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Disclaimer

This report was prepared using publically available
information, including the Final Technical Report and other
reports prepared pursuant to a cooperative agreement
partially funded by the U.S. Department of Energy. Neither
the United States Government nor any agency, employee,
contractor, or representative thereof, makes any warranty,
express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed,
or represents that its use would not infringe upon privately
owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any
agency thereof.
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NucLa ACFB
DEMONSTRATION PROJECT

Nucla, the first utility-scale
ACFB project, achieved the
following results:

* Validated consistent low-
NO, emissions far below the
regulated level and the
ability to achieve greater
than 90 percent SQ
reduction through the
combustion process rather
than adding external
controls

 Accelerated introduction of
ACFB by 3 years and
provided the design basis
for more efficient and larger
commercial units

OVERVIEW

The project is part of the U.S. Department of Energy’s Clean Coal Technol-
ogy Demonstration Program (CCTDP) established to address energy and
environmental concerns related to coal use. Cost-shared partnerships with
industry were sought through five nationally competed solicitations to accel-
erate commercialization of the most advanced coal-based power generation
and pollution control technologies. The CCTDP, valued at nearly $6 billion,
has leveraged federal funding twofold through the resultant partnerships en-
compassing utilities, technology developers, state governments, and research
organizations. This project was one of 17 selected in July 1986 from 51
proposals submitted in response to the Program’s first solicitation.

The Nuclaatmospheric circulating fluidized-bgACFB) project showed

that the technology could be scaled from small industrial units to a 110-MWe
utility power plant. In 1988, when Nucla’s boiler was repowered, the ACFB
unit installed was not only the largest in the world, it was more than 40 per-
cent larger than any of the others.

The ability of the ACFB to remove up to 95 percent of thg &l to far
exceed NQstandards was successfully demonstrated during the 15,700 hours
of operation. The project saved almost 3 years in establishing a commercial
line of utility ACFB systems backed by performance guarantees. The plant
continues to be operated by Tri-State Generation

and Transmission Association, Inc., which took over
ownership in 1992.

The Nucla project significantly advanced the envi-
ronmental, operational, and economic potential of
ACFB, precipitating a large number of orders. The
project’s comprehensive ACFB database remains
the most comprehensive, available resource in the
ACFB technology area and continues to be used in
the design of larger and more efficient systems.



T HE PRO JECT Project Sponsor

Tri-State Generation and Transmission Association, Inc.

. - . . formerly Colorado-Ute Electric Association
Burdened with low efficiency and high operating costs at( v ! lation)

its Nucla Station, the Colorado-Ute Electric Association additional Team Members

(subsequently purchased by Tri-State) evaluated optiongoster Wheeler Energy Corporation (formerly Pyropower
for upgrading their 36-MWe net stoker fired unit. The Corporation)—technology supplier

option selected was to retrofit the plant with a 925,000 Ib/Technical Advisory Group (potential users)—cofunder
hr API ACFB and a new 74—MWe steam turbine. By Electric Power Research Institute—technical support
tying in the three existing 12.5-MWe turbines through
interstage extraction, the plant capacity was increased t
100-MWe net, 110-MWe total electric output. Extensive
use of existing equipment was made, including coal re-
ceiving, preparation and storage equipment, baghousesiechnology

feedwater system, condensers, and 12.5—-MWe turbines-oster Wheeler's atmospheric circulating fluidized-bed
Advantages realized beyond enhanced plant capacity weréACFB) combustion system

a station heat rate improvement of 15 percent, reduced _

fuel costs due to the inherent fuel flexibility of ACFB, Plant Capacity

lower emissions than that required by New Source Per-llo'MWe (el MO-L0Ke (el —221, seelle-ATpiels
formance Standards, and a plant life extension of 30-yearsp reviously demonstrated capacity

ocation
ucla, Montrose County, CO
(Nucla Station)

