniques
have been emphasized.

Task I1, Procedure Development

A met of standard test and cperating proecedures is being developed
by the personnel who will be operating the unit and conducting the test

DrOZram.
k3 Task TI1, Computer Software Development '
Various data reduction routines are being developsd to efficiently .
and effectively handle the large amounts of data produced during the test Q
program. . - '
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Task IV, Cold Mode Testing and Calibration

A preoperational, shake-~down phase will conditlon the pllot plant
for light-off and steam production. This will include the contractor
operability tests and generate initial baseline performance data.

n
a—r

Task V, Hot Mode Tbatingséémgaigns ' ; T

This ia the major thrust of the teat program. Basle design and
design modifications will be tested and evaluated to develop AFBC technology
and enhance larger-scale demonstration and commercialization.

Task VI, Data Reduction, Analysis, and Results Prezsentation

Data packages for each test and lnitial data analysis will be
prepared at the test site. The major data analysis and reporting will be
accomplished by the project staff located in Chattanooga. Work on the test
program began in 1979 with the development of a test plan which 1= now nearing
completion. The teat plan is conceived to be an adaptive, controlled document
which allows for deszign modifications as test results are obtained and
analyzed. Testing is scheduled into mid-1985,

Activities under the tezt plan are divided into five major
campaigna:

Campaign I, Basic Operational Testing (approximately 8 months)

Achleve stead state, acceptable combustion efficiency, and
compliance with environmental standards.

Campaign II, Turndown Testing (approximately 6-1/2 months)

Assess individual techniques of segmental fluidization, bed
temperature, and bed depth; recycle rate variation; and establish limits for
varlous techniques.

Campaign III, Load Following and Control Analysis {approximately 5 months}

Determine dynamic response to changes In control inputs and
establish data base for control system design.

Campaign IV, Parametric Charactepization and Qptimization {approximately 12
months)

Characterize and optimize feed size, recycle rate, excess air,
calelum-to-sulfur ratic, and overfire air.

Campaign V, Alternate Fuels (approximately 6 months)

Tast Western coals and lignites.

Technology Transfer and Commercialization

Bafore utilities will accept AFBC technology as a coal-fired - .
alternative for electricity generation, their management must be convinced
that the investment risks are more favorable than, or at least competitive
with, existing coal-fired alternatives that are commercially availlabdle.

-
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Specifie AFBC operating experlence and valid experimental data for
engineering evaluation are essential prerequisites to the development of a
comparative analysls of optiona for utility management decisicns. Such an
analyeis must adequately address the more algnificant utility issues that
influence the total cost of producing electricity, namely:

Sl

:

&2 ‘I'

+ o 'Fuel flexibility and plant thermal efficlency.
o ODperating reliabllity and maintenance.
o Environmental impact and waate produst control.
o Operating flexibility versus aystem needas.
o Time required for total plant conatruction.
o Capital investment and warranties.
o Perzonnel and training levels regquired.

The AFEC pilloet plant will be cperated at utility steam
conditions. It will simulate the various transiant maneuvera that a coal-
fired plant is typlecally subjected to In the utility operating environment
where load demands fluctuate extensively and frequently. Wwhile carefully
operating the pliot plant using a preplanned test program, an extensive amcunt
of experimental data will be obtalned from an arrzy of instruments, sensors,
probes, etc. Theae data will provide the real knowlsdge essential to
adequately address the lssues set forth above. This information will be made
avallable to utilitles, boller manufacturers, and architectural anglineers as
the 4-1/2-ysar teat program is carriad ocut.

200-MW AFBC Demonstration Plant Study

TYA began design activitles for a 200-MW AFBC demonatration plant
in September 1976. The ultimate objective iz the final design, construction,
and cperation of a central station AFBC plant to establish this optilon for
future electric utility generatlon plants. Three alternate options are besing
investigated. These are: . :

¢ A& new stand-alone powsr plant additional capacity.
o Replacement of an exlsting boller with an AFBC add-on unit.
o BRetrofit of an existing pulverized coal boiler.

Final conceptual designs for an AFEC demonstration plant and
auxiliary squipment wera completed by three beller manufaosturers im January
1981. TVA dealgned the architectural layout and the balance of plant
equipment for each contractor's design. The development of a detafled boller
apecification 1s pressntly beling prepared along with a schedule and cost
estimate for a stand-alone Z200-Mw AFBC demonstration plant. A draft
EIS has alsoc been completed.

our present achedule allows a reasonable amount of time to
evaluate the pllot plant tast result= prior to freezing deaigns and committing
to a demonstration plant. On this timetable, completeion of the demonsatration
plant 1s projected for 1588/1989. A decislion on the first commercial uvnits
{Figure 6) based on this technology would then be possible in the 1990.1995
time frame.
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Gther Fluidized Bed Combustion Activities

Cireulating Fluidized Bed (Figure T7)

Under a contract with TVA, Combustion Engineering and Lurgl Chemie

_.__brepared a preliminary design-aad cost-estimate for—a 200-HW ¢irtulating

e oy s e

flutdized bed {CFB) combustor. This is an alternate approach to ocurrent AFBC
designa. This work was completed in Decembar 1980. CFE has scme specific
advantages over the current bubblilng bed deszligns. A CFB boiler has only a few
uorl and limestone feedpoints. Test results in subscale units show a
potential for higher carbon utilization and lower calcium/sulfur ratios while
still meeting Sozcapture requirements. Potential disadvantages include the
higher auxiliary fan power required and the unknowns= azsociated with the large
refractory-lined cyclones which are required for this process.