Department of Energy (DOE), Electric Power ResearchCo&S

Institute, and Technical Advisory Group (potential users) W(;stlcfgrBltl:jrglgoo/ug—lf r 17% Ash
interest and participation in the project was on the basis P:abogs, 07% ,OSUL:fUL:,’w%OASSh
of evaluating ACFB potential for broad utility application  porchester, 1.5% Sulfur, 23% Ash
through a comprehensive test program. Over a 2% year

period, 72 steady state performance tests were conducteflemonstration Duration

and 15,700 hours logged. 15,700 hours
April 1988—January 1991

Project Funding

Total project cost $46,512,678 100%
DOE 17,130,411 37%
Participants 29,382,267 63%

Sorbent receiving area in foreground and storage and
distribution system in background



THE TECHNOLOGY
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Fluidized beds, using a gas such as air to entrain solids, were first used in the chemical industry. The effective gas/
solid mixing that is induced enhances chemical reaction and heat transfer. Fluidized-bed combustion (FBC) evolved
from efforts to find a combustion process conducive to controlling pollutant emissions without external controls. FBC
enables efficient combustion at temperature of 1400-1700 °F, well below the therpgemé@ation temperature

(2500 °F), and high SCrapture efficiency through effective sorbent/flue gas contact. Two parallel paths were
pursued in FBC development — bubbling and circulating beds. Bubbling beds use a dense fluidized bed and low
fluidization velocity (3—4 ft/sec) to affect good heat transfer and mitigate erosion of an in-bed heat exchanger.
Circulating fluidized-beds (CFB) use a relatively high fluidization velocity (68 ft/sec) in conjunction with hot cyclones

to separate and recirculate the particulate from the flue gas before it passes to a heat exchanger. Both use wate
walls in the combustor to extract heat.

The continuous circulation of coal char and sorbent particles is the unique aspect of CFB. Fluidization velocities used
in CFBs entrain the bed materials, which are then separated and recirculated, allowing extensive gas/solid contact
time. Although both systems have advantages, CFB advantages over bubbling beds are purported to be: (1) lowel
coal crushing costs, (2) simpler coal feed system, (3) highgc&ture and combustion efficiency, and (4) less
likelihood of heat exchanger tube erosion.

In the Foster Wheeler atmospheric circulating fluidized bed (ACFB) system, crushed coal (1/4") and powdered
limestone are injected into the lower portion of the combustor and fluidized along with recirculated bed material by
preheated primary air. Only 5 to 10 percent of the bed material is unreacted limestone and unburned coal. The large
volume of recirculated material is used to control bed temperature. Sulfur in the form) gér&ated during
combustion is captured by the limestone sorbent and ultimately removed with the ash. Secondary air is introduced in
stages to mitigate N@ormation while ensuring complete combustion. The demonstration ACFB used twin combus-
tion chambers each with a hot cyclone separator and return loop with U-shaped seal. The 925,000 Ib/hr of steam wa:
generated by wrap-around radiant superheaters in the upper furnace section and a heat exchanger downstream «
the cyclones.



DEMONSTRATION RESULTS

Bed temperature had the greatest effect on boiler
efficiency and pollutant emissions.

At bed temperatures below 1,620 °F, sulfur capture
efficiencies of 70 and 95 percent were achieved at

PLanT LAavyouT witH CoAL
AND LIMESTONE FEED LOCATIONS

calcium to sulfur molar ratios (Ca/S) of 1.5 and 4.0
respectively.

During all tests, NOemissions averaged 0.18 Ib710
Btu and did not exceed 0.34 IbsiBiu.

CO emissions varied between 70 and 140 ppmv.

Particulate emissions ranged from 0.0072 to 0.0125
Ib/1C? Btu, corresponding to a removal efficiency of
99.9 percent.

The solid waste was essentially benign and showeq
potential as an agricultural soil amendment, soil/road
bed stabilizer, or landfill cap.

Boiler efficiency ranged from 85.6 to 88.6 percent
and combustion efficiency ranged from 96.9 to 98.9
percent.

A 3:1 boiler turndown capability was demonstrated.

Heat rate was 11,600 Btu/kWh at full load and 12,400
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APPROACH The secondary superheater tube erosion was corrected
by addition of 6-inch shelves over the top row of one
The test program examined the effects of load, excgssmel subjected to downward particulate flow. Upgrades
air, primary-to-secondary air ratios, unit operating tery the primary air fan eventually proved to be adequate.
perature, coal and limestone feed configuration, and cgaprovements were made to the bubble caps on the pri-
type and size distribution on unit operational, econonigary air injection nipples designed to prevent backsifting
and environmental performance. Also assessed Wgféhed material into the windbox. However, some
boiler start-up and dynamic response characteristics, hggiksifting persisted as did erosion at loop seal returns
transfer in the combustion and air heater, and gas/s@liffi ash cooler interfaces. Refractory failures were alle-
mixing effectiveness in the combustor. Three westejted by improvements in refractory material (and
bituminous coals with varying sulfur and ash contents wegtallation procedures) and avoidance of severe thermal
used. Because of its relatively homogeneous nature, &alisients. Tube erosion at the refractory/waterwall in-
Creek coal, with a sulfur and ash content of 0.5 and {bfface was handled by periodic addition of welded hard
percent respectively, served as the baseline coal (usedéihg. Enhancement of pneumatic transport capacity
62 of the 72 tests). Eight tests were run on local Peab@gy addition of water sprays resolved the bottom ash han-
coal with a high variability in sulfur and ash (average Ogfing problem. A series of modifications corrected the
percent sulfur, 18 percent ash); and two tests were fifestone handling system problems.
on a Dorchester coal (1.5 percent sulfur, 23 percent ash). _ _
In addition, a comprehensive Environmental Monitoringentrolling bed temperature remained a problem through-

Plan was developed and implemented as required by D@3t the demonstration.  This made parametric testing

to assess all relevant air, aqueous and solid waste efilcult, particularly in view of the fact that bed tempera-
sion and discharges. ture was the most influential parameter on ACFB

performance. Having twin beds with persistent tempera-
ture differentials exacerbated the problem. However,
accommodations were made and all parametric testing

Between July 1988 and January 1991, the plant operad&$ completed with the exception of evaluating the ef-
with an average availability of 58 percent and an averdgét of sorbent and coal size on performance. The sorbent
capacity factor of 40 percent. (Industry averages feid coal feed systems simply would not provide the size
commercial operation are 83.9 percent availability ak@nges sought.

49.7 percent capacity factor.) The lower values aChie\_’@gmbustion efficiency, a measure of the quantity of car-

during the demonstration were caused by both techniggl, ¢ is fully oxidized to Cgranged from 96.9 to 98.9

and financial factors. Nucla's availability and capacityocent Of the four exit sources of incompletely burned

factors were reduced by part-load testing and numerQugy,, the |argest was carbon contained in the fly ash
outages attributed to *first-generation” ACFB equipmepds narcent). The next largest (5 percent) was carbon
and component design. In addition, the utility was plagugghtained in the bottom ash stream, and the remaining
by _flnanC|aI dlfflc_ultles throu.ghout the demonstrathrbarbon loss (2 percent) was incompletely oxidized CO in
which prevented it from making some of the capital ifire fiye gas. The fourth possible source, hydrocarbons in

provements that could have enhanced the plant’s reliabilm/e flue gas, was measured and found to be negligible
However, toward the end of the demonstration, most of '

the technical problems had been overcome. During Beiler efficiencies for 68 performance tests varied from

last 3 months of the demonstration, average availabil@§.6 to 88.6 percent. The contributions to boiler heat loss

was 97 percent and the capacity factor, 66.5 percentwere identified as unburned carbon; sensible heat in dry
flue gas; fuel and sorbent moisture; latent heat in burning