Retrofit

TVA's foszll plants like many throughout the country are getiing
ald and will be needed to provide intermedlate "peaking power.® Many of these
units are not desighed to effiolently perform in this manner. Faced with
these conditions, a promising coption might be to replace an old, inefficient
boiter with an AFBC boller by retrofii or adding a unit adjacent to an
existing boiler. A study was initiated to determins the feasibility of such a
retrofit and it was econcluded that there were no major problems which would
pravent removing an existing pulverized coal boller and replaeing it with an
AFBC boiler. TVA plans to proceed with further feasibility studies for an
AFBC retrofit on the TVA system. Slte studies are also being conducted to
determine the best candidate site for a retrofit demonstration.

Ferd Systam

In addition to the design prolects deseribed aboye, considerable
effort has been devoted to addressing research and development on technical
problems related to AFBC. As dlacussed earller, one problem which is nearly
always identified with AFEC is the development of realiable coal and limestone
feed system. In order to address this problem prior to starting the 20-MW
pilot plant, a project involving the testing of a full-aize Fuller-Einvon feed-
pump and splitter system was initiated. A test facility (Filgure B)
conatructad at our Watts Bar Steam Plant will =simulate operating conditions by
utilizing coal off the plant coal pile. 4 12-month testing program is
currently underway. The Fuller-Kinyon pump (Flgure 9]} from the cement
induatry appears to be uniquely well suitad for feeding an AFBEC boiler. This
faeility will help to ensure againat pilot plant operatlional delays and
lnerease the probability of successaful performance.

Recycle

The ERPI/BLW 6' x 6! AFBC test unit at Alliance, Oblo, has
provided evidence that adequate carbon utilization and a significant decrease
in limestone utilization oould be obtzlnable simply by reclrculating a portion
of the fly ash to the combustor rather than using a second combuster or a
carbon burnup ¢ell. Tests of this approach with high recycle rates have been
undertaken as Qak Rldge National Laboratory (ORNL) and at Ganeral Atomlc
(GA). ORNL has found that a calcium to sulfur ratic of 2 to 1 is obtainable
as reasanable reocycle rates. Follow-on work at GR is designed to oktain more
exact carbon and calcelum utilizations as well as heat Lransgfer and corrosion
effects with different dust loadings through. the convectien patha.
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Modeling to Improve Scale-up and Automatie Control

A predictive steady state model for the 20-MW pilot plant 1=
nearing completion at ORNL. To verify the model, a moderate amount of

ol
v,". .

S

with small coal particles. In addition, to improve process automation, a
translent model is also belng developed. Our objective is to combine theory
and testing for proceas improvement and extrapolatien to larger-scale planta
on a sound baslis.

Load Fellowing

One approach to load following involves reduclng the output by
reducing the fuel and airflow to allow the fluidized bed level to fall below a
portion of the in-bed heat transfer tubes. This could result in a 25-percent
reduction in ocutput because of the lower heat transfer for exposed tubas
versus in-hed surface. Further load reduction can b= accomplished by shutting
down some portion of the active beds. Partlal bed slumping will be tested on
an mdegquate scale for the Flrst time in the AFBC pllot plant. BResults from
=mall-scale cold modsls at ORNL indicated that full-scale hot tasting would be
required to evaluate thip approach. Another lead following scheme involves
varying the bed opgrating temperature. This can be dene, but only over a
range of about 200°F and still maintain good performance characteriatics.

Boiler Materials of Consatruction

Earlier concerns over sulfidation of niekel in T304 stainless
steel superheater tubas with potentiasl in-bad reducing atmospheres do not
appear to be a problem. The absence of attack in hot teats at low oxygen
levels in studies at Fluidine and OBNL indicates aatisfactory performance
under these conditions. We now believe that standard boller materials may be
used with due regard to malntalning an oxygen exceas through correct deslgn
and process control. The 20-M{ AFBC pllot plant should provide the required
confirmation that standard practicea are adequate.

Pregsurized Fluidized Bed Combustion

The technological developments of pressurl ed fluidized bed
combustion {PFBC) certainly deserve continued considaration. The higher
thermal efficiency made possible by expanding hot gases from a pressurized
combustor through a gas turbine ahead of the steam generator provides a
potential economic incentive. Hot gas ecleanup appears to be a major technlcal
problem which must be resolved before high efficlency standard gas turbines
can be utillized with this approach.
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‘ Based on the technology improvements made in the last year or so,
the economics and attractiveness of AFBC have been significantly enhanced.
Some of the pore significant improvements include boiler designs which provide

o adequate remndence;;im& -for-reactiona—in—-the bed-and—fneebeapd—apea,-theﬁuseufmh _

of increased regycle of elutriated finea, and the introduction of secondary
air above the bed for 2-stage combustion. With these changes, the calcium to
sulfur stolchometry required for 90-percent sulfur removal has been cut in
half. Carbon utilization has been increased to the 98- Yo 99-percent level
required for utility applications and oxides of nitrogen should be in the
range of 0.2 pounds per million Btu or less. When completed next year, the
20-MW AFBC pilot plant is expected to confirm the performance capabliiities
which have been achleved in smaller uniis and provide the design and
informatlon needed to confidently scale-up this technology for use in utility-
alze AFBC boilers.
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