The major contributors to ACFB related outages wefgy jyoqgen: sorbent calcination: radiation and convection:
(1) secondary superheater tube erosion, (2) primary &Y bottom ash cooling water
fan upgrades 3) bubble cap replacement, (4) refractory '

damage, (5) tube erosion at refractory/waterwall intédet plant heat rate decreased with increasing boiler load,
face (lower furnace), (6) bottom ash disposal systdfam 12,400 Btu/kWh at 50 percentfofl load to 11,600
upgrade, (7) limestone feed system upgrade, and (8) lirB&¥/kWh atfull load. The lowest value achieved during a
stone feed system modifications. full-load steady-state test was 10,980 Btu/kVVhese val-
ues were affected by the absence of reheat, the presence
of the three older 12.5-MWe turbines in the overall steam
cycle, the number of unit restarts, and part-load testing.

OPERATIONAL PERFORMANCE
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At the conclusion of the demonstration, the unit began K gy OperaTIONAL PERFORMANCE RESULTS
commercial operation with an availability below industry
standard. Using the experience and knowledge gained * Boiler efficiency of 85.6-88.6%; contributions to
through the demonstration program, Tri-State success- boiler heat loss—
fully upgraded the plant. During a 3-month outage, the Unbu.med Carpon
boiler was modified, the generator rewound, and about Sensible heat in dry f_Iue gas
AN : . — Fuel and sorbent moisture
150 other modn_‘lc_atlons were w_npl_e_ment_ed toimprove heat  _ | sient heat in burning hydrogen
rate, overall efficiency, and reliability. Since the upgrades  _ sorbent calcination
and repairs made during the 1993 outage, the unit expe- Radiation and convection
rienced a major improvement in reliability. Over a Bottom ash cooling water
20-month period following the outage, average availabil-
ity was 85 percent and the capacity factor, 77 percent.

» Combustion efficiency of 96.9—98.9%
— Measured by quantity of carbon fully oxidized
— Loss mechanisms—
» Carbon carry-over in fly ash (93%)
» Carbon contained in bottom ash (5%)
» CO in flue gas (2%)

* Heat rate—
— 11,600 Btu/kWh at 100% load
— 12,400 Btu/kWh at 50% load
— Lowest achieved was 10,980 Btu/kWh
— Heat rate values affected by—
» Absence of preheat
» Use of 3 older 12.5-MWe turbines
» Numerous restarts
» Part-load testing

Three of six coal feeder units are shown here (three per
combustion chamber)

Shown here are the three older 12.5-
MWe turbines.



Ficure 1. BFFecT oF BED TEMPERATURE
oN Ca/S REQUIREMENT

ENVIRONMENTAL PERFORMANCE

Sorbent Utilization. As indicated above, bed tempera-
ture had the greatest impact on ACFB performance,
including pollutant emissiongzigure 1shows the effect

of bed temperatures on the Ca/S requirement for 70 per-
cent sulfur retention. Ca/S molar ratios were calculated
based on the calcium content of the sorbent only and
do not account for the calcium content of the coal.
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While a Ca/S of about 1.5 was sufficient to achieve
70 percent sulfur retention in the 1,500 °F to 1,620 °F
range, the Ca/S requirement jumped to 5.0 or more at
1,700 °F or greater.

Figure 2showshe efect of Ca/S molaratio on sulfur
retention at average bed temperatures below 1,620 °F.
Salt Creek and Peabody coals contain 0.5 and 0.7 per-
cent sulfur, respectively. To achieve gogcent SO
reduction, a Ca/S molar ratio of approximately 1.5 was
required. Atfull load, a 7Opercent SQreduction
equates to an S@mission rate of 0.26 Ib/1@tu

with the baseline Salt Creek coal. To achieve an SO
reduction of 95 percent, a Ca/S molar ratio of approxi-

Ficure 2. CaLcium REQUIREMENTS AND SULFUR
RETENTIONS FOR VARIOUS FUELS

mately 4.0 was necessary. At full load, a 95 percent
SQ, reduction equates to an $@mission rate of
0.05 Ib/10 Btu with Salt Creek coal. Dorchester coal,
averaging 1.5 percent sulfur content, required a some-
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Ficure 3. BEFFecT oF BED TEMPERATURE
ON NOX Emissions
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what lower Ca/S for a given retention.

Coal feedconfiguration hadgome effect othe Ca/S
requirement at full load with the effect becoming more
pronounced at elevated temperatures. A balanced coal
feed (all coal injectors feeding at equal rates) yielded
the lowest Ca/S requirements, suggesting additional
coal feeders would enhance emission performance.
The Nucla coal feed configuration used two injectors
on the front wall andne on the rear wall for each com-
bustion chamber.

Cal/S requirements were insensitive to limestone feed
configuration. At bed temperatures below 1,680 °F,
excess air did not appear to influence calcium require-
ments. Neither secondary air to primary air ratio (SA/
PA) nor CO concentration had any effect on calcium
requirements.

NO,_Emissions. NO, emissions measured through-
out the demonstration were less than 0.34 RiAtQ,
which is well below the regulated value of 0.5 15/10
Btu. The average level of N@missions for all tests
was 0.18 Ib/10Btu. NO, emissions indicate a rela-
tively strong correlation with temperature, as shown
in Figure 3 increasing from 40 ppmv (0.06 Ibf1Btu)

at 1,425 °Fto 240 ppmv (0.34 IbFIBXu) at 1,700 °F.



Limestone feed rate was also identified as a variable af-
fecting NQ emissions, i.e., somewhat higher NO
emissions resulted from increasing calcium to nitrogen
(Ca/N) molar ratios. The mechanism was believed to be
oxidation of volatile nitrogen in the form of ammonia ()\H
catalyzed by calcium oxide. Coal type also affected NO
emissions somewhat but was thought to be attributed
largely to Ca/N. Coal feed configuration impacted on
NO_emissions only as itimpacted Ca/N. Excess air did
not appear to have a significant effect on N@issions
over the range tested. However, the range was some-
what limited. Limestone feed configuration, SA/PA ratio,
and CO concentration were found to have no measur-
able effect on NQemissions.

Ficure 4. BErFecT oF BED TEMPERATURE

oN CO Ewmissions

CO Emissions.As shown irFigure 4, CO emissions
decrease as temperature increases. Coal feed
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6.28 gr/std ftfor Peabody Coal and 8.85 gr/stfétr
Salt Creek Coal. Removal efficiencies achieved on
Peabody and Salt Creek Coals were 99.905 and 99.959
percent respectively. This equated to emission levels of
0.0125 Ib/10Btu for Peabody coal and 0.0072 I Bdu

for Salt Creek coal, well below the required 0.03 1/10
Btu. The mean median diameter of inlet particulate was
7.1 microns (as measured by BACHO analyzer) and 8.0
microns for the outlet particulate, indicating a higher col-
lection efficiency on smaller particles. This was supported
by finding that the Salt Creek coal ash had a smaller me-
dian mean diameter than the Peabody coal.

Other Environmental Considerations.Unanticipated
plant downtime prevented completion of the environmental
characterization of trace metal, semi-volatile and volatile
organic compound emissions. Aqueous discharge analy-
ses are presented in reference 1, covering pH, total
suspended solids, oil and grease, total copper, total iron,
total chromium, total zinc and total dissolved solids. A
special test was conducted to characterize the solid as
applied to a landfill situation and the results are presented
in reference 2.

ACFB solid waste has showed potential as an agricul-
tural soil amendment, for use in stabilizing soils or roadbeds,
or in capping landfills.




Economic PERFORMANCE COMMERCIAL APPLICATIONS

The final capital costs associated with the engineering,

construction, and start-up of the Nucla ACFB system wér@MMERCIAL  CONFIGURATION

$112.3 million (construction started in November 1984 aniD PERFORMANCE

was completed in May 1987). This represented a capital _ _ _
cost of $1,123/net kW. Total power costs associated whata from the Nucla demonstratl_on conflrm_s the pre(_jlcted
plant operations between September 1988 and Janig{formance of ACFB and provides a basis for design of
1991 were approximately $54.7 million, resulting in a nofPmmercial ACFB power plants. DOE commissioned

malized cost of power production of 64 mills/kwh, ThE€ design of a 400-MWe Reference Plant (greenfield,

average monthly operating cost over this period was abBgit 'etrofit) featuring mature ACFB technology based on
]cla project experience. A reasonable extension of

$1,888,000. Fixed costs represent about 62 percen{\IU
the total and include interest (47 percent), taxes (4.8 pafte-of-the-art ACFB technology was assumed. The

cent), depreciation (6.9 percent), and insurance (i)_l\?nt configuration chosen consisted of two 200-MWe
percent). Variable costs represent more than 38 perddhf B combustors that supply steam to a 400-MWe tur-
of the power production costs and include fuel expenddd€ generator operating on a single reheat power cycle

(26.2 percent), non-fuel expenses (6.8 percent), and m&in2:400 10/irf (gauge) at 1,000 °F. A summary of the
tenance expenses (5.5 percent). performance of the Reference Plant follows:

On average, 43 staff were required on site to operate the OPerational performance (at 100 percent load)

Nucla ACFB system during the demonstration project_ Net efficiency—34.4 percent (HHV)
Adjusting for the demonstration program would result in
a staffing requirement of 41 under normal utility operat-— Net heat rate—9,930 Btu/kWh (HHV)

ing conditions. « Environmental performance

— NO_ emissions—0.2-0.45 |b/16tu

— SQ reduction—92 percent at a Ca/S molar ratio of
2.5, or less than 0.371 IbfABtu

« Economic performance (30-yr plant life; 65 percent
capacity factor; EPRI TAG methodology; 1991 con-
stant dollars)

— Capital cost—$1,380/kW

— Levelized busbar cost of electricity—385.1 mills/kwWh

ATTRIBUTES

« All types of coal or coal wastes can be used, includ-
ing high-ash coals, because ACFB is relatively
insensitive to feedstock.

* No special feedstock-handling is needed other than
the addition of limestone or other sorbent to the feed-
ing system.

* The fluid-like motion of the solids in the combustion
chamber promotes turbulent mixing that improves
combustion efficiency and sulfur capture.

» The turbulent mixing permits combustion at substan-
tially lower and more evenly distributed temperatures,
thus reducing the formation of NO

Shown here is the new stack required for the ACFB Unit.
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» Combustion occurs at temperatures below the ash
melting point so that solids accumulation and boiler
tube erosion and corrosion are minimized.

* Efficiencies comparable with conventional pulverized
coal-fired plants without emissions controls can be
achieved with normal heat recovery processes and
the use of reasonably efficient steam turbines.

» Average availability and capacity factors for ACFB
plants are now comparable to those of pulverized coal-
fired plants with emissions controls.

* The wastes generated are dry, benign solids that can
be disposed of easily or usefully employed.

M ARKET APPLICATIONS

Nucla continues in commercial service. Today, every
major boiler manufacturer offers an ACFB system in its
utility product line. After the demonstration, commercial
sales of units greater than 100 MWe had reached 29 by
the end of 1998, representing 6.2 gigawatts of capacity
and nearly $6 billion. The fuel flexibility and ease of op-
eration make it a particularly attractive power generation
option for the burgeoning power market in developing
countries.

hown here are the bed ash (foreground) and flyash
(background) silos.

11



CONTACTS

Stuart Bush

(303) 452-6111

(303) 254-6066 (Fax)

Tri-State Generation and Transmission Association, Inc.
P.O. Box 1149
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DOE/HQ, (301) 903-9434
Nelson F. Rekos

FETC, (304) 285-4066
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